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Thrombotic cardiovascular disease, including acute myocardial infarction, ischemic stroke, and 

venous thromboembolic disease, is the leading cause of morbidity and mortality worldwide. While 

reperfusion therapy with thrombolytic agents reduces mortality from acute myocardial infarction 

and disability from stroke, thrombolysis is generally less effective than mechanical reperfusion 

and is associated with fatal intracerebral hemorrhage in up to 2–5% of patients. To address these 

limitations, we propose the tobacco mosaic virus (TMV)-based platform technology for targeted 

delivery of thrombolytic therapies. TMV is a plant virus-based nanoparticle with a high aspect 

ratio shape measuring 300 × 18 nm. These soft matter nanorods have favorable flow and 

margination properties allowing the targeting of the diseased vessel wall. We have previously 

shown that TMV homes to thrombi in a photochemical mouse model of arterial thrombosis. Here 

we report the synthesis of TMV conjugates loaded with streptokinase (STK). Various TMV-STK 

formulations were produced through bioconjugation of STK to TMV via intervening PEG linkers. 

TMV-STK was characterized using SDS–PAGE and Western blot, transmission electron 

microscopy, cryo-electron microscopy, and cryo-electron tomography. We investigated the 

thrombolytic activity of TMV-STK in vitro using static phantom clots, and in a physiologically 

relevant hydrodynamic model of shear-induced thrombosis. Our findings demonstrate that 

conjugation of STK to the TMV surface does not compromise the activity of STK. Moreover, the 

nanoparticle conjugate significantly enhances thrombolysis under flow conditions, which can 

likely be attributed to TMV’s shape-mediated flow properties resulting in enhanced thrombus 

accumulation and dissolution. Together, these data suggest TMV to be a promising platform for 

the delivery of thrombolytics to enhance clot localization and potentially minimize bleeding risk.
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INTRODUCTION

Thrombosis is a pathological process caused by undesired blood coagulation leading to 

obstruction of blood flow and ischemia.1 Thrombotic cardiovascular diseases, which include 

acute myocardial infarction (AMI), ischemic stroke, and venous thromboembolic disease 
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(VTE; including deep vein thrombosis, DVT; and pulmonary embolism, PE), are the leading 

cause of death in developed countries.2 Total U.S. healthcare expenditures in 2009 for 

coronary heart disease and stroke were a staggering $165.4 billion and $68.9 billion, 

respectively, with pharmacologic therapies estimated to exceed $20 billion worldwide.2 VTE 

is the third most common cause of death from cardiovascular disease after myocardial 

infarction and stroke.3 VTE is associated with a high case fatality rate with 10–30% of 

patients dying within one month of diagnosis.4 Estimates suggest that 60,000–100,000 

people in the U.S. die of DVT/PE, which is the most common cause of death after elective 

surgery and pregnancy as well as the leading cause of preventable hospital deaths.4

Antithrombotic therapies for the prevention and treatment of thrombosis include antiplatelet 

agents (e.g., aspirin3 and P2Y12 ADP receptor5 and glycoprotein IIb/IIa receptor6 

antagonists), anticoagulants (e.g., warfarin,7 rivaroxaban,3 apixaban,3 edoxaban,8 and 

dabigatran3), and thrombolytic agents (e.g., streptokinase,9–11 alteplase,10–12 and 

tenecteplase11,12). While reperfusion therapy with thrombolytic agents reduces mortality 

from acute myocardial infarction and disability from stroke, thrombolysis is less effective 

than mechanical reperfusion13 (i.e., thrombus aspiration and balloon angioplasty/stenting) 

for both AMI and stroke and is associated with fatal intracerebral hemorrhage in up to 2–5% 

of patients.14 Efficiency of reperfusion with thrombolytic agents can be enhanced by 

increasing fibrin binding (tissue-type plasminogen activator, t-PA, compared to 

streptokinase)15,16 and by introducing mutations that endow t-PA with resistance to its 

endogenous inhibitor, plasminogen activator inhibitor-1 (tenecteplase compared to t-PA).11 

Although thrombolytic agents may be administered more rapidly and do not require 

specialized interventional capabilities for mechanical reperfusion, thrombolysis is utilized in 

a minority of AMI and ischemic stroke cases due to limited therapeutic “time windows” 

defined in clinical trials and to high rates of nonfatal and fatal hemorrhagic complications.
17,18

Nanoparticle technologies hold promise to target therapies to the site of disease or injury. 

Multiple approaches have been developed to enhance efficacy and prevent side effects of 

thrombolytic therapies. For example, PEGylated drug conjugates,19–21 thrombolytic-

containing liposomes22,23 and polymer-based nanoparticles,24–27 etc. were developed with 

the aim of enhancing the pharmacokinetic profiles of thrombolytics. It had been expected 

that prolonged circulation would translate into enhanced delivery and efficacy. However, 

long circulating thrombolytics can elevate the risk of hemorrhage. Additionally, “stealthing” 

often decreases all molecular interactions, including interactions with thrombi. To overcome 

these issues, multiple targeting strategies (e.g., toward endothelium, or targeting 

conformational changes taking place after conversion of fibrinogen to fibrin) are being 

developed.1,28 Potential disadvantages are poor specificity and/or decrease of thrombus 

penetration, and indeed data indicate an inverse correlation between target affinity and 

thrombus penetration.28,29 Finally, most nanoparticle-based therapies that are being 

developed rely on spherical (often synthetic) carriers, which might not have optimal flow 

and margination properties.30–33

In our approach we utilize tobacco mosaic virus (TMV), a plant virus-based nanoparticle 

(VNP) currently undergoing development for applications in biotechnology and medicine.34 
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TMV is a soft matter nanotube measuring 300 × 18 nm with a 4 nm wide interior channel. 

Proteinaceous nanoparticles formed by TMV (and other VNPs) are biocompatible, 

biodegradable, and nonpathogenic in humans.35,36 Based on its elongated geometry, TMV 

“tumbles” in the blood flow and marginates toward the vascular walls, allowing for 

enhanced interactions with the diseased vessel.31,33,37 Building on these properties, we have 

previously demonstrated molecular imaging of atherosclerotic plaques in mice using TMV 

loaded with contrast agents and targeted to areas of inflammation.38 Moreover, we have 

shown that, based on their high aspect ratio shape, TMV nanoparticles marginate toward and 

accumulate at sites of thrombosis.30

Together these properties make TMV a candidate carrier for the delivery of thrombolytics. 

Toward this goal, we have synthesized and studied conjugates of TMV and streptokinase 

(STK), a thrombolytic plasminogen (PG) activator derived from Streptococcus bacteria. In 

blood, STK binds to free PG, forming a proteolytic complex capable of hydrolyzing the 

Arg560/Val561 bond in neighboring PG proteins, resulting in the formation of plasmin,9 a 

physiological regulator of coagulation. It should be noted that alteplase, a recombinant PG 

activator, is currently the clinical standard in developed countries, due to its faster 

thrombolysis kinetics and lack of risks associated with immune response. However, STK is 

still widely used in developing nations,7,39 due to its significantly (approximately 10 times) 

lower cost, and comparable therapeutic efficacy.12 Another benefit of STK is its lower risk 

of bleeding after administration compared to alteplase, although STK still has a relatively 

high risk of bleeding. Thus, STK could be a drug of preference for reperfusion therapy in 

high hemorrhage risk patients, e.g., in elderly or obese people or patients with hypertension.
10 Here, we present a study in which we investigate the thrombolytic activity of TMV-STK 

compared to free STK using a combination of an ex situ phantom clot dissolution assay and 

an in situ perfusion chamber assay, a physiologically relevant shear-induced model of 

thrombosis.

MATERIALS AND METHODS

Virus Propagation and Purification

Viruses were propagated by mechanical inoculation using 5–10 μg of virus per leaf. TMV-

Lys mutants were propagated in Nicotiana benthamiana. The isolation of VNPs using 

established procedures yielded approximately 1–10 mg of virus per gram of infected leaf 

material.40

TMV-PEG8/28-STK Synthesis

Streptokinase (STK, MBS142456; MyBioSource) was conjugated to the external surface of 

TMV-Lys using different length PEG spacers (8-mer and 28-mer PEG), for comparison of 

activity, using a three-step reaction: (1) The NHS ester-to-lysine binding between STK and 

NHS-PEG4-SAc (26099; Thermo Fisher) was performed by mixing STK (3 mg/mL final 

concentration) and NHS-PEG4-SAc (4-mer PEG linker) in 1:1 stoichiometric ratio. The 

reaction was carried out in 0.01 M phosphate buffer + 0.125 M saline (PBS; pH 7.4) 

containing 10% (v/v) dimethyl sulfoxide (DMSO); the reaction was allowed to proceed 

overnight at room temperature (RT). To deprotect the –SH group, deacetylation solution (0.5 
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M hydroxylamine, 25 mM EDTA in PBS, pH 7.2–7.5) was added to give a final 

concentration of 10% (v/v) deprotection solution to reaction buffer. (2) The NHS ester-to-

lysine binding between TMV-Lys and either 4-mer or 24-mer NHS-PEG4/24-mal linker 

(22104; Thermo Fisher) was performed by mixing TMV-Lys (2 mg/mL final concentration) 

and NHS-PEG4/24-mal using a 10-fold excess of NHS-PEG4/24-mal per TMV-Lys coat 

protein. The reaction was carried out in 0.01 M potassium phosphate buffer pH 7.4 

containing 10% (v/v) DMSO; the reaction was allowed to proceed for 2 h at RT. The TMV-

PEG4/24-mal particles were purified using PD MiniTrap G-25 desalting columns 

(28-9180-08; GE) and combined with product (1) in step 3. (3) The maleimide-to-thiol 

coupling between TMV-PEG4/24-mal and STK-PEG4-SH was carried out by mixing 2 equiv 

of STK per TMV-Lys coat protein overnight at RT; then the reaction was quenched for 1 h at 

RT by addition of excess glycine/L-cysteine. The TMV-PEG8/28-STK particles were then 

purified by ultracentrifugation at 112 × g (TLA-55 rotor, Beckman Coulter) for 1 h over a 

40% (w/v) sucrose cushion and washed twice with PBS with subsequent purification steps 

using ultracentrifugation over 40% sucrose cushion (see above).

TMV Conjugation with PEG

TMV-PEG4 particles were obtained by conjugation of NHS-PEG4-mal (22114; Thermo 

Fisher) to the external surface of TMV-Lys. The reaction was performed by mixing TMV-

Lys (2 mg/mL final concentration) and NHS-PEG4-mal at 10 equiv per TMV-Lys coat 

protein in 0.01 M potassium phosphate buffer pH 7.4 containing 10% (v/v) DMSO; the 

reaction was allowed to proceed overnight at RT. Then the reaction was quenched by 

addition of excess glycine/L-cysteine, and quenching was allowed to proceed for 1 h at RT. 

The products were then purified using PD MiniTrap G-25 desalting columns (28-9180-08; 

GE).

UV–Vis Spectroscopy

The concentrations of TMV were determined by the Beer–Lambert law using an extinction 

coefficient of TMV εTMV(260 nm) = 3 mg−1 mL cm−1 and a molecular weight of TMV 

MWTMV = 39.4 MDa.

SDS–PAGE and Western Blot (WB)

STK/PEG-labeled and unlabeled TMV samples (20 μg) were denatured by boiling at 100 °C 

for 7 min in gel loading buffer (62.5 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 10% (v/v) 

glycerol, 0.01% (w/v) bromophenol blue, 10% (v/v) 2-mercaptoethanol). Denatured protein 

samples were then separated on 4–12% NuPAGE polyacrylamide gels in 1× MOPS running 

buffer (Invitrogen) at 200 V for 40 min. The gels were stained with Coomassie Brilliant Blue 

and visualized using an AlphaImager imaging system (Biosciences).

For WB, samples separated by SDS–PAGE were transferred from the gel onto nitrocellulose 

(88018, Thermo Scientific) under a voltage of 30 V for 1 h. The membranes were then 

incubated at RT for 1 h in blocking solution using 5% (w/v) skimmed milk in TBST (150 

mM NaCl, 10 mM Tris HCl, 0.1% (v/v) Tween-20, pH 7.5). Then, blots were incubated 

overnight at 4 °C with (a) 1 μg/mL rabbit polyclonal antibody against streptokinase 

(NB100-62936; Novus Biologicals) or (b) 1 μg/mL rabbit anti-TMV antibody (custom-
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made; Pacific Immunology) in blocking solution and subsequently washed 3× for 5 min in 

TBST. After washing, membranes were incubated with 2 μg/mL of alkaline phosphatase 

goat anti-rabbit antibody in blocking solution for 1 h at RT and washed 3× for 15 min in 

TBST and 1× for 5 min in Milli-Q water. Specific antibody binding was visualized using 

Novex AP Chromogenic Substrate (BCIP/NBT) (WP20001; Invitrogen).

Negative Staining TEM

Particles were adsorbed to carbon-coated copper grids (01754-F, TED PELLA) at a 

concentration of 0.1 mg/mL (2 μL per grid), rinsed with deionized water, and negatively 

stained with 2% (w/v) uranyl acetate for 5 min before analysis with a Tecnai TF30 ST TEM 

at 300 kV.

Cryo-EM Grid Preparation, Imaging, and Tomography

A small amount (∼4.5 μL) of TMV-STK at a concentration of 0.1 mg/mL was mixed with 

0.5 μL of fiducial nanogold (10 nm, Aurion). The suspension was applied to Quantifoil 

holey carbon EM grids (R2/2, 200 mesh; EMS) glow-discharged for 20 s at 25 mA. Grids 

were then blotted and plunge-frozen into liquid ethane by using a manual plunger. Frozen 

vitrified grids were transferred into liquid nitrogen for storage and imaging. Imaging was 

performed on a JEOL 2200FS transmission electron microscope (200 kV, FEG, in-column 

energy filter). Cryo-electron micrographs were collected using a DE20 direct electron 

detector (Direct Electron, LP, USA) with a defocus range of 4–5 μm and with 2 s exposure 

per movie, equating to a total electron dose of <100 e−/A2. Individual movie frames were 

then motion-corrected using custom EMAN241 scripts to produce final micrographs. Tilt 

series were collected on the JEOL 2200FS microscope using a Tietz TVIPS 4k × 4k CMOS 

camera with SerialEM.42 The tilt range was −60° to +60° with a defocus of −5.5 μm. The 

tilt-series data was processed with the IMOD software package,43 and the resulting 

tomogram was displayed with UCSF Chimera.44

Fibrin Clot Thrombolysis Assay

1 mg/mL of non-PG depleted fibrinogen (Enzyme Research Laboratories) was polymerized 

with 1 IU/mL of thrombin in the presence of 3.5 mM CaCl2 in PBS to form 2 mL fibrin 

clots in D = 35 mm Petri dishes. After 3 h, 1 μL of different amounts of STK and TMV-

PEG8/28-STK were added in triplicates to the center and top of the in vitro formed thrombus 

followed by incubation for a total of 20 h; then photographs were taken to document the 

lysis zone.

Perfusion Chamber Assay

A perfusion chamber (Portola Pharmaceuticals) was used to evaluate the effect of drug and 

nanoparticle formulation on thrombus formation time. Factor Xa inhibitor anticoagulated 

blood was labeled with 5 μg/mL Rhodamine 6G (Sigma-Aldrich) for 10 min. STK and TMV 

formulations were added at final concentrations of 250 and 1000 IU of STK/mL (assuming 

no loss of activity for TMV-conjugated STK); then blood was perfused through the human 

type III collagen-coated rectangular capillaries at an arterial shear rate of 600 s−1. Thrombus 

formation under flow was then visualized in real time and average fluorescence of platelet 
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aggregation over time quantified. The correlation between the mass and activity of STK is 

expressed by the following equation: 1 mg of STK = 80000 IU (based on STK specifications 

provided by the manufacturer).

RESULTS AND DISCUSSION

Mutant TMV particles containing a solvent-exposed and chemically addressable lysine side 

chain at the C-terminus of the coat protein (i.e., Lys-158) were utilized in this study and are 

referred to as TMV-Lys. TMV-Lys was propagated in and purified from N. benthamiana 
plants using previously established protocols.40,45

Two types of TMV-based particles with STK conjugated were prepared using different 

length PEG spacers, an 8-mer or 28-mer PEG linker to yield TMV-PEG8-STK and TMV-

PEG28-STK, respectively. The generic abbreviations TMV-STK or TMV-PEG8/28-STK will 

be used throughout the manuscript. TMV-PEG8/28-STK particles were prepared using a 3-

step reaction (Figure 1): (a) conjugation of 4-mer or 24-mer NHS ester-PEG4/24-maleimide 

linker to TMV-Lys (reaction between NHS ester and NH2 group of TMV’s lysine side 

chain); (b) conjugation of 4-mer NHS ester-PEG4-SAc (acetyl-protected thiol) linker to STK 

(reaction between NHS ester and NH2 group of STK’s lysine side chains); (c) deprotection 

of thiol groups and conjugation of product (a) with product (b) (reaction between the 

maleimide installed on TMV and the thiol group introduced to STK).

Following the 3-step reaction and purification, TMV-STK particles were characterized to 

confirm the structural integrity of the formulation and to determine the degree of STK 

conjugation. Denaturing polyacrylamide gel electrophoresis (SDS–PAGE) and Western blot 

(WB) analysis confirmed successful conjugation of STK to TMV. The conjugate of the 

TMV coat protein (TMVcp)-PEG8/28-STK was apparent as multiple bands with molecular 

weights (MW) equal to or higher than 64 kDa, which is the theoretical MW of the TMVcp-

STK conjugate. The TMVcp has a MW of ∼17 kDa and STK of ∼47 kDa; see Figure 2A. 

Since each TMVcp contains precisely one lysine residue, the presence of multiple 

“conjugate” bands is possibly a result of a single STK molecule being conjugated to one or 

more neighboring TMVcps. This is possible because STK contains multiple solvent exposed 

lysine side chains that could be modified with more than one linker for conjugation, 

resulting in the formation of multimeric interactions. However, it is also possible that the 

modified proteins interact and get entangled through noncovalent interactions, and/or are 

incompletely denatured, which has been observed for other chemically modified VNP 

formulations.48,49 The presence of both TMVcp and STK components in the ≥64 kDa 

conjugate bands was confirmed by Western blotting using TMV- and STK-specific 

antibodies (Figure 2B,C). To quantify the number of STK molecules per TMV, 

densitometric analysis was performed on SDS–PAGE gels from two batches of synthesized 

TMV-PEG8/28-STK particles. The densitometry analysis revealed the presence of ∼767 

(±210) STK molecules on average per TMV for TMV-PEG8-STK; and ∼111 (±39) STK 

molecules on average per TMV for TMV-PEG28-STK (Tables S1 and S2). The batch-to-

batch variation could be explained by variability of gel staining and the need for multiple 

bioconjugation steps, which could be mitigated in the future through either genetic 
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introduction of azide/alkyne-modified non-natural amino acids or the use of orthogonal click 

chemistries.

STK is a flexible molecule composed of three independently folded β-grasp domains (α, β, 

and γ) separated by two flexible coiled coils.47,50 Due to its flexibility, it is difficult to 

model the dimensions of an STK molecule. However, based on the crystallography data,47 

(PDB database ID: 1BML) we approximated its dimensions as 9 × 6 × 2.5 nm and modeled 

it as an ellipsoid of corresponding Dx, Dy, and Dz diameters. The theoretical number of STK 

molecules needed for full coverage of TMV was estimated as either 400 or 1200, depending 

on whether the largest or smallest cross-sectional area of the ellipsoid was used. Provided 

that the 22 amine groups present on the STK surface are available for conjugation, in reality, 

the orientation of STK on TMV surface is most likely random (see Figure S1). We have 

recently shown random orientations of a conjugated protein on TMV using cryo-electron 

tomography combined with subtomogram averaging of a TMV–serum albumin conjugate 

synthesized using a similar bioconjugation strategy.51,52 As a consequence, the maximum 

theoretical number of STK molecules on TMV is difficult to determine and most likely falls 

within the range of 400–1200. It should also be noted that the flexible nature of solvated 

STK is not reflected in the crystallography data, thus our calculation should be treated as an 

approximation only.

The conjugation strategy using the 8-mer PEG linker yielded significantly higher STK-to-

TMV coverage compared to conjugation with the 28-mer PEG linker. Two contributing 

factors may explain this variation in conjugation efficiency: (a) the longer PEG chains might 

result in lower PEG density on the TMV surface due to steric hindrance (Figure 1A), and 

therefore provide fewer attachment sites for STK; (b) lower accessibility of the maleimide 

groups in longer PEG chains (Figure 1A) for subsequent reaction with STK’s introduced 

thiols (Figure 1C), because the longer PEG chains likely adapt a “tangled” mushroom 

conformation at low surface grafting densities.48,53

Lastly, we confirmed the structural integrity of the TMV particles postconjugation using 

negative-stain transmission electron microscopy (TEM, Figure 2D,E). Additionally, cryo-

electron microscopy (cryo-EM) revealed a dense coat of STK molecules on the TMV-PEG8-

STK surface (Figure 3A). However, it was technically difficult to identify STK in cryo-EM 

images of TMV-PEG28-STK due to the scarcity of STK (see Figure S2B). The extent of the 

coverage of STK on the surface of TMV-PEG8-STK particles was further evaluated by cryo-

electron tomography. The tomogram shows a uniform density of STK on the outer surface of 

TMV (Figure 3B,C and Movie S1).

Thrombolytic activity of TMV-PEG8/28-STK was evaluated and compared to that of free 

STK using in vitro formed fibrin clots. STK has no proteolytic activity of its own; its 

thrombolytic effect relies on formation of an active complex upon binding to PG and 

subsequent hydrolytic activation of blood PG to yield plasmin.9 Therefore, to prepare the 

phantom clots, non-PG depleted fibrinogen was mixed with 1 IU/mL of human thrombin in 

the presence of 3.5 mM CaCl2. In these conditions fibrinogen undergoes proteolytic 

cleavage by the serine protease thrombin to form insoluble fibrin that precipitates and forms 

a thrombus. Thrombolysis was evaluated by spotting 1 μL of STK or TMV-PEG8/28-STK 
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formulations (ranging from 0.005 to 50 IU STK and equivalent mass of TMV-conjugated 

STK) onto the phantom clots; the lysis zone was documented 20 h post treatment at room 

temperature (see Materials and Methods). The 20 h time point was chosen to allow the 

development of large-scale lysis zones enabling distinction of small differences between the 

samples. It should be noted, however, that the thrombolytic effect of STK and TMV-

PEG8/28-STK was already apparent 1–2 h post treatment (data not shown).

While we observed successful thrombolysis for sample groups, free STK showed higher 

activity compared to TMV-PEG8/28-STK when used in amounts greater than 0.05 IU (Figure 

4A,B). The significant difference in dissolution area for 5–50 IU spots (Figure 4A,B) is 

likely a result of two effects: (a) Differences in the efficiency of complex formation between 

PG and free STK versus TMV-bound STK. Differences in the orientation and/or packing of 

STK on TMV surface could result in decreased binding of PG due to steric hindrance by 

TMV’s surface or neighboring STK molecules; Figure S1 demonstrates a model of a few 

such scenarios. (b) Differences in diffusion of free versus TMV-bound STK under the static 

conditions of the experiment. The MW of the TMV-PEG8-STK conjugate (MW TMV-

PEG8-STK = 7.60 × 107 Da; calculated using MWTMV = 3.94 × 107 Da and total MW of 

767 STK molecules of 3.60 × 107 Da; we estimated the same number of PEG linkers, i.e. 

767 PEG8 with a total MW of 5.33 × 105 Da). As a result, the high MW complexes of TMV-

PEG8/28-STK are expected to have limited diffusion through the fibrin matrix. Note that 

diffusion rates are inversely proportional to the MW of the molecule. To address this point, 

we investigated the diffusion behavior of TMV versus proteins through fibrin matrices. As 

expected, while proteins freely diffuse through the matrix, the much larger TMV 

formulation does not (Figure S3). As a consequence, the free STK is expected to penetrate 

and dissolve the phantom clot faster (from within) compared to TMV-STK. In other words, 

the thrombolytic activity of TMV-STK is constrained by the boundaries of the dissolution 

area.

Therefore, diffusion and efficiency in STK-PG complex formation may explain the 

enhanced efficacy of free STK versus TMV-STK at concentrations of 0.5 IU and higher. At 

lower concentrations, however, the TMV-STK complexes outperform free STK. We 

hypothesize that at low concentrations (≤0.05 IU) the disadvantageous drop of free STK 

concentration due to diffusion—below the critical value necessary to completely break down 

the clot—offsets the benefit of clot penetration, resulting in loss of efficacy compared to 

TMV-bound STK (Figure 4A,B). Indeed a diffusion-induced concentration drop was 

observed in the protein diffusion experiments (see Figure S3iii).

We did not observe significant differences in thrombolytic activity between TMV-PEG8-

STK and TMV-PEG28-STK (when the amount of particles was normalized to provide the 

same STK content). Therefore, the data indicate that the length of the intervening PEG 

linker does not impact the activity of the formulation. In other words, the 8-mer PEG linker 

provides sufficient degrees of freedom for STK to bind and activate PG, and introduction of 

longer linkers does not provide any additional advantage.

To characterize the thrombolytic properties of developed TMV formulations in 

physiologically relevant conditions (i.e., under blood flow) we used an ex vivo model of 
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shear-induced thrombosis. The experiments were performed in a perfusion chamber using 

blood labeled with Rhodamine 6G. The time dependent formation of a thrombus was 

monitored and quantified using fluorescent imaging of platelet aggregates in the presence of 

free STK and TMV-PEG8/28-STK (see Materials and Methods). TMV-PEG8-STK particles 

were chosen for this experiment based on their higher STK content (Figure 2). Particles 

were added to blood at a final STK concentration equivalent to 250 and 1000 IU of free 

STK/mL, after which blood was perfused through human type III collagen-coated 

rectangular capillaries at an arterial shear rate of 600/s to induce thrombosis.

Around 10–30% reduction in thrombosis was observed in the presence of TMV-PEG8-STK 

particles at normalized concentration equivalent to 250 IU of free STK/mL. The reduction 

reached 60% at 1000 IU STK/mL concentration (Figure 5A–C). Surprisingly, no 

thrombolytic effect was observed in blood containing free STK. In the bloodstream, 

elongated particles tumble and rapidly marginate toward the walls of the blood vessel.31,33,54 

Accordingly, TMV has been demonstrated to “passively” accumulate and penetrate 

cardiovascular thrombi (without the need of molecular recognition chemistry).30 We 

hypothesize that this is due to shape-mediated properties, such that TMV-PEG8-STK has 

enhanced interaction with thrombi under flow, leading to improved delivery of STK to the 

site of the thrombus (Figure 5E), localized conversion of PG to plasmin, and consequently 

enhanced efficacy. Some delay in thrombosis was also observed in the presence of high 

concentrations of TMV-PEG4 control particles. We attribute this to likely interference of 

TMV-PEG4 passively accumulating in thrombi with molecular recognition, recruitment, and 

adhesion of additional platelets in the thrombus. Free STK is a globular protein and thus is 

not expected to tumble or marginate efficiently to the disease site. In our experimental setup 

(and similarly in vivo), we expect free STK to flow in the center of capillary (or blood vessel 

in vivo) causing decreased interaction with the thrombus (Figure 5D), and delocalized 

generation of plasmin, leading to marginal efficacy during the limited time scale of the 

experiment.

CONCLUSIONS

In conclusion, we have designed a novel platform for delivery of thrombolytics utilizing a 

high aspect ratio plant virus-based nanoparticle: the tobacco mosaic virus. Our platform 

allows for control of STK payload achieving densities as high as ∼1 mg of STK per mg of 

TMV (Figure 2). The ability to control the density of PEG and STK on the TMV scaffold 

could allow for tailored interactions between TMV and the thrombus to modulate and 

maximize therapeutic efficacy. We confirmed the structural integrity of the TMV-STK 

formulations with TEM, cryo-EM, and cryo-electron tomography, and their thrombolytic 

activity with an in vitro phantom clot dissolution assay (Figures 2–4).

The TMV-STK formulation shows a clear advantage over free STK in a physiologically 

relevant ex vivo shear-induced model of thrombosis (Figure 5). The higher margination rate 

of the high aspect ratio TMV-STK toward the vessel wall31,33,37 allows for enhanced 

interaction with cardiovascular thrombi.30 This “passive” thrombus homing confers 

enhanced efficacy of TMV-STK versus free STK under flow. In other words, despite likely 

loss of TMV-conjugated STK “biological activity” (defined as ratio between number of 
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biologically active STK molecules and total number of STK) due to conjugation procedure 

and steric hindrance by TMV surface, the “effective activity” (seen as reduction in 

thrombosis in ex vivo perfusion chamber assay) is increased, due to enhanced targeting to 

thrombi. We expect that TMV-mediated delivery of other thrombolytics, such as tPA or 

tenecteplase with enhanced thrombus specificity, could result in even more efficient 

thrombolysis.

Delivery of thrombolytics using TMV or other similar high aspect ratio carriers in 

reperfusion therapy could become an advantageous option for treatment of acute stroke and 

thromboembolism. Localized delivery and a decrease in the dose necessary to achieve 

therapeutic effect are expected to alleviate bleeding risks associated with administration of 

thrombolytics. We have previously reported that TMV-based nanoparticles have rapid blood 

clearance (within tens of minutes),36 an advantage for application as thrombolytic therapy as 

the clearance of nonutilized, i.e., non-thrombus-bound, excess drug would further decrease 

systemic bleeding risks. Future studies will be necessary to evaluate the in vivo performance 

of TMV-based thrombolytics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

VTE venous thromboembolic disease

AMI acute myocardial infarction

DVT deep vein thrombosis

PE pulmonary embolism

VNP viral nanoparticle

TMV tobacco mosaic virus

TMV-Lys lysine mutant of tobacco mosaic virus

TMVcp tobacco mosaic virus capsid protein

STK streptokinase
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PG plasminogen

PEGn n-mer of poly ethylene glycol

SDS–PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

WB Western blot

DMSO dimethyl sulfoxide

MRI magnetic resonance imaging

RT room temperature

Cryo-EM cryo-electron microscopy
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Figure 1. 
Schematic representation of TMV-PEG8/28-STK particle synthesis. (A) Functionalization of 

TMV-Lys particles with maleimide groups. (B) Labeling STK molecules with thiol groups. 

(C) Bioconjugation of STK-PEG4-SH ligands to TMV-PEG4/24-maleimide particle to form 

final TMV-PEG8/28-STK particles. TMV’s structural data46 (ID: 2TMV) and STK’s 

structural data47 (ID: 1BML) obtained from the Protein Data Bank (PDB) were used to 

represent these components using UCSF Chimera software.44 Note that the TMV fragment 

and STK structures are not shown on the same scale.
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Figure 2. 
TMV-PEG8/28-STK characterization. (A–C) SDS–PAGE and Western Blot (WB) analysis of 

TMV-Lys particles before and after conjugation of STK. Free STK was used as reference. 

Bands corresponding to TMV capsid protein (TMVcp, MW = 17 kDa) and STK (MW = 47 

kDa) are indicated with arrows. Successful TMV-STK conjugation is indicated by presence 

of multiple protein bands corresponding to TMVcp-PEG8/28-STK (multiple bands of 

apparent MW > 64 kDa; theoretical molecular weight of 1:1 SA:TMVcp monomer = 64 

kDa) as shown by WB immune recognition. The low molecular weight bands (<14 kDa; 

panels A and B) correspond to TMV coat protein fragments, possibly resulting from 

degradation during sample preparation. (D, E) TEM images of TMV-PEG28-STK and TMV-

PEG8-STK particles, respectively.
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Figure 3. 
Cryo-EM imaging and cryo-electron tomography of TMV-PEG8-STK. (A) Cryo-electron 

micrograph of TMV-PEG8-STK collected with a nominal magnification of 50000×. STK is 

observed dotting the surface of the TMV particles. Several electron-dense nanogold fiducial 

markers are visible in the image. (B) Three-dimensional representation of TMV-PEG8-STK 

particles. (C) Single TMV-PEG8-STK rod (left) and with a superimposed cylinder (right) 

representing a bare TMV particle (blue, dimensions 300 × 18 nm). The scale bars represent 

50 nm in panels A and B, and 25 nm in panel C.
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Figure 4. 
Static in vitro assay of thrombolytic activity: phantom clot dissolution. (A) Image of 

phantom clots 20 h after application of STK and TMV-PEG8/28-STK solutions. The dark 

colored circular areas result from dissolution of fibrin clot by STK. Samples were applied in 

triplicates. (B) Area-of-dissolution analysis of image (A). Data were analyzed using 

Student’s t test (2-tailed, unpaired); statistically significant differences are indicated by 

****p ≤ 0.0001, ***p ≤ 0.001, *p ≤ 0.05. No statistically significant differences were found 

between TMV-PEG8-STK and TMV-PEG28-STK samples of corresponding concentrations.

Pitek et al. Page 19

Mol Pharm. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Dynamic ex vivo perfusion chamber assay of thrombolytic activity. (A) Images of 

fluorescent thrombus formation over time in the perfusion chamber capillary. White areas 

correspond to fluorescent platelet aggregates (thrombi). (B) Quantification of thrombus 

growth over time through measurement of fluorescence intensity. Slope of thrombus growth 

curves corresponds to rate of thrombus formation. Significant difference in thrombus 

formation rate between samples containing TMV-PEG8-STK and control TMV-PEG4 

particles demonstrates the thrombolytic efficacy of TMV-PEG8-STK formulation. No 

thrombolysis has been observed for free STK. (C) Plot representing relative thrombus size 

normalized against control sample of pure blood, as a function of time. (D, E) Schematic 

representation of hydrodynamic properties of free STK and TMV-PEG8-STK in blood flow 

(schematics include monomeric STK and STK:PG active complexes). The flow direction of 

free STK is hypothesized to be parallel to the direction of blood flow, causing low 

interaction between STK and thrombi. The TMV-PEG8-STK particles marginate toward the 

sides of the blood vessel, causing enhanced interaction with and accumulation in thrombi.
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