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ABSTRACT 
 

Magnetic resonance imaging (MRI) has recently flourished 
as an impressive anatomical imaging modality for 
diagnosing internal injury, cancer, and cardiovascular 
diseases. Nanoparticle MRI contrast agents vastly improve 
imaging sensitivity for identifying and diagnosing diseases 
in soft tissue. A common challenge is the fabrication of 
nanoparticles with well-defined properties, such as 
morphology, size, charge, and surface functionalities. 
Tobacco mosaic virus (TMV) presents a hollow rod-shaped 
platform capable of undergoing chemical conjugation to its 
interior and exterior surfaces. Recently, it was found that 
TMV undergoes thermal transition to form RNA-free 
spherical nanoparticles (SNPs) upon heating for a short 
time period. Here, we show that TMV can be loaded with 
up to 3,500 paramagnetic gadolinium (Gd) ions to enhance 
MR sensitivity. Upon conjugation of chelated Gd 
compounds, the ionic relaxivity is significantly enhanced. 
Through thermal transition 170 nm-sized SNPs containing 
25,000 Gd ions were formed; such SNPs reach T1 
relaxivities of over 400,000 mM-1s-1 per nanoparticle. TMV 
rods can undergo further chemical modification for targeted 
delivery of cargo. Here, we target the rods towards VCAM-
1 receptors on activated endothelial cells in vitro as a model 
for atherosclerotic plaque targeting. 
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1 INTRODUCTION 
 
Coronary artery disease is among the leading causes of 

death around the world. The underlying cause of most 
deadly cardiac events, such as stroke and heart attacks, is 
inflammation in the form of atherosclerosis. Early diagnosis 
and treatment of atherosclerotic plaques will lead to better 
patient outcomes.  

During the development of atherosclerosis, endothelial 
cells lining the intima overexpress a wide variety of cell 
adhesion molecules, selectins, and integrins [1]. Their 
extracellular display has been utilized to direct 
nanoparticles of various compositions to these sites for 
imaging and therapy [2]. In particular, vascular cell 

adhesion molecule (VCAM-1) receptors can be targeted 
throughout the progression of plaque development [3-5]. 
The significant overexpression of this adhesion molecule at 
atherosclerotic plaques has led to the development of many 
VCAM-1 targeted nanoparticle platforms [5,6]. Phage 
display technology has identified and produced an 
oligopeptide sequences specific for VCAM-1 receptors [7], 
thus opening the door for the development of tissue-specific 
contrast agents. 

Magnetic resonance imaging (MRI) provides an 
optimal platform for imaging atherosclerotic plaques 
because of its high spatial resolution, soft tissue contrast 
and general safety. Unfortunately, early disease detection 
with MRI is difficult because diseased areas often have 
similar signal intensity compared to the surrounding healthy 
tissue. Therefore, signal enhancement using contrast agents 
is required. Contrast agents interact with water molecules in 
the body to affect the T1 or T2 proton relaxation which give 
rise to positive or negative signal change, respectively [8]. 
Chelated paramagnetic lanthanide ions, such as gadolinium, 
are the most common T1 relaxivity contrast agents [9]. 
Small molecule complexes of Gd are currently used in the 
clinic, but their sensitivity for disease detection is low. The 
use of nanoparticles to enhance MRI sensitivity towards 
contrast agents has shown great potential in imaging and 
diagnosing diseases such as cancer and cardiovascular 
disease [10]. 

Nanotechnology has revolutionized the MRI field. 
Nanoparticles, a particle with one or more dimensions of 
100 nm or less, can be loaded with high payloads of 
multiple cargos, e.g. image contrast agents, therapeutics, 
and/or targeting ligands for direction to sites of disease 
[11]. The targeted delivery of nanoparticles carrying image 
contrast agents and therapeutics leads to earlier and more 
accurate diagnosis and more efficacious therapy. 
Nanoparticles have been engineered for MRI contrast by 
based on gold [12], silicon [13], carbon nanotubes [14] and 
fullerenes [15], polymers and dendrimers [16], liposomes 
and micelles [17], and viral nanoparticles [18,19]. Binding 
chelated paramagnetic ions to nanoparticle platforms 
enhances the MRI sensitivity in two ways; first, the ionic 
relaxivity (brightness per ion) increases due to reduced 
molecular rotation times (τR), and second, nanoparticles 
deliver a high concentration of chelated ions to the site of 
disease [20].  
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Figure 1 A crystal structure representation (PyMol and 
Chimera UCSD) of tobacco mosaic virus highlighting the 
interior glutamic acids, GLU97 and GLU106 (blue), and 
exterior tyrosine, TYR139 (red), for bioconjugation. 

 
A common challenge in engineering nanoparticle MRI 

contrast agents is fabrication with well-defined properties, 
such as shape, size, charge, and surface properties. Viral 
nanoparticles (VNPs) provide an excellent platform for 
biomedical applications because they are highly 
monodisperse, capable of undergoing chemical and genetic 
modification, easily attainable, and available in a variety of 
sizes and morphologies [21]. Only spherical shaped viral 
nanoparticles have been utilized as potential MRI contrast 
agents, including cowpea mosaic virus [22], cowpea 
chlorotic mottle virus [23], bacteriophage MS2 [24], 
bacteriophage Qβ [25], and bacteriophage P22 [19]. 

Tobacco mosaic virus (TMV) presents a robust, rod-
shaped platform measuring 300 by 18 nm with a 4 nm 
hollow channel, capable of undergoing chemical 
conjugation to its interior and exterior surfaces (Figure 1) 
[26]. This stiff rod-shaped nanoparticle has been utilized for 
a variety of applications in nanotechnology [27,28]. 
Chemically and genetically engineered TMV particles are 
being developed and tested for applications as light 
harvesting systems [29,30], energy storage [31], sensing 
[32], and cell growth [26,33]. Recently, it was found that 
TMV undergoes thermal transition to form RNA-free 
spherical nanoparticles (SNPs) upon heating for a short 
time period (Figure 3) [34]. The size of the SNPs can be 

controlled to be 50 to 500 nm by tuning the TMV 
concentration. 

Here we show that TMV can be loaded with a very 
high number of paramagnetic Gd ions to enhance MRI 
sensitivity. Both the exterior and interior surfaces of TMV 
were successfully labeled with Gd(DOTA) molecules by 
targeting tyrosine residues and glutamic acid residues, 
respectively. The interior modified particles were able to 
undergo thermal transition to form stable RNA-free 
spherical nanoparticles with very high Gd loading per 
nanoparticle [18]. Finally, VCAM-1 peptide labeled TMV 
particles specifically targeted activated endothelial cells in 
vitro.  

 
Figure 2 Schematic illustration of bioconjugation reactions 
used to incorporate terminal alkynes to the interior and 
exterior of TMV. CuAAC reaction of terminal alkyne 
labeled TMV with Gd-DOTA azide. 
 

2 RESULTS/DISCUSSION 
  

Tobacco mosaic virus (TMV) was extracted from 
Nicotiana benthamiana plants yielding 4.5 mg virus per 
gram of infected leaf material [35]. Using this one-day 
purification protocol of just over 100 g leaf material, we 
obtained over 500 mg of TMV. The purified TMV particles 
were then subject to established interior or exterior 
bioconjugation techniques incorporating terminal alkyne 
residues (Figure 1) [26,36]. The well-defined crystal 
structure of TMV (Figure 1) allows us to “see” where the 
interior and exterior reactive amino acids are located 
throughout the hollow rod-shaped TMV. Highlighted in red 
are the tyrosine residues (TYR139) on the exterior surface 
that are reactive toward diazonium salts. Highlighted in 
blue are the glutamic acid residues (GLU97 and GLU106), 
which are susceptible to EDC coupling with a primary 
amine. As shown in Figure 2, the bioconjugation of these 
amino acids provides a terminal alkyne handle for 
subsequent copper-catalyzed azide-alkyne cycloaddition 
(CuAAC) with azide groups. In order to create an MRI 
contrast agent, we chelated Gd ions to an azido labeled 
DOTA molecule (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) which was then conjugated to the terminal 
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alkyne labeled TMV particles. Following sucrose gradient 
purification, interior Gd labeled TMV (iGd-TMV) and 
exterior Gd labeled TMV (eGd-TMV) structural integrity 
was confirmed with transmission electron microscopy 
(TEM) and size exclusion chromatography (SEC) (Figure 3 
B-E). The labeling efficiency was confirmed with matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF MS) and inductively coupled 
plasma optical emission spectroscopy (ICP-OES). ICP-OES 
indicated that the eGd-TMV and iGd-TMV contained over 
1700 and 3400 Gd per TMV particle. Spherical 
nanoparticle (SNPs) derivatives of the rod-shaped TMV 
were made by heating a 0.1 mg/ml solution of iGd-TMV 
for 15 s at 96°C (Figure 4). TEM and dynamic light 
scattering (DLS) indicated that the SNPs measured 170 nm 
in diameter and ICP-OES measured over 25,000 Gd per 
SNP.  
 

 
Figure 3 Size exclusion chromatograms of (A) eGd-TMV 
and (B) iGd-TMV. TEM image of (C) eGd-TMV and (D) 
iGd-TMV. 
 

The ionic relaxivity of the Gd-loaded VNPs was tested 
on a clinical MRI (1.5T Siemens Espree). Using a standard 
inversion recovery sequence we determined the T1 values, 
which were plotted against the concentration to yield the 
relaxivity in mM-1s-1. The measured ionic relaxivity values 
for eGd-TMV, iGd-TMV, and Gd-SNP was 15.7, 11.0, and 
13.2 mM-1s-1 at 1.5T, which is two-three times higher than 
most commercially available contrast agents (between 4 
and 5 mM-1s-1). The increased ionic relaxivity is due to 
reduced molecular rotational correlation time upon 
conjugation to the nanoparticle platform. Furthermore, we 
obtained per particle relaxivities for eGd-TMV, iGd-TMV, 
and Gd-SNP of 26,869, 37,519, and 340,758 mM-1s-1. 
These values represent the highest payload delivery for 
viral nanoparticle MRI contrast agents [18]. 

 

 
Figure 4 (Top) Thermal transition of TMV rods to 
spherical particles. (Bottom) TEM images of rod and 
spherical shaped particles. 
 

In order to test the potential for in vivo targeting, we 
first utilized an in vitro cell model (SVEC4-10) of activated 
endothelial cells that overexpress VCAM-1 receptors. To 
test the targeting, two new TMV rod-based particles were 
synthesized: the targeted formulation used here was labeled 
with an azido derivative of the VCAM-1 peptide and 
fluorescein dyes for imaging (eVCAM-TMV). The second, 
non-targeted, formulation was labeled only with fluorescein 
dyes (native-TMV). Cell binding was characterized with 
flow cytometry. The flow cytometry results indicate a 
significant increase in activated cell binding for eVCAM-
TMV particles (intensity = 734) over Native-TMV particles 
(intensity = 475) (Figure 5). Future experiments will 
combine the active targeting of VCAM-TMV and the MRI 
contrast enhancement of Gd labeled TMV particles to 
image atherosclerotic plaques in an atherosclerosis mouse 
model.  

 
Figure 5 (A) Flow cytometry showing eVCAM-TMV and 
Native-TMV binding to activated endothelial cells. (B) A 
graph of the average fluorescence intensity representing the 
flow cytometry data. 
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3 CONCLUSION 

 
Gd-loaded rod- and spherical-shaped viral nanoparticles 

demonstrated significant ionic relaxivity enhancement 
compared to free Gd(DOTA). The engineered particles 
have high potential for in vivo MRI contrast agent detection 
because of the high Gd loading per particle. These results 
represent the most sensitive viral nanoparticle MRI contrast 
agent to date. Aside from using carbon nanotubes, TMV-
based MRI contrast agents have the highest aspect ratio for 
rod-shaped nanoparticles, of which there are very few 
options. This work lays the foundation for future 
biomedical applications. For example, conjugation of a 
targeting ligand, e.g. VCAM-1 peptide, directs the rod-
shaped particles towards activated endothelial cells and thus 
provides an attractive platform for targeting the intima of 
atherosclerotic plaques. 
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