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Abstract

Avrterial and venous thrombosis are among the most common causes of death and hospitalization
worldwide. Nanotechnology approaches hold great promise for molecular imaging and diagnosis
as well as tissue-targeted delivery of therapeutics. In this study, we developed and investigated
bioengineered nanoprobes for identifying thrombus formation; the design parameters of
nanoparticle shape and surface chemistry, i.e. incorporation of fibrin-binding peptides CREKA
and GPRPP, were investigated. Two nanoparticle platforms based on plant viruses were studied —
icosahedral cowpea mosaic virus (CPMV) and elongated rod-shaped tobacco mosaic virus (TMV).
These particles were loaded to carry contrast agents for dual-modality magnetic resonance (MR)
and optical imaging, and both modalities demonstrated specificity of fibrin binding in vitro with
the presence of targeting peptides. Preclinical studies in a carotid artery photochemical injury
model of thrombosis confirmed thrombus homing of the nanoprobes, with the elongated TMV
rods exhibiting significantly greater attachment to thrombi than icosahedral (sphere-like) CPMV.
While in vitro studies confirmed fibrin-specificity conferred by the peptide ligands, in vivo studies
indicated the nanoparticle shape had the greatest contribution toward thrombus targeting, with no
significant contribution from either targeting ligand. These results demonstrate that nanoparticle
shape plays a critical role in particle deposition at the site of vascular injury. Shaping
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nanotechnologies opens the door for the development of novel targeted diagnostic and therapeutic
strategies (i.e., theranostics) for arterial and venous thrombosis.

Introduction

Cardiovascular disease continues to be a significant challenge and has remained one of the
most common causes of death and hospitalization in the world.} Arterial and venous
thrombus formation are fundamental sources of many acute coronary syndromes such as
myocardial infarction, stroke, and sudden ischemic death.1: 2 The obstruction of blood flow
during thrombus formation could lead to tissue death and impaired function. To combat and
effectively treat thrombotic disorders, methods for sensitive detection are necessary for
identifying the source thrombus and for monitoring treatment progression.3 Thrombosis
involves two main processes: platelet recruitment and fibrin formation.# While the ratio of
platelets and fibrin vary among patients, they are both major components of thrombi.® Fibrin
formation is a polymerization reaction caused by thrombin-mediated cleavage of fibrinogen
such that exposed domains can cause crosslinking of fibrin units.® Thus, as thrombi
spontaneously break loose or are dissolved by a therapeutic, fibrin continues to be present on
the surface. In this way, targeting of fibrin is advantageous for monitoring of thrombosis and
treatment.

The main strategies for targeted delivery of nanoparticles utilize either antibodies or
peptides. Although monoclonal antibodies have been widely used in the past due to their
high affinity, they are limited by their large size and random orientation upon conjugation.
Peptides have emerged as an attractive alternative to antibodies due to their smaller size,
easier production, lower cost, lower immunogenicity, and long-term stability.” CREKA8-10
and GPRPP1L 12 are two pentapeptide amino acid sequences that have been identified
through screening and shown to be effective for molecular imaging of fibrin.

When selecting a nanocarrier, shape is an important consideration that affects a delivery
system's in vivo fate.13 For vascular targeting applications, the success of a nanoparticle
reaching the site of disease depends on its ability to drift laterally toward the wall of the
blood vessel. Studies performed in the setting of cancer nanotechnology indicate that non-
spherical materials such as filamentous rods have favorable margination properties and,
additionally, the enhanced vascular interaction of filamentous rods increases targeting
efficiency.14-17 Many nanoparticle platforms are available, such as polymeric
nanoparticles,!8 silica nanoparticles,® liposomes,2? and dendrimers.2! Current synthetic
chemistries are still lacking the efficiency and spatial control for synthesizing monodisperse
filamentous nanomaterials with high reproducibility. Therefore, we turned toward a bio-
inspired approach utilizing plant viral nanoparticles (VNPs) that come naturally in a diverse
array of shapes and sizes, including elongated filaments. Aside from the ease of
manufacturing large quantities of identical nanofilaments through molecular farming in
plants, VNPs are noninfectious in mammals and are advantageous due to their low density,
monodispersity, atomic-level controllability, and biocompatibility.22 Additionally, these
particles have been shown to be both cytocompatible and hemocompatible, with no
induction of cell toxicity, clotting, or hemolysis.23 24 Naked VNPs are moderately
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immunogenic and eliminated by antibodies, 2527 but this can be overcome by
PEGylation.28-33

In this study, we investigated the combined role of shape and ligand display on targeting
efficacy using dual-modality optical and magnetic resonance (MR) imaging. Fibrin-targeted
VNP platforms based on rod-shaped tobacco mosaic virus (TMV) were developed and
evaluated against formulations based on icosahedral cowpea mosaic virus (CPMV). Their
targeting profiles were assessed and outcomes compared for thrombus-specific delivery.
Evaluation was performed using phantoms along with an in vivo mouse model of thrombosis
and dual optical and MR imaging. Successful thrombus homing of the rod-shaped particles
was achieved, which prepares the groundwork for the development of targeted therapeutic
formulations.

Experimental

Virus propagation and purification
Viruses were propagated by mechanical inoculation of 5 pug of virus per leaf. CPMV was
spread with Vigna unguiculata plants, while wild-type TMV and TMV| ys mutants were

propagated with Nicotiana benthamiana. Isolation of the viral nanoparticles by established
procedures yielded approximately 1 mg of virus per gram of infected leaf material.34-36

Bioconjugation

For CREKA conjugation, N3-(PEG)g-COOH was purchased from Novabiochem (product
named N3-(PEG)7-COOH but there are 8 PEG monomers, see Fig. S1), while N3-(PEG)g-
CREKA was synthesized by the Molecular Biotechnology Core Laboratory at Cleveland
Clinic using standard peptide chemistries. CPMV in 0.1 M potassium phosphate buffer, pH
7.0 was mixed with 6000 molar equivalents of propargyl-NHS ester (Click Chemistry Tools)
in 10% (v/v) DMSO at a final concentration of 2 mg/mL virus to attach alkyne ligation
handles. Purification of CPMV for this and subsequent reactions was performed using
centrifugal spin filters with a cut-off of 10 kDa. Copper(l)-catalyzed azide-alkyne
cycloaddition (“click”) was then carried out by mixing CPMV at a 2 mg/mL concentration
final concentration in 0.1 M potassium phosphate buffer, pH 7.0 with 1500 molar excess of
either N3-(PEG)g-COOH or N3-(PEG)g-CREKA and 900 equivalents of sCy5 azide with the
addition of 20 mM aminoguanidine (AMG), 20 mM L-ascorbic acid (Asc), and the
combination of 2 mM CuSQy, together with 10 mM tris-(benzyltriazolylmethyl)amine
(THPTA). TMV exterior modification was first performed by mixing TMV with 15
equivalents per coat protein of diazonium salt (produced by reaction of 100 mM 3-
ethynylaniline with 150 mM sodium nitrite in p-toluenesulfonic acid) in 100 mM borate
buffer, pH 8.8 for 30 minutes on ice. Purification of TMV for all reactions was performed by
ultracentrifugation at 42,000 rpm for 3 hours over a 40% (w/v) sucrose cushion. N3-(PEG)g-
COOH or N3-(PEG)g-CREKA was then attached by click chemistry of 2 mg/mL TMV with
2 equivalents of PEG or peptide in the presence of 2 mM AMG, 2 mM Asc, and 1 mM
CuSOy in 10 mM phosphate buffer, pH 7.4 on ice for 30 minutes. Interior labeling with
alkynes was achieved by EDC coupling over 24 hours using 15 equivalents of
propargylamine per coat protein with 45 equivalents of EDC (15 equivalents added at 0, 6,
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and 18 hours), and 90 equivalents of hydroxybenzotriazole (HOBt) in 100 mM HEPES
buffer, pH 7.4. Afterwards, 4 equivalents of sCy5 per coat protein were added by click using
the same protocol above as for CREKA.

For GPRPP conjugation, GPRPPC was purchased from Genscript. Synthesis of GPRPP with
azide-terminated PEG spacer proved to be challenging, so an alternative method was
adopted. Instead of an azide functionality, GPRPP was synthesized with a C-terminal
cysteine residue, which provides a handle for conjugation of the peptide to the particles
while leaving the pentapeptide essential for targeting free. To carry out the reactions, a
TMVys mutant was utilized, which displays a lysine residue at position 158 (Thr—Lys
mutation).3* CPMV and TMV/ s were mixed with SM(PEG)g (3000 and 10000 molar
excess, respectively) and Alexa Fluor 647 (A647; 2000 and 8000 molar excess, respectively)
at a final concentration of 2 mg/mL virus in 0.1 M potassium phosphate buffer, pH 7.0 with
10% (v/v) DMSO for 1 hour at room temperature. The particles were then quickly purified
using 10 kDa centrifugal spin filters before further reaction with GPRPPC overnight (3000
and 10000 excess for CPMV and TMV, respectively) with the same conditions of 2 mg/mL
virus and 10% (v/v) DMSO. The GPRPP-labeled particles were then purified by dialysis
over a week. For particles for MR imaging, TMV s was reacted with gadolinium (Gd)
before modification with GPRPP and A647. To make Gd(DOTA) azide, GdCl3 was
incubated with azido-mono-amide-DOTA (Macrocyclics) at a 1.3:1 ratio and a
concentration of 15 mM while maintaining the pH between 6 and 7 with NaOH. After a
week, the final concentration was brought down to 10 mM, and the pH was increased to 8 to
precipitate out any free Gd. TMV| s was labeled on the interior with alkynes using
propargylamine using the same protocol as above for TMV. After purification, the particles
were reacted with 6 equivalents per coat protein of Gd(DOTA) azide using the click
chemistry procedure for TMV above. CPMV was first functionalized with propargyl-NHS
ester then labeled with 2000 excess GA(DOTA) azide using the procedures described above.

UV/visible spectroscopy

A Thermo Scientific NanoDrop 2000 Spectrophotometer was used to determine the
concentration of the particles and the extent of fluorophore labeling. The extinction
coefficients for CPMV and TMV at 260 nm are 8.1 mg~1 mL cm™ and 3 mg™t mL cm™1,
respectively, while the extinction coefficients for sCy5 and A647 are 271,000 M1 cm™ at
646 nm and 270,000 M~1 cm™1 at 651 nm, respectively.

Fluorescence measurements

Particles were diluted to a concentration of 0.25 mg/mL with 0.1 M potassium phosphate
buffer, pH 7. Samples were measured in triplicate on a black 384 well plate, using a volume
of 50 pL per well. Fluorescence intensity was measured using a Tecan Infinite 200 plate
reader at excitation and emission wavelengths of 600 and 665 nm, respectively.

SDS gel electrophoresis

Denaturing gel electrophoresis was performed using 4-12% NuPAGE gels (Invitrogen). 10
ug samples were denatured at 100°C for 5 minutes then ran on a polyacrylamide gel in 1x
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MOPS running buffer at 200 V for 50 minutes. The gels were stained with Coomassie Blue
and imaged with an Alphalmager imaging system (Biosciences).

Transmission electron microscopy

Particles were adsorbed to carbon-coated copper grids at a concentration of 0.1 mg/mL,
rinsed with deionized water, then negatively stained with 2% (w/v) uranyl acetate for 1
minute. Samples were analyzed with a Zeiss Libra 200FE TEM at 200 kV.

Inductively coupled plasma optical emission spectroscopy

The amount of gadolinium attached to CPMV and TMV was determined by ICP-OES
(Agilent 730 Axial ICP-OES) based on the emission spectral line at 342.246 nm.

MALDI-TOF mass spectrometry

Native TMV and TMV ys along with formulations modified with PEG, CREKA, and
GPRPP were denatured by adding 3 pL of 6 M guanidine hydrochloride to 12 pL of each
sample diluted to 1 mg/mL concentrations. The samples were then spotted on an MTP 384
polished steel target (Bruker) using C1g ZipTips (Millipore). MALDI-TOF MS analysis was
performed using an Ultraflex | TOF/TOF mass spectrometer (Bruker).

Fibrin clot assay

4 mg/mL of non-plasminogen deleted fibrinogen (Enzyme Research Labs) was polymerized
with 8 U/mL of thrombin in the presence of 7 mM CaCl, in TBS to form 200 L fibrin clots
in a black 96-well assay plate with a clear bottom (Corning). After 2 hours, either 100 pL of
PBS or 50 ug of TMV-PEG, TMV-CREKA, TMV-SMPEG, or TMV-GPRPP in 100 uL of
KP buffer were added on top of the clots and allowed to incubate for a further 2 hours. The
clots were washed 3 times with 100 pL of TBS, then the plate was analyzed using Maestro
imaging (see below).

Carotid artery photochemical injury and thrombosis model

All animal procedures were performed using approved protocols from the Institutional
Animal Care and Use Committee at Case Western Reserve University. Particles (200 pg/100
uL) and Rose Bengal dye (10 mg/mL in PBS) at a dose of 50 mg/kg body weight were
simultaneously administered to C57BL/6 mice by tail vein injection. A 1.5 mW, 540 nm
green laser (Melles Griot) was used to illuminate the right common carotid artery 5 cm from
the artery to induce thrombus formation, and blood flow was monitored with a Doppler flow
probe (Transonic Systems). After vessel occlusion, the mice were sacrificed, and the injured
artery and the contralateral control were excised and fixed in formalin. Particle accumulation
was analyzed by Maestro imaging (see below).

Maestro fluorescence imaging

sCyb5 and A647 signal from invitro and in vivo clots were analyzed using Maestro
fluorescence imaging with yellow excitation (576 to 621 nm) and emission (635-nm
longpass) filters with 800 ms exposure times. The exposure time was changed to 150 ms for
the cylindrical clots made for dual-modality imaging.
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Immunofluorescence

Excised arteries were embedded in OCT medium after isolating the region of thrombosis.
Then, 10 um sections were cut with a cryostat (Leica) and mounted on ColorFrost Plus
microscope slides (Fisher). The sections were blocked with 10% (v/v) goat serum (GS) in
PBS for an hour, stained for platelets with integrin a,p3 specific antibodies (Santa Cruz
Biotech) diluted 1:100 in PBS with 1% (v/v) GS followed by secondary Alexa Fluor 555
anti-goat antibody staining diluted 1:250 in PBS with 1% (v/v) GS, then mounted with
Fluoroshield with DAPI (Sigma). Imaging was performed on a Zeiss Axio Observer Z1
fluorescence microscope.

Pharmacokinetics

Six to eight week old Balb/C mice (Charles River) were placed on an alfalfa free diet
(Teklad) for three weeks before tail vein injection of 10 mg/kg A647-TMV-PEG and A647-
TMV-GPRPP formulations. Blood samples were collected by orbital sinus bleeds at 3, 5, 10,
15, 20, 30, 60, 100, 140, and 180 min (n = 3) in heparin-coated tubes (Fisher). Serum was
separated and collected by centrifugation at 7000 rpm in a tabletop centrifuge for 10
minutes. 50 pL of serum from each time point were added to a black 384-well plate and
fluorescence read using a Tecan Infinite 200 microplate reader (Agx = 600 nm, Agy = 665
nm). The results were analyzed using Prism software.

MR imaging
MR imaging was performed on a horizontal 7 T Bruker scanner (Bruker Biospec) using a
35-mm inner diameter volume coil. To determine the T, relaxivity of the particles, phantom
images of increasing concentrations of particles up to a Gd concentration of 32 uM were
taken using a multi-slice saturation recovery Look-Locker (MSRLL) sequence. For imaging
of clots, the tapered section was cut off from 0.5 mL Eppendorf microcentrifuge tubes, a
small hole was pierced into the cap of the tubes, a suture string was threaded through the
hole, the hole was sealed with parafilm, and 500 pL cylindrical clots were formed in the
tubes around the string after inversion of the tube. The same proportions of fibrinogen,
thrombin, and CaCl, were used as in the fibrin clot assay above. The clots were allowed to
form for 3 hours at room temperature, then they were transferred to a 1.5 mL Eppendorf
tube and incubated with 400 pL of a 2 mg/mL solution of the TMV particles overnight. The
clots were then washed thoroughly in a 1 L beaker of PBS before being transferred and
placed in a new 1.5 mL tube completely filled with PBS. A spin echo multi-slice multi-echo
(MSME) sequence was applied with the following imaging parameters: TR = 400 ms; TE=
10.6 ms; slice thickness = 1 mm; slice number = 15; FOV = 3.0 x 3.0 cm?; matrix size = 256
x 256; and number of average = 4.

Statistical analysis

Data represent means + standard deviation. p values were determined by unpaired Student's t
test. * p < 0.05 is considered significant, ** p < 0.01 is considered highly significant, and
*** < 0.001 is considered extremely significant.

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2015 October 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al. Page 7

Results and discussion

Fibrin-targeted nanoparticles and nontargeted controls were produced by modification of
TMV nanorods (300x18 nm) with one of two fibrin-specific peptide ligands, either CREKA
or GPRPP. These ligands were attached via an intervening PEG spacer, and controls with
only the PEG spacer were compared alongside the targeted particles. To investigate the
impact of nanoparticle shape, icosahedral CPMV nanoparticle formulations (30 nm
diameter) were also created. Conjugation of the PEG and peptides was achieved through
modification of exterior tyrosine residues for TMV-CREKA and exterior lysine side chains
for CPMV-CREKA, CPMV-GPRPP, and TMV-GPRPP. For dual-modality thrombus
imaging, near infrared fluorophores (sulfo-Cy5 for CREKA particles and Alexa Fluor 647
for GPRPP particles) and/or chelated gadolinium-tetraazacyclododecanetetraacetic acid
complexes (Gd(DOTA)) were also incorporated into the formulations. All formulations and
bioconjugation schemes are outlined in Fig. S1 and described in detail in the Experimental
section.

A combination of UV/Vis spectroscopy, fluorescence analysis, inductively coupled plasma
optical emission spectrometry (ICP-OES), denaturing gel electrophoresis, matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy (MS), and
transmission electron microscopy (TEM), was performed to determine the degree of particle
labeling, the relative fluorescence intensity of the particles, and the structural integrity of the
particles after modification (Fig. 1, S2, and S3).

From the absorbance spectra normalized to 1 mg/mL particle concentration (Fig. 1A,B), it is
apparent that the dye concentration (determined by absorbance around 650 nm) is very
similar between CPMV and TMV formulations. Quantification of sCy5 and A647 labeling
based on the spectra indicated that sCy5-CPMV (PEG and CREKA) were labeled with 60 +
10% dyes per particle, or 50% of the 120 available subunits (60 each of the small and large
coat proteins), while sCy5-TMV-PEG and sCy5-TMV-CREKA were labeled with 460 +
10% dyes, or approximately 22% of the available coat proteins (TMV is formed by 2130
identical copies of a coat protein). Similarly, A647-CPMV (PEG and GPRPP) were labeled
with about 60 + 10% dyes, while A647-TMV-PEG and A647-TMV-GPRPP contained 400
+ 10% dyes.

Optical properties were also examined, specifically the fluorescence output. The density of
dyes around the particles, the method of conjugation, and the local microenvironment could
all affect the fluorescence intensity despite similar dye concentration across the
formulations.3” Therefore, fluorescence analysis of the particle solutions using a plate reader
was employed for determining the relative fluorescence intensities of each formulation (Fig.
S2). For data interpretation comparing the various nanocarriers, we performed a
normalization of the data by fluorescence intensity. The time period of the experiments (30
min) is unlikely to be sufficient for cellular internalization and degradation to affect the
fluorescence properties of the particles, especially in this application where the particles are
bound extracellularly to the fibrin. Therefore, the fluorescence of the particles should be
similar within the vasculature to bulk measurements performed on the benchtop, and particle
concentration was normalized accordingly.
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The extent of Gd(DOTA) loading of the particles was quantified by ICP-OES, which
revealed ~1,600 Gd conjugated per particle. Additionally, labeling of particles with PEG and
fibrin-binding ligands was confirmed with SDS-PAGE denaturing gel electrophoresis of the
coat proteins of the particles, with higher molecular weight bands indicating attachment to
coat proteins (Fig. 1C,D). Densitometric analysis of the lanes suggests approximately
10-15% coverage of the coat proteins with PEG or peptides. PEG and peptide labeling of
TMV was additionally confirmed with MALDI-TOF MS (Fig. S3 and Table S1). Analysis
by TEM after complete modification of the particles demonstrated that the integrity of the
particles is maintained (Fig. 1E).

The targeting ability of the nanoparticles was then tested in vivo using a mouse model of
thrombosis: thrombosis was induced in wild-type C57BI16 mice by photochemical injury of
the right common carotid artery, which is caused by reaction of a 540 nm green laser light
with intravenously injected Rose Bengal dye.38 The nanoparticle formulations were
administered intravenously and allowed to circulate until occlusion occurred at
approximately 30 minutes after initiation of laser injury. Thrombus binding was evaluated
by excising the carotid artery after occlusion along with the uninjured contralateral artery
then imaging the arteries using Maestro fluorescence imager (Fig. 2A,B). (All animal
procedures were performed using approved protocols from the Institutional Animal Care and
Use Committee at Case Western Reserve University; detailed procedures are listed in the
Experimental section.)

It was apparent that the effect of shape outweighed surface chemistry: the elongated TMV,
whether targeted or not, showed the most enhanced thrombus accumulation compared to the
icosahedral CPMV (Fig. 2C,D). The shape-mediated differences may be explained by the
distinct flow properties of high-aspect versus low-aspect ratio materials. Elongated materials
experience lateral torque due to their anisotropy, therefore increasing margination toward
the vessel wall; in contrast, spherical particles are more likely to remain in a direct laminar
flow path.3° These factors contribute to enhanced thrombus targeting of the TMV
formulations and suggest that CPMV has a lower probability to interact with and bind to the
thrombus.

Immunofluorescence of artery sections further confirmed presence of the nanoparticles
within the thrombi (Fig. 2E,F). 10 um cross-sections of the arteries were taken and stained
for cell nuclei with DAPI and for platelets with an a B3 integrin antibody followed by an
Alexa Fluor 555 secondary antibody. The a,;,B3 staining demonstrates the presence of the
thrombus within the arteries, with some elastin-derived autofluorescence around the
perimeter of the arteries. Interestingly, the difference in accumulation of CPMV compared
to TMV can be more easily observed from fluorescence signal of artery sections, where a
low level of fluorescence is seen for arteries with CPMV while brighter areas of particle
localization are observed for TMV (see Fig. 2E,F). This is likely attributable to a greater
propensity for TMV to interact with the side of the vasculature as the vessel narrows during
thrombus formation due to its oblong shape allowing for easier margination.

To verify that the peptides preserved their fibrin-binding functionality after conjugation, the
ability of the particles to bind to thrombi was evaluated in vitro. Because only the TMV
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formulation exhibited significant thrombus targeting in vivo, we only considered TMV for
the in vitro studies. Fibrin clots were created in a 96-well plate by incubating 4 mg/mL
fibrinogen with 8 U/mL of thrombin and 7 mM CaCl, in 200 uL TBS for 2 hours at room
temperature. After thrombin-catalyzed fibrin polymerization had occurred, the clots were
incubated with PBS, sCy5-TMV-PEG, sCy5-TMV-CREKA, A647-TMV-PEG, or A647-
TMV-GPRPP, washed thoroughly with PBS, then imaged using Maestro fluorescence
imager for binding affinity (Fig. 3). Binding of both sCy5-TMV-CREKA and A647-TMV-
GPRPP targeted formulations to fibrin was significantly increased compared to the
nontargeted controls. CREKA-targeted TMV formulations showed 5.5 times greater binding
compared to their PEG-only counterparts, and a 9.5-fold increase in signal was measured for
GPRPP-targeted TMV particles vs. TMV-PEG. The higher binding rate of the TMV-GPRPP
may be explained with the higher affinity of the peptide: CREKA has a Ky of 6 uM, while
GPRPP has a K4 of around 8 nM.9: 40

The stark differences between the in vitro and in vivo findings may be explained by the fact
that the blood stream is not a dilute solution, and the nanoparticles are most likely subject to
formation of a so-called protein corona, which may interfere with target recognition.*!
Further, the in vitro conditions do not realistically mimic the in vivo conditions where the
nanoparticle formulations are subjected flow; at the injury site in particular, turbulent flow
and shear stress will affect particle accumulation. The inclusion of flow within in vitro
assays has shown contradicting results, with some literature supporting enhanced
margination and deposition of rod-shaped nanoparticles,16 while others indicate only
particles in the micrometer size range exhibit this enhanced interaction of rods over
spheres.*2 The variation may arise due to the different flow chamber set-ups and differences
in the properties of the particles, such as porosity and density. Our results show that, at least
for viral nanoparticles, nanoparticle shape can indeed influence the accumulation of particles
at areas of thrombosis.

To carry these studies a step further and demonstrate the translational potential, we
investigated the possibility of performing dual-modality imaging (optical-MR) with the
TMV formulations, considering GPRPP-targeted and PEG-TMV controls. TMV was loaded
with ~1,600 Gd(DOTA) per particle, with conjugation of the MR contrast agents carried out
using the 4 nm-wide interior channel of TMV (see Fig. S1). The relaxivity of the particles
was determined by imaging phantoms of the particles in solution with Gd concentrations
ranging up to 32 uM using a 7 T preclinical MRI and a multi-slice multi-echo sequence,
specifically a multi-slice saturation recovery Look-Locker (MSRLL) sequence. The ionic
relaxivity was determined to be 5.1 mM~1 s71 based on linear recursion of the Ry relaxivity
(1/T4) versus the gadolinium concentration (Fig. S4A). This corresponds to an ionic
relaxivity of approximately 8,160 mM~1 s~1 per particle.

To evaluate fibrin binding and dual-modality imaging, in vitro cylindrical clots were formed
around a suture string in a tube by incubating fibrinogen with thrombin and CaCl, using a
similar procedure as described above. The clots were then transferred to an Eppendorf tube
containing a buffered solution of the nanoparticles with binding allowed to proceed
overnight. After washing vigorously with water, the clots were placed in a tube filled with
fresh buffer and imaged with both Maestro fluorescence and MR imaging (Fig. 3E,F).
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Consistent with in vitro results from the plate reader assay (Fig. 3A,B), fluorescence
imaging indicated greater binding of the GPRPP-targeted particles compared to nontargeted
particles (Fig. 3E). It appeared that some PEG-modified TMV particles were present in the
center of the clots that were not removed during the washing steps. Without the targeting
ligand and lack of driving force to accumulate at the fibrin surface, it is likely that TMV-
PEG accumulated non-specifically in the opening in the center where the suture string is
present. The high relaxivity in combination with molecular specificity also enabled detection
of the thrombus by MR imaging (Fig. 3F). Matching the fluorescence data, the targeted
nanoparticles accumulated around the exterior surface of the dense fibrin network formed in
vitro,*3 while the nontargeted particles are likely only present in the central pore.

These results illustrate an additional advantage of the TMV platform. Along with favorable
in vivo partitioning properties, TMV provides a greater surface area to carry medical
payloads. For example, the TMV nanorod provides a large surface area for modification
with Gd(DOTA), allowing a significantly higher payload compared to CPMV, which is
directly correlated to greater contrast enhancement (as measured by the T, relaxivity).
Whereas TMV loaded with ~1,600 Gd(DOTA) per particle, with an ionic relaxivity of 5.1
mM~1s71, corresponded to a per particle relaxivity of approximately 8,160 mM~1s™1,
CPMV loaded with ~80 GA(DOTA) per particle (as determined by ICP-OES), with a similar
ionic relaxivity per gadolinium ion of 5.2 MM~ s71 (Fig. $4B), corresponded to an ionic
relaxivity 20 times lower than that of TMV, at 420 mM~1 s71 per particle. Toward
translational efforts, it is expected that a significantly higher sensitivity of the TMV-based
contrast agent would be achieved in clinical studies. Based on previous work, Gd-TMV has
a Ty ionic relaxivity of 11.0 mM~1 s™1 per Gd in a clinical 1.5 T MRI, compared to
relaxivities of around 5 mM~1 s71 in the preclinical 7 T scanner used in this study.** This
increase in ionic relaxivity upon nanoparticle conjugation is explained by reduced tumbling
rates of the Gd probe, a phenomenon that is lost at higher field strength. From the degree of
labeling here, we extrapolate relaxivities as high as 17,600 mM~1 s71 per particle, which
would provide even greater contrast enhancement. (It should be noted that in vivo MRI
studies were not feasible using the photochemical injury mouse model of thrombosis due to
the requirement of surgery and exposure of the carotid artery during laser illumination;
future studies will investigate other small animal models to further drive the development of
the TMV-based contrast agent.)

An additional consideration for the difference in behavior observed between CPMV and
TMV may be pharmacokinetic properties. From the literature, short clearance times in mice
were found for both nanoparticles, with CPMV having a plasma half-life of 4 to 7
minutes,2® while TMV displays a two-phase decay with a fast initial clearance having a half-
life of 3.5 minutes followed by a phase 11 half-life of 94.9 minutes.2* The clearance times of
the TMV particles used in this study were not drastically affected by change in surface
chemistry, as pharmacokinetic studies performed for A647-TMV-PEG and A647-TMV-
GPRPP indicated short half-lives of 7-8 minutes (Fig. S5). Thus, both CPMV and TMV
particles are quickly cleared and clearance time is unlikely to account for the stark
differences in thrombus targeting.
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Despite the similarity in clearance time, shape-based features would result in differences in
the partitioning of the nanoparticles between organs of the mononuclear phagocyte system
(MPS) and the target tissue. While both CPMV and TMV are cleared through the liver and
spleen,24 25 we and others have previously shown that phagocytosis is reduced for rod-
shaped particles,*® including TMV, 48 therefore reducing accumulation in non-target organs
and increasing the partitioning toward the target site. Additionally, upon contact with the
thrombus site, a greater surface area and lower curvature may allow TMV to have stronger
binding interactions that grant it the ability to remain more tightly bound to the thrombus
under flow (in particular turbulent flow at the disease site). In other words, the spatial
orientation of the peptides along the length of TMV allows greater multivalent interactions
and, consequently, higher affinity. Some non-specific interactions appear to contribute to the
accumulation of particles as well, which may be attributed to a number of factors, including
the “stickiness” of activated platelets within the thrombus and hemodynamic drag forces
from the porous nature and irregularity of the thrombus.4’

In the present study we chose to compare TMV and CPMV, as opposed to spherical
aggregates that can be obtained from denatured TMV rods.24 44 48 The primary advantage
for comparing CPMV, instead of TMV-derived spherical nanoparticles, with TMV is their
natural self-assembly into monodisperse particles with knowledge of their precise structure
at atomic scale resolution. These factors provide a high degree of reproducibility and spatio-
structural control over peptide display and geometrical parameters. Considering their
volumes, CPMV and TMV are quite similar in size, with an equivalent sphere to TMV
having a diameter of around 50 nm. It should be noted, that while spherical TMV-based
nanoparticles can be obtained, their structural confirmation and protein organization differs
from rod-shaped TMV counterparts.24 44. 48

To overcome these technological challenges, we recently developed two independent
approaches to yield protein-based nanoparticle assemblies of distinct aspect ratio but
composed of the same protein make-up. In one approach, we used an RNA-templated self-
assembly approach to synthesize TMV rods of distinct aspect ratios, specifically 60 nm, 130
nm in 300 nm in length;*6 and in another approach CPMV nanoparticle chains were
obtained through symmetry-breaking and polymer-assisted assembly.4® While beyond the
current study, these materials would offer attractive building blocks for follow-up studies to
further delineate the effect of aspect ratio on vascular targeting.

Conclusion

In summary, we developed nanoparticle-based probes for imaging of thrombi in vivo, and
thrombosis targeting and dual modality optical-MR imaging was demonstrated. Thrombosis
targeting was achieved in vivo based on the choice of nanoparticle shape. The effect of
nanoparticle shape has been extensively studied in the setting of oncology; our data indicate
that nanocarrier shape also has implications in cardiovascular nanomedicine. While in vitro
studies confirmed fibrin-specificity conferred by the peptide ligands, in vivo studies
indicated the nanoparticle shape had the greatest contribution toward thrombus targeting,
with no significant contribution from either targeting ligand.
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Although we investigated molecular imaging of fibrin in this study due to its essential role in
formation of thrombi, another critical component that could be targeted is platelets.
Evidence suggests that thrombi contain large numbers of both platelets and fibrin, having a
greater abundance of fibrin in cases of ruptured plague and being more platelet-rich for
thrombi on eroded plaques.® For effective targeting regardless of the underlying nature of
the components exposed to circulating nanoparticles, heteromultivalent ligand display that
can simultaneously bind to both factors is a possible approach. Dual-targeting of disease-
specific markers can be advantageous compared to single targets by being more site-
selective and having superior binding affinity.

Another direction currently under investigation in our lab is the addition of therapeutics for
theranostics. The site-specific delivery of TMV using molecular targeting can be utilized for
detection of thrombosis with conjugation of contrast agents, as shown in this investigation,
in conjunction with thrombus dissolution with incorporation of thrombolytic drugs such as
tissue plasminogen activator, streptokinase, and urokinase.>! The combination of diagnosis
and treatment would allow quick action in the management of the disease before, if
necessary, additional follow-up personalized therapy based on the results from imaging.

In conclusion, our data support the successful development of shape-optimized, targeted
probes for dual MR and optical imaging of thrombi. We have shown that shape plays a
crucial role in the delivery of nanoparticles to the site of disease, with rod-shaped
nanoparticles faring considerably better than their spherical counterparts. Overall, this study
lays the groundwork for designing a new platform for the ultimate objective of targeted
treatment of thrombi.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of particles
(A,B) UV/Vis spectroscopy of particles conjugated with dye and either PEG or targeting

peptides normalized for 1 mg/mL particle concentration show similar dye concentrations for
the particles. (C,D) SDS-PAGE gels of same particles, demonstrating attachment of PEG
and targeting peptides to coat proteins. M = SeeBlue Plus2 molecular weight marker; 1 =
CPMV; 2 = sCy5-CPMV-PEG; 3 = sCy5-CPMV-CREKA,; 4 = TMV; 5 = sCy5-TMV-PEG;
6 = sCy5-TMV CREKA,; 7 = A647-CPMV-PEG; 8 = A647-CPMV-GPRPP; 9 = A647-
TMV-PEG; 10 = A647-TMV GPRPP (attachment indicated by arrows pointing to bands
slightly above unmodified bands). (E) TEM images show particles remain intact after
modification. Scale bar = 100 nm.
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Fig. 2. Evaluation of particle localization in a photochemical mouse model of thrombosis
(A) Schematic detailing the experimental set-up. (B) Maestro fluorescence imaging of

excised carotid arteries with nanoparticles localized at site of thrombosis (example shows
PEG- vs. CREKA-modified TMV particles). Contralateral controls of uninjured artery show
no particle accumulation. Scale bar = 1 mm. (C,D) Normalized fluorescence intensity based
on particle fluorescence values (*** p < 0.001). Asterisks denote significance of TMV
samples relative to both nontargeted and targeted CPMV samples. (E,F)
Immunofluorescence of artery sections. Red = VNP formulations; blue = nuclei (DAPI)
from epithelial cells; green = platelets (aB3 integrin antibody with Alexa Fluor 555
secondary antibody, pseudocolored green). Scale bar = 100 um. Multiple tissue sections
were imaged and representative images are shown here.
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Fig. 3. Fibrin targeting as studied by in vitro assay

(A,B) Fluorescence imaging of particles binding to fibrin clots formed from fibrinogen and
thrombin in a 96-well plate (n = 3). (C,D) Quantification of average fluorescence intensity
observed (** p < 0.01, *** p < 0.001). Unpaired asterisks denote significance vs. PBS
control. (E) Fluorescent imaging of clots in Eppendorf tubes under white light (left) and heat
map (right). (F) MR imaging of the same clots using a preclinical 7 T MRI, with binding of
TMV-GPRPP seen on the exterior surface.
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