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recently provided a new class of bio-

inspired architectures for nongeno-
mic materials packaging.'® Virus-based
nanoparticles (VNPs) are protein cages
encapsulating a nanoscopic cargo that can
be genetically engineered to achieve de-
sired physical and chemical properties'®~'?
or can be used without any modifica-
tion.*” Important features of VNPs include
their monodisperse character, chemical ad-
dressability, and symmetric architecture,
which are potentially useful for targeted
delivery.”® Until now, most such VNPs have
been designed for biomedical applications
such as vaccines, high-contrast functional
imaging, and vascular delivery of therapeu-
tic agents.""'?"*7"® |n certain cases, the
VNP protein cage mimics the morphology
and functional characteristics of wild-type
virus capsids (VCs).? Such constructs have
promise as tools for studying virus-induced
physiological responses.

In particular for plants, with their exact
size and controllable surface chemistry,
VNPs can be used for high-contrast func-
tional imaging of vascular transport pro-
cesses, making it possible to examine
specific features such as determining the
dimensions of the various pathway restric-
tions within plant vascular systems.'®™2
Understanding vascular transport processes
is crucial to environmental and agronomic
concerns relating to biomass partitioning,
water stress, and disease. Knowledge of the
physical parameter(s) governing protein-
based macromolecular movement in the

P lant-infecting icosahedral viruses have
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ABSTRACT This article demonstrates the encapsulation of cubic iron oxide nanoparticles (NPs)

by Brome mosaic virus capsid shells and the formation, for the first time, of virus-based nanoparticles

(VNPs) with cubic cores. Cubic iron oxide NPs functionalized with phospholipids containing

poly(ethylene glycol) tails and terminal carboxyl groups exhibited exceptional relaxivity in magnetic

resonance imaging experiments, which opens the way for in vivo MRI studies of systemic virus

movement in plants. Preliminary data on cell-to-cell and long-distance transit behavior of cubic iron

oxide NPs and VNPs in Nicotiana benthamiana leaves indicate that VNPs have specific transit

properties, i.e., penetration into tissue and long-distance transfer through the vasculature in N.

benthamiana plants, even at low temperature (6 °C), while NPs devoid of virus protein coats exhibit

limited transport by comparison. These particles potentially open new opportunities for high-

contrast functional imaging in plants and for the delivery of therapeutic antimicrobial cores into

plants.
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plant vasculature is essential for researchers
to better engineer plants (through either
genetically engineered plants, breed crops
for improved vascular flow, or nanotech
engineering) for increased delivery of pro-
tein biomass to target tissues. Water stress is
a crucial consideration with respect to the
potential impact of climate change on rain-
fall and temperature, which are predicted to
affect crop yields. With respect to disease,
VNPs can be used to explore the fate of
virion particles in host plants and those
vector interactions that result in the wide-
spread dissemination of disease. When
VNPs have magnetic properties imparted
by their cargo, magnetic resonance imaging
(MRI) can be employed for tracking VNP
transit. To the best of our knowledge, there
have been no attempts so far to explore
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Figure 1. HRTEM image (a) and XRD profile (b) of the as-prepared 18.6 nm iron oxide NPs.

these opportunities. In this paper, we report the first
attempt toward comparing transport properties of
VNPs made of Brome mosaic virus (BMV) capsid pro-
teins (CPs) and iron oxide NPs in a plant host (Nicotiana
benthamiana).

In a previous paper, we described the formation of
VNPs around 20.1 nm iron oxide NPs coated with
phospholipids containing a poly(ethyelene glycol)
(PEG) tail of 2000 Da with terminal carboxyl groups.’
The NPs were efficiently encapsulated by BMV VCs,
yielding 41 nm VNPs with narrow VNP size distribution
(2.2% standard deviation).”

In the present work we report the formation of VNPs
with cubic NP cores and the comparative study of the
transit of cubic NPs functionalized with PEGylated
phospholipids with and without viral coats in N.
benthamiana leaves. We found that virus capsids influ-
ence both subcellular and long-distance transport and
that VNPs with magnetic cores can be transported
across long distances and inside cells of different types.

Cubic iron oxide NPs of 18.6 nm diameter were
chosen for VNP formation because they can be un-
ambiguously discriminated in a stained plant tissue
from organelles and endogenous macromolecules and
because they can carry adequate charge density for
encapsulation.?* The MRI signature of cubic NPs was
also studied to validate them as MRI contrast agents. We
believe this work represents one of few examples that
bridge bioinspired nanoarchitectures and phytology.?

RESULTS AND DISCUSSION

Cubic Magnetic NP Structure and Surface Functionalization.
Figure 1 shows a high-resolution TEM (HRTEM) image
(a) and X-ray diffraction (XRD) profile (b) of cubic NPs
with a diameter of 18.6 nm and a relative size standard
deviation of 7.7%.%® Although HRTEM shows lattice
fringes of a nearly single crystal, the XRD profile reveals
formation of two phases: wustite (Fe;_,)O) and spinel
(most likely Fes0,). As a result of the mixing of these
two phases (wistite being antiferromagnetic and spi-
nel being superparamagnetic), NPs are superparamag-
netic with a blocking temperature of ~250 K (see the
Supporting Information text and Figure S1).
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Given that prepared magnetic NPs are hydropho-
bic, an added coat of PEGylated phospholipids is
necessary to impart water solubility and, in some cases,
functionality in biological applications.?” ~3° The coat-
ing process is driven by hydrophobic interactions
between lipids and the oleic acid tails located on the
iron oxide NP surface. Carboxyl-terminated PEGylated
phospholipids (HOOC-PEG-PL) are characterized by an
anionic surface charge (from the terminal —COOH
groups), water-affinity, and sterically controlled stabi-
lity (from the PEG chains), all important requirements
for VNP synthesis.®' After coating with HOOC-PEG-PL,
the NPs were easily dispersed in water and stable as
colloidal suspensions for months.

As discussed in a preceding paper,’ the lower the
curvature of spherical NPs on their surface, the higher
the HOOC-PEG-PL ligand and charge density. Sufficient
charge density is critical in the formation of well-
defined VNPs.” Cubic NPs have a flat surface, which
leads to the highest surface density of PEGylated
phospholipids. Indeed ATR-FTIR measurements indi-
cated that for cubic NPs the surface ligand density is
5.32 per nm?, which translates into a charge density of
2.62 per nm?. For comparison, for the largest spherical
iron oxide NPs (20.1 nm) studied in our preceding
work,” these values are 3.5 and 1.67 per nm?, respec-
tively. In the case of cubic NPs, the higher charge
density allows for increased stability of VNPs.

MRI Response of Cubic NPs Coated with HOOC-PEG-PL. In
order to evaluate the utility of magnetic VNPs as MRI
contrast agents, MR relaxivities and map images of the
cores (HOOC-PEG-PL-coated 18.6 nm cubic NPs) were
investigated. Experiments were performed in a clinical
3TMRscanner at room temperature. Inverse relaxation
times (1/T, (samples) — 1/T1(solvent) @and (1/T2(samples) -1
To(solventy) Were plotted as a function of iron concentra-
tion (Figure S2, Supporting Information). The long-
itudinal r; and transverse r, relaxivities were then
estimated from the slopes of the plots to be 0.97 and
140.28 mM~" s, respectively. The ry/r; ratio of 145
was much higher than that of commercial contrast
agents with similar particle sizes such as Feridex (AMI-
25) and Supravist (SH U 555C),* as shown in Table 1.
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TABLE 1. Comparison of r; and r, Relaxivities and the Relaxivity Ratio (r,/r;) Measured at 3 T for Nanoparticles Discussed
in This Paper, Commercially Available MRI Contrast Agents, and VNP-Gd Complexes Reported in the literature®

materials NP size (nm) nmM's™) r(mM's) nin
cubic iron oxide NPs (this paper) 18.6 0.97 140.28 144.6
Feridex (AMI-25) 30 4.1 923 226
Supravist (SH U 5550) core size 3—5 nm; hydrodynamic diameter 20 nm 73 57 78
VNP—Gd complexes®> n/a 202 376 1.86

Figure 2. (a) Longitudinal T; and (b) T, map images of the 18.6 nm cubic iron oxide NPs coated with HOOC-PEG-PL and
dispersed in Milli-Q water. Scale bar in (a) is linear (unit: milliseconds), while in (b) it is in logarithmic units. Sample
concentrations are (1) 0 mM Fe (pure Milli-Q water), (2) 0.93 mM Fe, (3) 0. 37 mM Fe, (4) 0.14 mM Fe, (5): 0.06 mM Fe, (6)

0.04 mM Fe, and (7) 0.01 mM Fe.

Therefore, since a higher relaxivity ratio offers a higher
T, contrast, such NPs represent promising candidates
for high-efficiency T, (negative) contrast agents. VNP—
Gd complexes have been investigated as T, contrast
agents®® and have been shown to display remarkably
high ry and r, (Table 1). However, due to the toxicity of
Gd, only chelate Gd compounds can be used as con-
trast agents. This raises the supplemental issue of
stability in specific local physiological conditions.
Therefore, iron oxide compounds in a nanoparticle
form represent an interesting alternative. Such com-
pounds act as T,-shortening contrast agents, as they
have a more pronounced effect on the T, relaxation
time than on the T, relaxation time (greater ry/r
ratio).>* In addition, T,-weighted MRl is favorable com-
pared to T;-weighted MRI in specific functional ima-
ging applications.>®

To qualitatively illustrate the T; and T, relaxation-
time changes and thus MR contrast as a function of the
increasing NP concentration, T; and T, map images
were produced (Figure 2). Both T; and T, map images
clearly show dose-dependent contrast changes as the
iron concentration increases. This is because both T; and
T, relaxation times become shorter with increasing iron
concentration. The dose-dependent effect on the T,
relaxation time is significant, requiring a logarithmic scale
in order to represent the T, differences generated by small
concentration changes of the iron oxide NPs in solution.

The T-weighted signal intensity on the MR image is
determined by both T; and T, relaxation times accord-
ing to the formula®®

| = P(1 _efTR —TE/T1)e—TE/Tz
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where [ is the signal intensity and p is the proton
density.

The MRI contrast can be optimized by changing the
pulse sequence parameters. The two most important
parameters are the repetition time (TR) and the echo
time (TE).>”*® The TR is the time between consecutive
90-degree radio frequency (rf) pulses, while the TE is
the time between the initial 90-degree rf pulse and the
echo. By choosing a short TR and a short TE, the MRI
intensity becomes independent of T, in which case the
image becomes T;-weighted. Similarly, a T,-weighted
image can be obtained by imaging at long TR and long
TE times. In a typical MR image, the T; MR signal will
become brighter with increasing iron concentration,
whereas the T, MR signal will become darker.>® To
further validate our findings on the r, efficiency of the
samples studied in contrasting MRI images, a
T,-weighted MR image is shown in Figure 3. It can be
easily seen that for a sample concentration of 0.14 mM
Fe (Figure 3, sample 4) good contrast in the T,-weighted
images is obtained, while at higher concentration the
signal is quenched and barely detectable above back-
ground (Figure 3, samples 2 and 3).

Figure 4 shows a control sample and a NP-injected
leaf. Both were soaked in water right before measure-
ments to enhance the contrast: water brings up the
background, while NPs provide negative contrast. The
area spread corresponding to the magnetic NP diffu-
sion is easily discernible as a negative contrast area
even in a large-bore clinical 3 T MRl scanner. Therefore,
the images of the samples as thin as N. benthamiana
leaves (200—300 um) showed sufficient contrast to
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Figure 3. T,-weighted image (sample 2 and 3 spots are
circled because the intensities are as low as the background
signal due to the high T, effect of the NPs in water). The
sample concentrations are the same as those in the caption
of Figure 2.

Figure 4. (a) T,-weighted MR image (repetition time 3 s,
echo time 37 ms) of N. benthamiana leafs before (a) and
after (b) infiltration with HOOC-PEG-PL-coated 18.6 nm
cubic NPs. A cross section of the MRI map is shown on the
top part of each image, illustrating contrast enhancement
induced through NP infiltration.

locate the NPs at concentrations below 1T mM Fe
(~10"? particles/cm?).

BMV Protein Self-Assembly around the HOOC-PEG-PL-Coated
Cubic NPs. Figure 5 presents a TEM micrograph of VNPs
formed by self-assembling of BMV coat protein sub-
units around 18.6 nm iron oxide cores covered with
HOOC-PEG-PL. The VNP mean diameter is 36.5 nm at
6.2% relative standard deviation. The efficiency of
encapsulation,*® evaluated from TEM micrographs as
the ratio of well-defined single VNPs to the total
number of NPs, is around 80%. We believe that high
efficiency is due to high HOOC-PEG-PL ligand (charge)
density on the flat NP surfaces. We also observed the
trend of cubic NPs to aggregate due to enhanced
contact between flat NP faces. Virus proteins coat these
NP clusters (indicated by red arrows in Figure 5). A
hydrodynamic VNP diameter of 58 nm obtained from
DLS data (Figure 3S, Supporting Information) is notice-
ably higher than the measured diameter of a single
VNP obtained from the TEM images (36.5 nm), suggest-
ing the existence of clusters in solution (not only on the
TEM grid).

An intriguing feature of assembly is that despite its
cubic core, the VNP protein coat has a quasi-spherical
(probably, icosahedral) appearance (Figure 5, inset). To
the best of our knowledge, this is the first direct
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Figure 5. Negatively stained TEM image of VNPs formed by
self-assembling BMV proteins around the 18.6 nm cubic NPs
coated with HOOC-PEG-PL. The dark spots are iron oxide
NPs. Light rings around NPs are BMV shells including the
HOOC-PEG-PL shells. The red arrows illustrate possibly
preassembled VNP clusters. Inset shows a higher
magnification image of a single VNP.

illustration of the BMV capsid resilience to significant
morphological core constraints. This feature may be an
indication of a core—protein interaction mainly limited
to the flexible N-termini of the protein, while structural
domains remain unaffected by the core presence.

Due to the high relaxivity of the iron oxide NPs,
along with the innate biocompatibility of virus capsids
and the possibility of further modifying the capsid
surface sites, superparamagnetic VNPs are promising
candidates for enhanced MRI contrast agents, which
may allow monitoring the systemic movement of VNPs
as mimics for virus transit. Whether the mimic role is
indeed achieved will be a question for future studies.
Here we take a first step in this direction by presenting
next the comparison between the transit of magnetic
NPs and VNPs in N. benthamiana leaves using sec-
tioned leaves viewed by electron microscopy.

Comparison of the Transit of Iron Oxide NPs Coated with
HOOC-PEG-PL and VNPs in Leaves at Subcellular and Cellular
Levels. VC proteins are known to facilitate transport of
viral genomes within plants.*’~** However, it is un-
known whether VNPs with inorganic cores (in particu-
lar, iron oxide cores) behave in a similar way or the
same behavior can be observed for merely biocompa-
tible (HOOC-PEG-PL coated) iron oxide NPs. In order to
learn whether VNPs offer any advantages in particle
transport inside a plant, we designed a comparative
study of the transport of these two kinds of particles in
N. benthamiana leaves.

Details of the infiltration of the intact plants with
iron oxide NPs and VNPs (Figure S4, Supporting
Information) are given in the Experimental Section.
The iron oxide cores provide high contrast in the electron
microscope due to the high electron density of iron,
while their cubic shape allows for easy identification.
The examination of stained thin leaf sections under
TEM showed that the majority of iron oxide NPs were
found in the intercellular void space of the leaves at cell
junctions known as the plant apoplast. Cubic NPs were
not detected inside the other plant cells (Figure 6a).

ACNT AN T2
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Figure 6. Stained TEM images of histological preparations of leaf sections. (a) Iron oxide NPs attached to the exterior of the
cell wall in the apoplast; red arrows indicate the iron oxide NPs, while the enlarged inset shows cubic particles sticking to the
cell wall. (b) Magnetic VNPs after entering the plant leaf also gathered at the cell junctions of the apoplast (red arrows), but
some particles were present within plant cells (blue arrow). The dark spots inside the chloroplast are indicated by green

arrows and are impurities in the staining solution, which may have been confused for NPs were it not for their specific shape.
(c) Image of VNPs in the cytoplasm. (d) Image of VNPs gathered at the cell junction area of the apoplast. All the scale bars in the

insets are 100 nm.

Magnetic VNPs also accumulated at the cell junctions
of the intercellular space (Figure 6b and d) with a
distinctive difference: some of the particles were found
to have entered the other plant cells, as shown in
Figure 6b and c.

Infiltration of both the iron oxide NP and VNP
solutions should put both NPs and VNPs directly into
intercellular spaces known as the apoplast. The parti-
cles become attached to the exterior of the cell wall
and the VNPs could then enter the plant cells. Trans-
portation of particles after penetrating the cell's inter-
ior then occurs via plasmodesmata junctions. Plasmo-
desmata facilitate the transport of molecules that are
less than 3 nm in diameter between neighboring cells,
but can be upregulated to selectively enable move-
ment of large macromolecules. It has been suggested
that plant virus CPs can dilate these microscopic
channels and therefore assist the VNP entry and
passage through the plasmodesmata to plant cells.*'~*
Some VNPs were found near the cell nucleus
(Figure 6¢). These results suggest that when BMV VCs
encapsulate iron oxide NPs instead of the native
genome, the BMV CPs may maintain functions en-
abling cell-to-cell virus trafficking in plants.

Comparison of the Long-Range Transport of Iron Oxide NPs
and VNPs in Plant Leaves. Vascular tissue in plants mainly
consists of phloem, xylem, and associated parenchyma
cells. Conducting tissue of the xylem represents the
principle water-conducting tissue for the transport of
solutes throughout the plant. Phloem is the primary
conduit for nutrients and macromolecules including
sugars, hormones, proteins, nucleic acids, plant viruses,
and viroids.**™*” To learn about the possible differ-
ences in the transport of iron oxide NPs and VNPs over
long distances in the plant vascular system, the particle
solutions were fed into the petiole of a carefully
detached N. benthamiana leaf that was kept in an
appropriate physiological buffer and light and humidity
conditions to remain fresh (Figure S5, Supporting Infor-
mation). Leaf segments were dissected surrounding
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Figure 7. Magnetic VNPs in (a) phloem and (b) xylem after
25 °C incubation for 24 h. Insets show enlarged images;
scale bars are 100 nm. Red arrows indicate VNPs.

the primary, secondary, and tertiary veins to determine
the extent of the NP and VNP transport in the vascular
system. We detected both kinds of particles mainly in
the phloem and xylem (Figure 7).

VNPs were observed at the distal edge of leaves,
having traveled through the primary and secondary
veins for 24 h (Figure S6, Supporting Information); only
a few particles were found in tertiary veins. No differ-
ences were observed in the transit rate between iron
oxide NPs and VNPs when the leaves were incubated at
room temperature after 24 h.

However, when leaves were incubated at 6 °C, we
noted striking differences between the transit of the
two kinds of particles. After 48 h of exposure to the
feeding solution at 6 °C, numerous VNPs were detected
up to the distal edge of the leaf blade (position 5,
Figure S7, Supporting Information), while only a few
iron oxide NPs were found in positions 1 and 2 along
the petiole (Figure S7, Supporting Information). These
results strongly suggest that viral coats could facilitate
NP transit along plant veins, consistent with the ex-
pected roles of the capsid protein in mediating cell-to-
cell and systemic spread of virus in an infected
plant.*®*° In ref 50 control of systemic movement
function by intergenic complete substitution of a plant
virus CP gene was demonstrated. However, the me-
chanisms by which a CP contributes to systemic trans-
port remains to be clarified. These findings provide
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further support of the idea that BMV CP may have
evolved to assist with the intravascular long-distance
movement of virions.

CONCLUSION

Cubic iron oxide NPs coated with HOOC-PEG-PL
display excellent MRI response as a T,-weighted MRI
contrast agent, surpassing commercially available MRI
agents. Despite their cubic shape, these NPs nucleate
formation of regular VNPs with high incorporation
efficiency and solution stability. Comparison of cell-
to-cell trafficking of NPs and VNPs demonstrates that
the HOOC-PEG-PL-coated NPs are found in the inter-
cellular void space attached to the cell wall, while VNPs
penetrate the cells and are found in the cytoplasm. For
the long-range transport, VNPs can be carried to a

EXPERIMENTAL SECTION

Materials. FeCls-6H,0 (98%) and eicosane (99%) were pur-
chased from Sigma-Aldrich and used as received. Hexanes
(85%), ethanol (95%), and acetone (99.78%) were purchased
from EMD Chemicals and used as received. Chloroform
(Mallinckrodt, 100%), oleic acid (TCl, 95%), and oleic acid sodium
salt (TCl, 97%) were used without purification. 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
glycol)2000] (@ammonium salt) (HOOC-PEG-PL, 2000 Da PEG
(Avanti, 99%)) was used as received. Nutrition liquid concen-
trate Grow 7—9-5 (a fertilizer) was bought from Dyna-Gro.
Capsid proteins were obtained from BMV produced in N.
benthamiana plants. Purification of virus proteins was described
in our preceding papers.**'

Iron Oxide NP Synthesis, Functionalization with HO-PEG-PL, and VNP
Formation. The synthesis of cubic iron oxide NPs with 18.6 nm
diameter is described in our preceding paper.® Functionaliza-
tion of NPs with HOOC-PEG-PL was described elsewhere.” In a
typical experiment, VNPs were formed by mixing one equiva-
lent of 18.6 nm cubic NPs with 540 equivalents of capsid
monomers in TNKM buffer (50 mM Tris base + 50 mM NaCl +
10 mM KCl + 5 mM MgCl,, pH 7.4) in a total volume of 100 L.
The mixture was dialyzed against 100 mL of SAMA buffer
(50 mM Na(OAc) + 8 mM Mg(OAc),, pH 4.5) at 4 °C for 24 h.
The reassembled VNP samples were kept at 4 °C.

Sucrose cushion purification could be applied when neces-
sary, to further purify the VNP solution if excess virus proteins
remained in solution. The VNP solution (100 uL) was layered on
top of 200 uL of 10% sucrose SAMA solution in a 1.5 mL
centrifuge vial. After 30 min centrifugation at 9000g the super-
natant containing free proteins, small amino acids, and protein
aggregates was removed and the VNPs were collected as a
pellet and resuspended in 100 uL of the SAMA buffer for
storage.

Characterization. Dynamic Light Scattering (DLS). DLS mea-
surements were carried out with a Zetasizer Nano-S (Malvern
Instruments). Sample preparation for DLS included dilution,
sonication for about 10—20 min, and filtration with a 0.2 um
syringe filter (Millipore). Measurement duration was set to be
determined automatically, and data were averaged from at
least three runs. Intensity and volume distributions of the
particle sizes were recorded.

Attenuated Total Reflectance FTIR Spectroscopy. Attenuated
total reflectance (ATR) FTIR spectroscopy of functionalized
magnetic NPs was recorded with a Nicolet Magna-IR 550
spectrometer. Standard solutions with different concentrations
of COOH-PEG-PL were placed on a silicon crystal prism, evapo-
rated, and examined by ATR-FTIR. A linear calibration curve of
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distal edge of the leaf even at 6 °C, while the HOOC-
PEG-PL-coated NP transport s limited to a low part of
the petiole. These examples demonstrate that VCs
provide exclusive cell-to-cell trafficking and long-
range transport in N. benthamiana leaves. Further-
more, the BMV capsid protein and the N-terminal
arginine-rich sequence were recently demonstrated
to be able to traverse cell membranes and deliver
both recombinant protein and RNA into plant
leaves.** Our studies further expand the utility of
BMV capsids as a way to deliver foreign materials into
plant cells. This study also demonstrates the high
promise of VNPs as MRI probes and provides proof of
principle studies to monitor the physiological pro-
cesses important for plant growth and development
using VNPs.

the intensity of a band characteristic of carbonyl groups (around
1700 cm™') versus concentration of the lipid solution was
plotted.” The amount of the HOOC-PEG-PL molecules on the
NP surface was determined for each sample using ATR-FTIR
spectroscopy. The intensity of the carbonyl band was compared
with the calibration curve to derive the weight concentration of
the ligands on the NPs. Ligand density on each particle was
calculated by dividing the number concentration of ligands by a
number concentration of particles (measured and calculated by
UV—vis spectroscopy).

Sample Concentration Analysis by UV—Vis Spectroscopy.
UV—vis absorption of a series of standard chloroform solutions
of iron oxide NPs with predetermined concentrations was
measured at /=300 nm using a Cary 100 Bio spectrophotometer
(Varian) to plot a calibration curve of intensity versus concen-
tration. The extinction coefficient calculated from the calibra-
tion curve was 14.25 (g/L)"1 cm ™. To determine the concentra-
tion of the target solution, its absorption was measured at the
same wavelength, and weight concentration was derived using
Lambert—Beer's law. To calculate the number concentration,
the weight of a single NP was calculated on the basis of
its diameter (from the TEM size analysis) and density for FeO
(5.7 g/cm3).7

To find the concentration of BMV proteins, UV—vis absorp-
tion was performed on the protein solution using a NanoDrop
ND-1000 UV—vis spectrophotometer. Absorbance at 280 nm
was used to find the concentration of proteins using Lam-
bert—Beer's law. The extinction coefficient of the protein was
taken as 0.82 (g/L)’1 cm 7

Transmission Electron Microscopy (TEM) Imaging. Electron-
transparent NP specimens for TEM were prepared by placing a
drop of dilute solution onto a carbon-coated Cu grid. Images
were acquired at an accelerating voltage of 80 kV on a JEOL
JEM1010 transmission electron microscope. Images were ana-
lyzed with the National Institutes of Health developed image-
processing package ImageJ to estimate NP diameters. Between
150 and 300 NPs were used for this analysis.

The VNP sample preparation for TEM started with 10 uL of
the capsid solution being dropped on a carbon-coated copper
grid. After 10 min, the excess solution was removed with filter
paper. Then 10 uL of saturated uranyl acetate was dropped onto
the grid to stain the viruses. After 10 min, the excess solution
was removed with filter paper. The sample was then left to air-
dry for several minutes.

Magnetic Measurements. Magnetic measurements were
carried out using a Quantum Design MPMS XL magnetometer.
Zero-field cooling curves were taken by cooling the sample in
null field (£0.1 Oe) down to 4.5 K, applying a 50 Oe field, and
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then measuring the magnetization in regular temperature
increments up to 300 K. For the field cooling curves, the samples
were cooled in the 50 Oe field to 4.5 K and magnetization
measurements were repeated in regular temperature incre-
ments up to 300 K.

Relaxivity Measurements. The T; and T, relaxation times(s)
were measured for different concentrations of HOOC-PEG-PL-
coated 18.6 nm cubic iron oxide NPs using a 3 T magnetic
resonance scanner (Magnetom Trio, Siemens Medical Solutions,
Erlangen, Germany). The different concentrations of the sam-
ples were prepared by diluting them with milli-Q water
(resistance 18.2 MQ). T;-weighted images were obtained by
Turbo spin echo sequence with inversion recovery. TR/TE =
15000/12 ms, Tl = 100, 200, 400, 800, 1600, 3200, 4000, 5000,
6000, 10000. Turbo factor = 7, slice thickness = 3 mm, matrix
128 x 128, field of view = 60 mm. T,-weighted images were
obtained with spin—echo sequence. TR =3000 ms, TE= 11, 22, 44,
88,176, 352,700 ms. Slice thickness = 3 mm, matrix 128 x 128, field
of view = 60 mm. The r; and r, relaxivities (MM~ s") were
calculated from the slope of the linear plots of (1/T;(sample) —
1/T:(solvent)) and (1/T(sample) — 1/T,(solvent)) versus Fe ion
concentrations. 1/T;(solvent) and 1/T,(solvent) corresponded to
the relaxation times of milli-Q water; 1/T;(sample) and 1/T,-
(sample) are the relaxation times of samples with a different
concentration of the HOOC-PEG-PL-coated iron oxide NPs.

MRI Scans of the Plant Leaves. To prepare leaf samples for
MRI scanning, the plant leaves of N. benthamiana were humi-
dified in milli-Q water and fixed between two square-shaped
Plexiglas acrylic sheets. The edge of the acrylic sheets/leaf
sandwich was carefully sealed with a film of poly(vinyl alcohol)
to keep the leaf humid during measurements. The as-prepared
leaf was scanned at turbo spin—echo sequence using a clinical
3 T MR scanner (Magnetom Trio, Siemens Medical Solutions,
Erlangen, Germany). Scan parameters were TR (repetition time) =
3000 ms and TE (echo time) = 37 ms, slice thickness = 6 mm,
number of averages = 10, field of view = 140 mm, phase field of
view = 70 mm; matrix 256 x 128, bandwidth = 130 Hz/pixel,
echo train length = 7.

Plant Sample Preparation Method. N. benthamiana Growth Con-
ditions. N. benthamiana plants were grown from in-house-
produced seeds in a growth chamber with 26/22 °C day/night
temperature cycles and 16-h-light/8-h-dark cycles. For each set
of experiments, we used 6- to 8-week-old plants that were
typically at the six-leaf stage.

Plant Leaves Infiltrations. To test functionalized magnetic
NPs as contrast agent for plant MRI studies, 18.6 nm cubic NPs
coated with HOOC-PEG-PL were dissolved in infiltration buffer
(10 mM MgCl, and 10 mM MES, pH 5.9). N. benthamiana leaves
were infiltrated on the abaxial side using a 1 mL needleless
syringe. Infiltrated zone boundaries corresponded to a lower
lateral vein, the midvein, the edge of the leaf, and either the leaf
tip or an upper lateral vein (Scheme 1).

To learn about particle intercellular transport at different
concentrations, magnetic NP or VNP solutions were infiltrated in
N. benthamiana leaves of intact plants according to the pattern
shown in Scheme 1. The concentrations of magnetic NP and
VNP samples applied in zones 1—4 were 0.5, 0.25, 0.1, and 0.05
mg/mL. The same pattern was applied to two adjacent leaves
on one plant and to two different plants. Following infiltration,
the plants were kept in a growth chamber for 24 h before the
samples were taken for histology sectioning and study.

NP and VNP Uptake via the Cut Petioles. To compare the NP
and VNP transport in the plant vascular system, adjacent leaves
of approximately the same size from the same plant were
chosen for each set of experiments. The leaves were submerged
in water to avoid air-blocking of the leaf vascular structure and
then cut at the base of the petiole using a sharp, sterile razor
blade. Leaves were carefully transferred into a 2 mL Eppendorf
vial containing magnetic NPs or VNPs suspended in 1.8 mL of a
fertilizer (the final concentration in each Eppendorf vial was
~0.1 mg/mL normalized by the Fe concentration) and sealed
with Parafilm around the leaf petiole to reduce evaporation
during the experiment. The cut leaves in the Eppendorf vials
were maintained in a growth chamber under normal growth
conditions or at a low temperature (6 °C). Finally, for result
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Scheme 1. Sample infiltration pattern of magnetic NPs
(blue zones) and VNPs (green zones) in N. benthamiana
plant leaves. Blue and green zones 1—4 were infiltrated with
0.5,0.25, 0.1, and 0.05 mg/mL of NPs or VNPs. A single zone
near the base of the leaf was infiltrated with the infiltration
buffer (10 mM MgCl, and 10 mM MES, pH 5.9) as control.

replication, adjacent leaves from the same plant and of approxi-
mately the same size were chosen for each set of experiments.

Leaf Tissue Embedding, Sectioning, and Transmission Electron Micro-
scopy. Samples of N. benthamiana leaves (six for each leaf) were
cut out from the petiole and the primary, secondary, and tertiary
veins. The samples were fixed in 3% glutaraldehyde in 0.05 M
phosphate buffer at pH 6.8 and 4 °C for 15 min under vacuum
and then overnight on the lab bench at room temperature.
Following fixation, samples were rinsed with 0.05 M sodium
phosphate buffer (pH 6.8), postfixed in 1% osmium tetroxide at
4 °C for 90 min, and dehydrated by passage through a graded
ethanol series. Samples were infiltrated and embedded in low-
viscosity epoxy resin,*? polymerized at 65 °C, and sectioned
with a Sorvall, Inc. Porter-Blum MT-2 ultramicrotome. Ultrathin
sections (~70 nm) were stained with saturated aqueous uranyl
acetate, followed by lead citrate, and examined using a JEOL
JEM-1010 transmission electron microscope at an accelerating
voltage of 80 kV.Images were acquired using a Gatan MegaScan
camera model 794/20.
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