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Introduction

TEMPO-conjugated tobacco mosaic virus as a
magnetic resonance imaging contrast agent for
detection of superoxide production in the
inflamed livery
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Superoxide, an anionic dioxygen molecule, plays a crucial role in redox regulation within the body but is
implicated in various pathological conditions when produced excessively. Efforts to develop superoxide
detection strategies have led to the exploration of organic-based contrast agents for magnetic
resonance imaging (MRI). This study compares the effectiveness of two such agents, NTMV-TEMPO and
kTMV-TEMPO, for detecting superoxide in a mouse liver model with lipopolysaccharide (LPS)-induced
inflammation. The study demonstrates that kKTMV-TEMPO, with a strategically positioned lysine residue
for TEMPO attachment, outperforms nTMV-TEMPO as an MRI contrast agent. The enhanced sensitivity
of kTMV-TEMPO is attributed to its more exposed TEMPO attachment site, facilitating stronger
interactions with water protons and superoxide radicals. EPR kinetics experiments confirm kTMV-
TEMPO's faster oxidation and reduction rates, making it a promising sensor for superoxide in inflamed
liver tissue. In vivo experiments using healthy and LPS-induced inflamed mice reveal that reduced
kKTMV-TEMPO remains MRI-inactive in healthy mice but becomes MRI-active in inflamed livers. The
contrast enhancement in inflamed livers is substantial, validating the potential of kTMV-TEMPO for
detecting superoxide in vivo. This research underscores the importance of optimizing contrast agents
for in vivo imaging applications. The enhanced sensitivity and biocompatibility of kKTMV-TEMPO make it
a promising candidate for further studies in the realm of medical imaging, particularly in the context of
monitoring oxidative stress-related diseases.

spurred efforts to develop strategies to detect superoxide.®®
Fluorescence is commonly used for ROS detection owing to the

Superoxide, O,*", an anionic dioxygen that falls under the
reactive oxygen species (ROS) family, is essential in regulating
redox activity within the body.™* However, excessive production
of O,* has been associated with inflammatory responses,
organ transplant failure, progression of cancer, and the onset
of neurodegenerative diseases.®> These associations have
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ease with which O,°*~ can react with dyes, thereby turning “on”
or “off” the fluorescent signal;>'® however, optical imaging
methods are limited by poor tissue penetration, making them
unsuitable for deep-tissue imaging.’®'* On the other hand,
MRI is a powerful tool that excels in imaging deep tissues while
providing three-dimensional anatomical images."> In MRI, the
contrast agent plays a crucial role in facilitating signal enhance-
ment. The development of “smart” contrast agents for MRI has
been an ongoing area of active research for several decades.'®*
Recent advances, for instance, have shown the ability to report
concentrations of metals like Ca** and Zn>" in deep tissue.>>2°
These probes are particularly valuable as they provide a mini-
mally invasive approach to real-time analyses of metabolic
processes within the body.'®*” Organic radical contrast agents
(ORCAs) are redox-active, biocompatible, metal-free, and stable
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Scheme 1 The redox response of MRI active TEMPO to ROS and redu-
cing agents to form the two “off” species—the oxoammonium (lower left)
and the hydroxylamine (lower right) structures.

nitroxide molecules that have shown the potential to serve as
contrast agents to help visualize ROS activity by turning “on or
off.”?#73% For instance, the reduced form of TEMPO—the
hydroxylamine—is MRI silent but, in the presence of O,°*",
can oxidize to its MRI active state (Scheme 1).>'*> This pattern
of reactive signaling makes nitroxide agents a handy tool in
detecting a host of ROS for various oxidative stress-induced
disease states.

An issue with exploiting ORCAs like TEMPO as redox-active
contrast agents is that they have low relaxivities, which results
in weak signal intensity. Studies have demonstrated that
enhancing the performance and signal of nitroxide-based
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superoxide sensors can be achieved by attaching the nitroxide to
larger scaffolds.*>> Examples of such platforms include
nanoparticles,*** liposomes,***® micelles,**** polymers®*~***
and similar carriers.**** A previous study from our lab demon-
strated the use of a TEMPO-modified tobacco mosaic virus
(TMV)* contrast agent that could detect superoxide with enhanced
T, contrast at low field (<3.0 T) and T, contrast at high field (9.4 T)
with a 4-5 order of magnitude increase in the per-particle T,
relaxivity (r;) and T, relaxivity (r,) in vitro.*>*”*® The enhancement
in relaxivity primarily arises from two key factors. The conjugation
of many TEMPO molecules attached to 2130 coat proteins on TMV
resulted in high local concentration.”” Second, TMV’s rigid, rod-
like structure slows the rotational dynamics in solution, leading to
longer rotational correlation times with nearby water molecules,
increasing the likelihood of electron-nuclear interactions.*®*°
These longer interactions of unpaired electrons between the
contrast agent and adjacent water protons impact both the T,
and T, relaxation processes.””>" However, this study stopped short
of demonstrating redox imaging in a living animal.

In this study, we investigate the efficiency of the redox-active
TMV-TEMPO ORCA as an MRI probe in detecting O,*", a
biomarker of liver inflammation. The reduced form—or “off”
state—oxidizes in the presence of O,°", making the probe turn
“on”, producing a darkening effect in T,-weighted imaging.
To model the oxidative response from a disease state that
produces significant ROS, in this work, we monitor the for-
mation of O,*" induced by lipopolysaccharide (LPS) injected
into the liver of female BALB/c rodent models. LPS is an
endotoxin that is found on the outer membrane of Gram-
negative bacteria.’> When LPS enters the body, it can trigger
a robust immune response, leading to inflammation and super-
oxide production in the liver and other tissues.>® LPS is
recognized by cells as a natural activator of toll-like receptors
(TLRs), especially TLR4.”* When LPS binds to TLR4 on immune
cells in the liver, it triggers a signaling cascade that activates
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Scheme 2 (A) Visual depiction of TMV showing the length of TMV capsid at 300 nm, a diameter of 18 nm, and isolated coat protein. The isolated coat
protein shows the T158K mutant and the Y139. The distance between these residues is 24.8 A. (B) Bioconjugation of TEMPO-COOH onto the primary
amine of T158K via EDC coupling to produce kTMV-TEMPO. (C) Bioconjugation of TEMPO-azide on Y139 of nTMV via diazonium coupling followed by

copper-azide—alkyne-cycloaddition (CUAAC) to produce nTMV-TEMPO.
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these cells.>® This activation includes the production of various
pro-inflammatory molecules such as cytokines (e.g., TNF-a,
IL-1B, IL-6) and chemokines.’® These molecules released by
activated immune cells signal other cells in the liver and
throughout the body to initiate an inflammatory response.’”
Activated immune cells, particularly macrophages, generate
0,°~ through a process known as the respiratory burst.>® The
production of superoxide is driven by enzymes such as NADPH
oxidase, which transfers electrons from NADPH to molecular
oxygen (0,), producing superoxide.**>*

We previously conducted studies on using wild-type native
TMV (nTMV) conjugated to TEMPO (nTMV-TEMPO) as an MRI
contrast agent. In this approach, TEMPO is attached to tyrosine
(Y139), located on the coat protein’s exterior surface. We
selected this residue because it provides excellent shielding
from reduction, which allows the probe to avoid premature
reduction by ascorbate in the blood.’*®' This approach made
nTMV-TEMPO a stable MRI contrast agent but a sluggish
sensor for redox processes, making it suboptimal for in vivo
work. Our research demonstrates that the substitution of a
threonine (T) residue with lysine (K) at position 158 (T158K) in
a single mutation variant of TMV—denoted as kTMV—results
in improved performance of our TEMPO in comparison to the
previous attachment of TEMPO to nTMV as illustrated in
Scheme 2A.°>% KTMV is a well-established site-specific mutant
of native TMV; they are effectively identical in tertiary and
quaternary structure, but kKTMV offers an orthogonal chemical
modification site, which we exploit in this work. The versatility of
TMV variants makes them an excellent platform for a wide range
of medicinal applications and can provide more ease of chemical
modifications, such as the ones in this work. Computational
analyses show that the lysine site on kKTMV exhibits significantly
enhanced solvent exposure (Fig. S2, ESIt), facilitating more rapid
TEMPO reaction with superoxide radicals. Simultaneously, it
allows for efficient trafficking of multiple TEMPO moieties to
sites of inflammation, thereby enhancing the MRI signal.

Results and discussion

TMV possesses several key attributes that make it particularly
well-suited for in vivo applications in the realm of medical
imaging.*®?7%*% First, TMV is noninfectious to humans, elim-
inating any safety concerns associated with its use.*”°® Addi-
tionally, TMV exhibits remarkable resilience when exposed to
high temperatures, extreme pH conditions, and various
chemical manipulations, ensuring its stability during medical
procedures.®”®® Moreover, TMV demonstrates biocompatibil-
ity, making it a viable candidate for integration into biological
systems. Structurally, TMV consists of 2130 coat proteins,
assembled helically in a 300 nm x 18 nm rod with a pore
diameter of 4 nm (Scheme 2A). TMV is even more intriguing
because its exterior and interior surfaces can be tailored
through modifications of solvent-exposed amino acids.’”*°
Upon closer examination of nTMV from previously dis-
cussed literature, it became evident that modification of the
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KTMV at the T158K position®® (Scheme 2B) would result in a
more exposed TEMPO as compared to the modification of nTMV
at Y139 (Scheme 2C). The Y139 on nTMV is not as prominently
exposed on the exterior surface, potentially limiting its ability to
interact efficiently with superoxide and water protons, which are
crucial for MRI contrast enhancement.*®%”7°

We conducted MD modeling of TMV with nTMV(Y139)-
TEMPO and kTMV (T158K)-TEMPO to obtain insight into the
dynamics and interactions of these modified proteins. We
utilized the 2tmv.pdb structure from the RCSB Protein Data
Bank and created a TMV unit cell with either all 49 protein
molecules modified at Y139 to incorporate TEMPO (nTMV-
TEMPO system) or at T158 to K, further modified to include
TEMPO (kTMV-TEMPO system). These comprehensive models,
including the RNA strand, water molecules, and ions, com-
prised of roughly 312 000 atoms each. Simulations were per-
formed using the NAMD molecular dynamics software for
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Fig. 1 Characterization of nTMV-TEMPO and kTMV-TEMPO. (A) 18%
SDS-PAGE gels for kKTMV-TEMPO and nTMV-TEMPO. (B) SEC of kTMV,
kKTMV-TEMPO, nTMV, nTMV-Alkyne, and nTMV-TEMPO. (C) X-band EPR
spectra for free TEMPO, KTMV-TEMPO, and nTMV-TEMPO.
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Fig. 2 EPR reduction and oxidation fit under pseudo-first order kinetics. The oxidation rate kinetics was conducted by the introduction of potassium
superoxide (50 eq.) to the reduced TMV-TEMPO variants to monitor the oxidation for 1 h every minute, while for reduction rate, sodium ascorbate
(100 eq.) was added to TMV-TEMPO variants and were monitored for 1 h. (A) Oxidation of reduced kTMV-TEMPO. The first 3 min was magnified
for a better view. (B) Oxidation of reduced nTMV-TEMPO. (C) Reduction of kTMV-TEMPO. (D) Reduction of NTMV-TEMPO. (E) Redox responses of
various agents when exposed to blood from healthy (—) and sick (+) mice via EPR. Data was collected in triplicate but the error bars are not clearly

discernible.

40 ns, employing the CHARMM all-atom force field and TEMPO
parameters from Sezer et al.,””* supplemented by the CGenFF
force field.”

The modeling reveals distinct behaviors of TEMPO mole-
cules in the two systems. Both types of TEMPO-modified
residues underwent straightening and bending conformational
changes, impacting their exposure to water and interaction
with other TMV protein residues. However, the KTMV-TEMPO
system showed a higher degree of exposure, with the TEMPO
radical oxygen atom located more than 1 nm away from the
TMV surface 16% of the time, compared to only 2% in the
nTMV-TEMPO system (Fig. S1, ESIT).

Additionally, we quantified the distribution of electric poten-
tials at the TEMPO radical oxygen atom position, indicating that
the kKTMV-TEMPO system experiences a broader range of electric
potentials, notably including higher values compared to nTMV-
TEMPO. This suggests a stronger attraction to negatively charged
entities like superoxide and ascorbate for kKTMV-TEMPO,
although the two systems show similar distributions. Based on
these results, the TEMPO in T158K is more likely to extend away
from the protein surface significantly and into the solution,
along with more favorable electrostatics, which helps explain
the faster kinetics of the kKTMV-TEMPO system. It also suggests
that sensors that detect analytes, especially anionic ones, should
not be placed at the T158K position. On the other hand, to avoid
interaction with reactive agents that might destroy the sensor,
placing it in the more hidden and stable Y139 position is ideal
(Fig. S2, ESIY).

J. Mater. Chem. B

Nevertheless, conducting a comparative analysis of these
two systems is necessary to explore their respective capabilities
as MRI contrast agents in greater detail.

Based on the different residues available from each TMV,
TEMPO moieties (Scheme S1, ESIf) were synthesized with
different functional arms and characterized through NMR
(Fig. S3-S5, ESIY). Bioconjugations were then performed for
each on their respective TMV variant. The TMV-TEMPO variants
were characterized with SDS-PAGE, agarose gel, size exclusion
chromatography (SEC), and electron paramagnetic resonance
(EPR). In Fig. 1A, SDS-PAGE analysis reveals a band shift for the
TMV-TEMPO variants from the increased molecular weight
compared to unmodified TMV. The agarose gel demonstrates
a change in migration between unmodified TMV and the
modified TMV-TEMPO, indicating the successful TEMPO mod-
ification of TMV (Fig. S6, ESIT). SEC shows the unchanged size
distribution of TMV despite chemical modifications (Fig. 1B).
Since the TMV-TEMPOs are paramagnetic, an EPR experiment
was conducted. Unlike TEMPO, both KTMV-TEMPO and
nTMV-TEMPO display asymmetric peaks compared to free
TEMPO, suggesting limited mobility due to attachment to the
TMV rod (Fig. 1C).

To evaluate the speed at which our systems undergo oxida-
tion and reduction, we conducted EPR kinetics experiments
(Fig. 2A-D). One-phase association kinetics were used to mea-
sure the rate constants and half-lives (¢;/,). Both KTMV-TEMPO
(Fig. 2A) and nTMV-TEMPO (Fig. 2B) exhibited rapid oxidation
kinetics in their reduced states, but it is noteworthy that kKTMV-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Relaxivity plots of (A) kTMV-TEMPO and (B) nTMV-TEMPO
through T;- and T,- weighted scans. (C) T, weighted MRI of TMV variants,
TMV-TEMPO variants, free TEMPO, water, and KP buffer. Both nTMV—
TEMPO and kTMV-TEMPO showed the expected T, negative contrast. (D)
Representative plot of T, weighted MRI mean signal intensity. Statistical
significance was calculated through student t-test [*, p < 0.05; **, p <
0.01; *** p < 0.0005; **** p < 0.0001; ns = not significant (p > 0.05)]

TEMPO demonstrated a faster oxidation rate compared to
nTMV-TEMPO within the first minute. The EPR signals signifi-
cantly spiked, covering over half of the total reaction (Fig. 2A
and Fig. S7, ESIt). Because of the rapid initial kinetics, the
determination of half-lives and rate constants was split into two
segments: the initial 3 minutes and the period following

This journal is © The Royal Society of Chemistry 2024
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3 minutes (Table S1, ESIf). Notably, the oxidized kTMV-
TEMPO exhibits a shorter ¢, of 11 sec for the first three
minutes compared to nTMV-TEMPO (¢, = 34 sec), indicating
a threefold faster oxidation. This trend is also evident in the
reduction rate, with KTMV-TEMPO (t;,, = 19 sec) reducing
approximately twice as rapidly as nTMV-TEMPO (¢, =
45 sec). These results further our presupposition that the more
exposed TEMPO on kTMV can react more readily with ROS. The
swift oxidation rate of reduced kTMV-TEMPO holds promise for
its effectiveness as a sensor for superoxide in inflamed liver
tissue. The biodistribution of TMV in the blood is known to
have a half-life of 10 minutes, with 97% being cleared out in
40 minutes, so our redox rates are within the clearance time of
TMV.**”* Finally, these data show that kTMV is indeed more
responsive to redox processes compared to nTMYV, at least
initially, which is important for in vivo ROS detection.

MRI agents are injected intravenously in clinical practice so
next we considered how blood chemistry would affect the
kinetics of the probe. As shown in Fig. 2E, we investigated
the redox responses of different agents when exposed to blood
samples obtained from both healthy mice (—) and mice with
LPS-induced liver inflammation (+) using EPR. The agents
tested include free TEMPO, nTMV-TEMPO, KTMV-TEMPO,
and their respective reduced forms with measurements taken
at different time intervals (1 min, 5 min, 10 min, and 30 min).
The initial data points represent the EPR signal of the agents in
0.1 M potassium phosphate buffer only. Notably, among the
agents, both (—) TEMPO and (+) TEMPO were significantly
reduced over a 30 min span. Intriguingly, the relative rates of
reduction in the blood depended on the health of the mice, we
suspect due to healthy mice having higher concentrations of
biological reductants in their system such as ascorbate, sacchar-
ides, and cysteine-rich proteins known to impact the reduction
kinetics of nitroxides.”® Mice that had liver inflammation reduced
TEMPO less quickly. Presumably, this may be exploitable as an
electrochemical sensor for systemic inflammation, possibly as a
result of sepsis. The nTMV-TEMPO and KTMV-TEMPO in the
blood of both healthy and inflamed mice showed modest
reduction over the 30 min. Additionally, the reduced forms
displayed no significant changes, except for liver inflamed (+) free
TEMPO, which slightly increased at the 1-minute time point.

In preparation for an in vivo study, a lactate dehydrogenase
(LDH) assay was conducted on RAW 264.7 cells to assess the
cytotoxicity of KTMV-TEMPO, nTMV-TEMPO, nTMV, kTMV,
and free TEMPO at different concentrations ranging from
0.3125 mg mL " to 10 mg mL ™" (Fig. S8, ESIt). All the tested
agents demonstrated a non-cytotoxic profile, with the lowest
recorded cell viability remaining at 90% even after a 4 h
incubation period. Overall, this further highlights the biocom-
patibility of TMV-TEMPO variants for in vivo applications.

In the context of medical imaging, relaxivity stands as a
critical parameter when assessing the effectiveness of contrast
agents. It serves as a key indicator of how significantly the
variants of TMV-TEMPO elevate the relaxation rate of water
molecules within tissue, directly influencing the level of achiev-
able contrast. Put simply, a higher relaxivity value corresponds

J. Mater. Chem. B
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Fig. 4 (A) Experimental timeline: female BALB/c mice were subjected to liver inflammation through an intrahepatic LPS injection (50 pg kg™ eight hours
prior to the initial MRI scan. Following the pre-scan, the mice were administered with reduced kTMV-TEMPO via tail-vein injection, with subsequent
scans conducted at 5, 10, and 30 min post-injection. (B) T»- weighted images, oriented on the liver of healthy and sick mice (outlined with an orange line)
were administered with reduced kTMV-TEMPO. (C) Summarized comparison focusing on the PRE and POST (5 min post-injection) images. (D) Mean
signal intensity plots at different time points of both healthy and sick mice (N = 3). The mice were then positioned in a 3 T Bruker MRI scanner. 3D T,-
weighted gradient echo multi-slice scans (TE = 48 ms, TR = 1506 ms, Matrix = 128 x 138 x 128) (* p < 0.05; **, p < 0.01; *** p < 0.0005; **** p <

0.0001; ns = not significant (p > 0.05)).

to a more pronounced enhancement in contrast, making the
contrast agent all the more valuable for clinical imaging
applications. We measured the relaxivity of TMV-TEMPO variants
using a 1 T NMR (Fig. 3A). For free TEMPO, the r; value is
0.8715 mM ™' s, and the 7, value is 2.91 mM ' s~ (Table S2,
ESIt). In contrast, NTMV-TEMPO exhibits an r, of 2.72 mM * s+
and an r, of 8.11 mM ' s™*, indicating superior T, relaxivity. The
same is observed in KTMV-TEMPO (r, of 2.89 mM ' s ' and an 7,
of 8.97 mM ™" s7). It is also notable that the relaxivity values of
KTMV-TEMPO are slightly higher than nTMV-TEMPO. Since
the effect of these agents on T, is stronger than on Ty, T,
weighted MRI of phantoms were collected, revealing the
expected darkening effect of both kTMV-TEMPO and oxidized
nTMV-TEMPO (Fig. 3C). The results demonstrate that kKTMV-
TEMPO and oxidized kKTMV-TEMPO exhibit a more pronounced
T, weighted MRI signal (appearing darker or negative contrast)
as compared to nTMV-TEMPO and reoxidized nTMV-TEMPO.
Notably, the reoxidized kKTMV-TEMPO presents a more pro-
nounced negative contrast compared to the reoxidized nTMV-
TEMPO, indicating that KTMV-TEMPO displays a higher
sensitivity to superoxide. Due to this observation, we opted to
move forward with kKTMV-TEMPO for further testing in the
animal model.

For our in vivo analysis, we utilized both normative and
pathologically challenged female BALB/c mice, the latter group
presenting with liver inflammation induced via direct hepatic
injection of LPS eight hours before imaging procedures. T,

J. Mater. Chem. B

imaging was conducted before and after the administration of
contrast agents via caudal (tail) vein injections, capturing both
axial and coronal planes at intervals of 5, 10, and 30 minutes
post-injection, as depicted in Fig. 4A. TMV is known to accu-
mulate in the liver, with peak residency appearing at 4 hours,
and then is efficiently flushed out of the body over the next
24 hours.®*7”® First, we administered the oxidized KTMV-TEMPO
formulation, which produced a noticeable reduction in signal
intensity in the hepatic region within 5 min, as evidenced by the
orange outline in Fig. S9 (ESIt), followed by a gradual normal-
ization of the signal, presumably because the probe was being
reduced to its non-MRI active diamagnetic state.

Having confirmed that kTMV-TEMPO traffics to the liver, we
then conducted a study on the differential response of the non-
MRI active reduced kTMV-TEMPO in healthy and inflamed liver
tissues. The upper panel of Fig. 4B demonstrates the applica-
tion in a healthy murine model, where the signal intensity
before and after injection showed minimal variance, indicating
the retention of the MRI-inactive state of reduced KTMV-
TEMPO due to the absence of significant levels of O,*". In
stark contrast, the lower panel of Fig. 4B displays the results of
administering reduced kTMV-TEMPO in mice exhibiting liver
inflammation. It was observed that the spleen also showed
significant darkening in the LPS-injected mice (Fig. S10, ESIt).
This is an expected result as the liver and the spleen both play a
role in pathogen clearance and metabolism, coined the liver-
spleen axis.”” Here, the post-injection images reveal a marked

This journal is © The Royal Society of Chemistry 2024
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increase in contrast, suggesting the oxidation of the reduced
probe back to its paramagnetic, MRI-active form in response to
elevated concentrations of O,*" in the inflamed tissue. This
distinct shift in imaging contrast provides insights into the
reactive dynamics of the kTMV-TEMPO agent and underscores
its potential as an effective biomarker for in vivo detection of
oxidative stress and related pathological conditions.

Conclusion

In conclusion, this study provides evidence for the efficacy of
KkTMV-TEMPO as a redox-active MRI probe for detecting super-
oxide radicals in inflamed liver tissue, demonstrating its heigh-
tened sensitivity and contrast enhancement capabilities. Our
findings indicate that the unique structural attributes and
dynamics of kTMV-TEMPO, including its increased solvent
exposure and efficient interaction with superoxide radicals,
significantly enhance its performance as a ‘“smart” MRI con-
trast agent over nTMV-TEMPO. The use of this ORCA in a living
animal model further validates its potential in clinical applica-
tions, particularly in the real-time detection and imaging of
oxidative stress-induced pathologies. This work improves upon
the previous limitations of concentration dependence by
enhancing the MRI properties of the TEMPO through structural
enhancement with the mutant TMV. In other words, we obtain
significantly greater signal from the same amount of ORCA
when placed on the TMV scaffold than the free molecule. With
that said, the TMV scaffold does have a relatively fast clearance
from the body and this will need to be addressed before clinical
application. ORCAs have made significant progress in compet-
ing with traditional, lanthanide-based MRI contrast agents,
indicating the potential for the emergence of alternative agents.
These results underscore the importance of molecular design in
developing effective MRI contrast agents and suggest that rational
design and careful consideration of structure-function relation-
ships in nanoparticle-based MRI-contrast agents are necessary to
optimize their performance, depending on the use case.
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