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Abstract

The molecular imaging of in vivo targets allows non-invasive disease diagnosis. Nanoparticles 

offer a promising platform for molecular imaging because they can deliver large payloads of 

imaging reagents to the site of disease. Magnetic resonance imaging (MRI) is often preferred for 

clinical diagnosis because it uses non-ionizing radiation and offers both high spatial resolution and 

excellent penetration. We have explored the use of plant viruses as the basis of for MRI contrast 

reagents, specifically Tobacco mosaic virus (TMV), which can assemble to form either stiff rods 

or spheres. We loaded TMV particles with paramagnetic Gd ions, increasing the ionic relaxivity 

compared to free Gd ions. The loaded TMV particles were then coated with silica maintaining 

high relaxivities. Interestingly, we found that when Gd(DOTA) was loaded into the interior 

channel of TMV and the exterior was coated with silica, the T1 relaxivities increased by three-fold 

from 10.9 mM−1 s−1 to 29.7 mM−1s−1 at 60 MHz compared to uncoated Gd-loaded TMV. To test 

the performance of the contrast agents in a biological setting, we focused on interactions with 

macrophages because the active or passive targeting of immune cells is a popular strategy to 

investigate the cellular components involved in disease progression associated with inflammation. 

In vitro assays and phantom MRI experiments indicate efficient targeting and imaging of 

macrophages, enhanced contrast-to-noise ratio was observed by shape-engineering (SNP > TMV) 

and silica-coating (Si-TMV/SNP > TMV/SNP). Because plant viruses are in the food chain, 

antibodies may be prevalent in the population. Therefore we investigated whether the silica-

coating could prevent antibody recognition; indeed our data indicate that mineralization can be 

used as a stealth coating option to reduce clearance. Therefore, we conclude that the silica-coated 

protein-based contrast agent may provide an interesting candidate material for further 

investigation for in vivo delineation of disease through macrophage imaging.
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Introduction

Molecular imaging facilitates the early detection of disease, allows risk stratification, disease 

monitoring, longitudinal imaging and treatment follow up. A variety of imaging modalities 

have been developed, including positron electron tomography (PET), computed tomography 

(CT), and magnetic resonance imaging (MRI)(1). The latter is gaining popularity because of 

its excellent soft tissue contrast, spatial resolution and penetration depth, and because the 

non-ionizing radiation is safer for repeated imaging sessions. However, MRI has a low 

sensitivity to contrast-enhancement agents, which provide important information about 

molecular features in vivo(2). Nanoparticles are ideal platforms for the development of 

better contrast-enhancement agents because they can carry large payloads, they can be 

modified with targeting ligands to confer molecular specificity(3) and their structure 

enhances ionic relaxivity(4).

Several nanoparticle-based MRI contrast agents have been described, including 

nanoemulsions, dendrimers, silica and gold nanoparticles, and viral nanoparticles (VNPs)

(4). Nanoparticles increase the longitudinal relaxivity (positive contrast, R1) by reducing the 

molecular tumbling rate (τR) of chelated paramagnetic ions such as Gd following surface 

conjugation(5). In theory, free chelated Gd ions with a relaxivity of ~5 mM−1s−1 can achieve 

relaxivities of up to 80 mM−1 s−1 at 1.5 T, the common mode of MRI used in the clinic. This 

is based on the optimization of properties such as particle stiffness, bulk water accessibility 

and the chelating molecule, although experimentally it remains challenging to achieve such 

high values(5).

We have focused the development of VNPs for medical applications because the 

manufacture of such proteinaceous nanoparticles in a variety of shapes and sizes is highly 

reproducible and scalable, and the particles themselves are amenable to functionalization 

using synthetic biology, genetic engineering and bioconjugation chemistry(6). Several VNP-

based MRI contrast agents have been described, including the icosahedral plant viruses 

Cowpea mosaic virus (CPMV)(7), Cowpea chlorotic mottle virus (CCMV)(8), 

bacteriophages P22(9), MS2(10) and Qβ(11), and the plant virus Tobacco mosaic virus 

(TMV), which naturally occurs as rods but can also be produced as spheres(12). A few 

recent articles discuss the in vivo performance of these protein-based MRI contrast 

agents(13–15). For example, we recently showed that TMV particles can be employed to 

image the molecular features of atherosclerotic plaques using a vascular cell adhesion 

molecule (VCAM-1)-targeted Gd(DOTA)-loaded probe(14). The T1 relaxivity of this 

nanoparticle was ~15 mM−1 s1yielding a per particle relaxivity of 35,000 mM−1 s1 at 60 

MHz, thus allowing the imaging of molecular features in vivo at submicromolar doses of 

Gd(DOTA).

In this work we set out to investigate the materials and biological properties of TMV-based 

MRI contrast agents, specifically we sought to develop probes for macrophage imaging. The 

active or passive targeting of immune cells is a popular strategy to investigate the cellular 

components involved in disease progression associated with inflammation. Macrophage 

imaging was studied as a function of contrast agent shape and surface coating. Protein-based 

nanoparticles (TMV rods and TMV spheres) were mineralized with silica coatings.
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We chose silica as a coating material because it is biologically inert and coating techniques 

are well established(16). For example, silica mineralization has been used to improve the 

biocompatibility of nanoparticles based on gold(17), iron oxide(18) and quantum dots(19). 

We hypothesized that the silica coating would maintain high relaxivities, while providing a 

means for antibody evasion. Research indicates that TMV-specific antibodies are prevalent 

in the population due to presence of TMV in food and cigarettes(20, 21). Therefore, we 

investigated whether the silica shell would protect TMV and SNP from recognition by 

TMV-specific antibodies; this is an important goal for potential clinical application to 

prevent premature clearance of the contrast agent and maintain stable and reproducible 

pharmacokinetics for repeated imaging sessions.

In this article, we report i) the MRI properties of silica-coated vs. non-coated TMV rods and 

SNPs, ii) their applications for macrophage imaging as demonstrated by phantom MRI, and 

iii) the application of mineral coating as a method for antibody evasion.

Results and discussion

We based our nanoparticles on a mutant of TMV (S152K, TMVlys) that displays a reactive 

amine-functional lysine group at the solvent-exposed C-terminus of the coat protein(23). 

TMVlys was produced in Nicotiana benthamiana plants with a yield of 5 mg pure TMVlys 

particles per gram of infected leaf material. TMVlys comprises 2130 identical coat proteins 

arranged helically into a 300-nm soft-matter rod, 18 nm in diameter with a 4-nm internal 

channel. TMVlys was modified with paramagnetic GdIII chelated to azido-mono 

amide-1,4,7,10-tetraazacyclododecane-N,N',N",N'"-tetraacetic acid (DOTA-azide) to yield 

the MRI contrast-enhancement agent(12). The bioconjugation of Gd(DOTA) to the internal 

and external surfaces of TMVlys is described in detail in the Supporting Information and 

Figure S1. Briefly, terminal alkyne functionality was provided by modifying the tyrosine 

(TYR139) or glutamic acid (GLU 97/106) residues(24). Gd(DOTA) was attached to the 

terminal alkynes using a copper-catalyzed azide-alkyne cycloaddition reaction, forming 

internal Gd(DOTA) TMVlys (iGd-TMV) or external Gd(DOTA) TMVlys (eGd-TMV). 

TMVlys-based spherical nanoparticles (SNPs) were produced by heating iGd-TMV to 96°C 

for 60 s using a PCR thermocycler, forming Gd-SNP(12). Gd(DOTA) labeling efficiency 

(Figure 2A) was characterized by inductively-coupled plasma optical emission spectroscopy 

(ICP-OES) and matrix assisted laser desorption-ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) as shown in Figure S2. TEM imaging was used to confirm the structural 

integrity of the TMV rods and spheres after chemical modification (Figure 1B). The TMV 

rods were modified with an average of 1000 Gd(DOTA) molecules per particle in both the 

internal and external labeling configurations. Similar loading density was achieved for 

SNPs, with 976 Gd(DOTA) per 2130 coat proteins (based on absorbance) on a particle with 

a diameter of ~75 nm and a density of 1.43 g/cm3compared to 1.31 g/cm3 for the TMV 

rods(25). This corresponds to an estimated 7074 coat proteins per sphere, yielding just over 

3000 Gd(DOTA) labels per SNP.

Silica coatings were introduced as described(26) with modifications. Briefly, 1 ml tetraethyl 

orthosilicate (TEOS) as a 10% v/v stock in ethanol was mixed with 4 ml 5 M NH4OH and 1 

ml of modified TMVlys or SNPs (1 mg/ml in water) and diluted to 20 ml with ice-cold 
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ethanol. The reaction was allowed to proceed overnight (see Supporting Information). The 

resulting Si coat was ~65 nm deep, increasing the thickness of the nanoparticles to ~150 nm 

as shown by TEM and SEM (Figure 1B). The TMVlys mutant allowed the formation of a 

higher-quality silica coating compared to native TMV, because the positive charge of the 

solvent-exposed amine groups favored the nucleation of silica catalyzed by TEOS. The 

presence of silica was confirmed by TEM using electron dispersion spectroscopy (EDS) as 

shown in Figure S3. Silica mineralization presented the following challenges: First, the 

proportion of ethanol must be ~90% after all reactants have been added because lower 

concentrations increase the abundance of free silica particles, and high concentrations result 

in much thinner coatings. Additionally, salt must be removed from the TMV solution before 

mineralization. Sonication reduced aggregation and improved the dispersion of the 

mineralized particles. This is consistent with previous reports describing the silica 

mineralization of TMV(27–29), fd phage(30), and other nanoparticles(31). Silica is ideal as 

a coating material due to its biocompatibility, ease of surface functionalization, versatility, 

and stability(16, 32).

Next, we measured the longitudinal proton relaxivity of Gd(DOTA)-modified TMV rods 

and spheres (SNPs) using a standard inversion recovery sequence on a 60 MHz relaxometer 

(Bruker) at 37°C (Figure 2). Previously, we found that TMV externally modified with 

Gd(DOTA) had a higher ionic relaxivity than internally-modified particles due to increased 

stiffness of the tyrosine residue and better bulk water accessibility(12). Overall, we observed 

the same trend in the present study.

Throughout our investigation, we noted some batch-to-batch variations in the ionic 

relaxivity when we compared TMV samples with different Gd(DOTA) loading rates. 

Therefore, we set out to determine whether the Gd(DOTA) density affected the ionic 

relaxivity of the particles. TMV rods with Gd(DOTA) loads ranging from 429 to 1477 Gd 

per particle were prepared and the ionic relaxivities were determined (Figure S4). We found 

an inverse correlation between ionic relaxivity and Gd(DOTA) density. Although the per-

particle relaxivity increased at higher Gd density, the ionic relaxivity decreased at higher Gd 

density. If the Gd(DOTA) ions are distributed in a statistically random manner, the lower-

density formulation may offer greater inter-Gd(DOTA) spacing and therefore may increase 

the number of water molecules showing interactions at any given time. Others have shown 

that greater spacing between Gd ions (lower density) can increase overall relaxivity by 

increasing the transverse electronic relaxivity of the ions. Interactions between nearby 

paramagnetic centers increase the electronic relaxation of the electron spins of Gd ions, 

thereby reducing the water relaxivity(33). For example, micelles fully loaded (100%) with 

chelated Gd were able to achieve relaxivities of 30.0 mM−1 s−1 at 20 MHz, whereas micelles 

loaded with 98% Y and 2% Gd achieved a relaxivity of 41.4 mM−1s−1 at 20 MHz(34). 

Alternatively, if we consider iGd-TMV and assume the labeling density increases at the 

open ends, this would allow for more efficient water exchange with the bulk water 

surrounding the TMV rod without limiting water exchange in the 4-nm internal channel. 

Indeed, similar trends have been reported with mesoporous silica nanoparticles labeled with 

Gd when the entrance to the pores is compared to the entire structure(35).
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Next, we compared the relaxivities of mineralized TMV rods and SNPs versus their native 

counterparts. The ionic and per particle relaxivities remained consistent for eGd-TMV (23.5 

vs 24.8 mM−1 s−1) and SNP (17.7 vs 16.5 mM−1 s−1) following silica coating (Figure 2). 

Silica mineralization alone did not change the relaxivity compared to concentration-matched 

unlabeled TMVlys particles (Figure 2F). In stark contrast, a nearly three-fold increase in 

relaxivity was observed for mineralized versus native iGd-TMV particles, i.e. there was an 

increase from 10.9 to 29.7 mM−1 s−1 at 60 MHz which is presented as a bar chart (Figure 

2B) and in the form of relaxivity curves (Figure 2C-F).

Two factors may promote this increased relaxivity. First, mineralization around the TMV 

scaffold creates a dense surface coating that may trap bulk water inside the 4-nm channel 

resulting in differential water flux connecting the bulk surrounding water and the bulk 

internal water, maintaining and increasing the molecular interactions between Gd molecules 

and internal bulk water, therefore increasing the relaxivity of iGd-TMV but not eGd-TMV. 

Given that the silica-coated eGd-TMV and Gd-SNP formulations exhibited T1 values 

comparable to their native forms suggests that mesoporous silica is formed enabling water 

exchange through the silica coat. High-resolution TEM confirms the formation of 

mesoporous silica shells on the TMV rods and spheres (Figure S5). Second, particle stiffness 

increases when the silica coating is applied, and this may increase the relaxivity by 

inhibiting the molecular tumbling of Gd(DOTA). Nanoparticle rigidity can be calculated 

using the Lipari-Szabo approach, which identifies an order parameter for the local and 

global rotations with limiting values 0 < S2 < 1, where 1 is a completely rigid nanoparticle 

and 0 is a fully independent contrast agent(2). Stiffer nanoparticles have higher order 

parameter values (S2) and therefore yield a higher ionic relaxivity(36).

To test the performance of the contrast agents in a biological setting, we focused on 

interactions with macrophages because the active or passive targeting of immune cells is a 

popular strategy to investigate the cellular components involved in disease progression. For 

example, targeting macrophages in cardiovascular disease can provide insight into the 

composition of atherosclerotic plaques and may facilitate risk stratification. A macrophage-

rich and lipid-rich plaque with a thin fibrous cap may indicate a plaque vulnerable to 

rupture(37–40). We therefore used RAW 264.7 murine macrophages as a model system(41, 

42). We tested the uptake of TMV rods and spheres before and after mineralization by flow 

cytometry using fluorescence-labeled particles (Figures 3A and 3B) and then tested the 

Gd(DOTA)-labeled formulations in MRI experiments (Figure 3C and 3D). The labeling 

strategy and characterization of fluorescent particles is described in the Supporting 

Information.

Time-course flow cytometry showed that the silica coating significantly increased the 

number of interactions between macrophages and the TMV nanoparticles, regardless of their 

shape (Figure 3A, see Supporting Information for detailed methods) agreeing with previous 

reports showing that macrophages rapidly scavenge silica nanoparticles(43, 44). The non-

coated SNPs were much more readily taken up by the macrophages than TMVlys rods 

(Figure 3A). This is consistent with our recent study showing that macrophages interact 

more efficiently with TMV particles with a low aspect ratio(45). The high aspect ratio of the 

elongated stiff rod promotes immune evasion by inhibiting phagocytosis. This is a well-
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known phenomenon in nanomedicine and can be advantageous if cellular or molecular 

components other than macrophages are the desired target(46).

We next investigated whether the Gd-labeled TMV and SNP formulations could be used to 

detect macrophages in a pre-clinical MRI scanner (Figure 3C, see Supporting Information 

for detailed methods). Briefly, cells were incubated with the different MRI contrast agents 

and controls, and were then pelleted by centrifugation and analyzed using a 7.0T (300 MHz) 

MRI (Bruker BioSpec 70/30USR). Following multiple scouting scans, a T1-weighted Multi 

Slice Multi Echo (MSME) sequence was used with the following parameters: TR/TE = 

600/8.0 ms, 1 mm thickness, four averages, matrix = 128×128, field of view = 2.98 cm. 

Exported DICOM images were analyzed with the free open software OsiriX.

Macrophages were quantified by measuring the contrast-to-noise ratio (CNR) of cell pellets 

compared to the buffer solution for each well. We found that silica-coated TMV rods and 

SNPs showed higher CNRs than their non-mineralized counterparts (Figure 3D), which is 

consistent with the interactions observed by flow cytometry (Figure 3B). Additionally, SNPs 

yielded higher CNRs than TMV rods confirming that SNPs target macrophages more 

efficiently than rods. The experiments were reproducible over a range of cell and particle 

concentrations (Figure S6).

Together, these results demonstrate that SNP, Si-TMV and Si-SNP particles are suitable for 

the imaging of macrophage-rich diseases. We have previously shown that targeted rod-

shaped TMV particles are appropriate for MRI applied to vasculature molecular markers in 

atherosclerotic plaques(14). TMV rods could therefore be combined with SNPs to image 

molecular markers and macrophages, providing a powerful tool to facilitate risk 

stratification and the prognosis of atherosclerosis patients.

Lastly, we set out to determine whether the silica coating would protect the TMV protein-

based contrast agents from antibody recognition. VNPs, much like other protein-based 

nanoparticles, are prone to elicit the production of VNP-specific antibodies when introduced 

as ‘naked’ versions into the body. Furthermore, early research has shown that TMV-specific 

antibodies are prevalent due to presence of TMV in food and cigarettes(20, 21). Therefore, 

we investigated whether the silica shell would protect TMV (and SNP) from recognition by 

the immune system. This is an important requirement in translational applications because 

antibody binding can interfere with target recognition and alter the fate of nanoparticle-

based MRI contrast-enhancing reagents, particularly if repeat administration is necessary.

To determine the ability of the thick silica coating to prevent antibody recognition, 

immunogold staining experiments were carried out in which TMV, SNP, Si-TMV or Si-SNP 

were deposited on TEM grids followed by the application of TMV-specific antibodies and 

detection using 10-nm gold immunoconjugate secondary antibodies (Figure 4, see 

Supporting Information for details). Accordingly, we found that the non-coated SNP and 

TMV particles were efficiently recognized by the antibodies, whereas the silica-coated TMV 

and SNP formulations were shielded from antibody recognition. This was confirmed by 

testing mixed preparations of TMV and Si-TMV, which resulted in the specific recognition 

of the non-coated TMV particles (Figure 4E). Silica coatings could therefore be applied as 
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an alternative to polyethylene glycol (PEG) shielding to avoid antibody recognition. We 

have previously shown that PEG shielding yields stealth VNPs that are not recognized by 

antibodies(47). Whereas Si is known to improve the biocompatibility and reduce the toxicity 

nanoparticles based on gold(17), iron oxide(18) and quantum dots(19), this is the first 

demonstration that Si can also circumvent immune surveillance.

Conclusion

We synthesized rod-shaped and spherical silica-coated TMV nanoparticles loaded with 

Gd(DOTA). Silica-coated contrast agents maintained high relaxivities, therefore providing a 

potential candidate material for MRI applications. Interestingly, we found that the 

mineralization of TMV rods labeled internally with Gd(DOTA) increased the ionic 

relaxivity of the particles three-fold compared to non-mineralized particles, potentially 

reflecting the increased particle stiffness. Medical relevance was determined in vitro using 

the murine macrophage cell line RAW 264.7. These studies serve as a proof-of-concept; 

detection and imaging of macrophages may aid diagnosis and prognosis of disease 

associated with inflammation, such as cardiovascular diseases. Imaging studies demonstrate 

increased macrophage targeting as a function of nanoparticle shape and surface coating with 

SNP>TMV and Si-coated SNP/TMV>native SNP/TMV. Lastly, we demonstrate that the 

silica-coating effectively reduced antibody binding, which is important for the translational 

development of these MRI contrast agents. This versatile mineralization protocol could also 

be applied to other platforms for biological macromolecule cargo delivery to reduce 

immunogenicity and may improve MRI contrast relaxivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) The bioconjugation and mineralization scheme which produces Gd(DOTA)-loaded and 

silica-coated TMV rods and spheres. B) TEM and SEM imaging of TMV-based contrast 

agents. Scale bars = 100 nm (TEM, black) or 500 nm (SEM, white).
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Figure 2. 
(A) Table and accompanying (B) bar graph showing Gd loading per particle, relaxivity per 

Gd and per particle (in mM−1 s−1 at 60 MHz). The lower panels show relaxivity curves for 

(C) iGd-TMV, (D) eGd-TMV, (E) Gd-SNP, and (F) unmodified TMV. Blue curves are pre-

mineralized (native) particles and red curves are post-mineralized particles. TMVlys shows 

the relaxivity curves for unlabeled TMVlys at virus concentrations matching values for iGd-

TMV curves. *Gd per SNP calculated based on their size/volume relationships.
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Figure 3. 
(A) Histograms from flow cytometry studies showing TMV, SNP, Si-TMV and Si-SNP 

interactions with RAW 264.7 cells 1, 3, and 8 h after exposure using fluorescent TMV and 

SNP formulations. (B) Mean intensity plotted versus time and per particle formulation as a 

quantitative measure of cell interactions. (C) MRI phantom images of RAW 264.7 cell 

pellets 8 h after binding with TMV, SNP, Si-TMV and Si-SNP. Gd(DOTA)-labeled TMV 

and SNP formulations were incubated with RAW 264.7 cells for 8 h, then cells were washed 

and pelleted prior to obtaining MRI images using a 7.0T (300 MHz) MRI (Bruker BioSpec 
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70/30USR). The arrow indicates the cell pellets, a positive signal shows as bright pixels. (D) 

Cell interactions were quantified by contrast-to-noise (CNR) ratio of the MRI phantom 

image (cell pellets vs. medium).
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Figure 4. 
Binding of gold-labeled anti-TMV antibodies to (A) TMV, (B) SNP, (C) Si-TMV, (D) Si-

SNP, and (E) a mix of TMV and Si-TMV. Scale bars = 100 nm.
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