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Abstract

Large doses of chemical pesticides are required to achieve effective concentrations in the
rhizosphere, which results in the accumulation of harmful residues. Precision farming is needed to
improve the efficacy of pesticides, but also to avoid environmental pollution, and slow-release
formulations based on nanoparticles offer one solution. Here, we tested the mobility of synthetic
and virus-based model nanopesticides by combining soil column experiments with computational
modelling. We found that the tobacco mild green mosaic virus and cowpea mosaic virus penetrate
soil to a depth of at least 30 cm, and could therefore deliver nematicides to the rhizosphere,
whereas the Physalis mosaic virus remains in the first 4 cm of soil and would be more useful for
the delivery of herbicides. Our experiments confirm that plant viruses are superior to synthetic
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mesoporous silica nanoparticles and poly(lactic-co-glycolic acid) for the delivery and controlled
release of pesticides, and could be developed as the next generation of pesticide delivery systems.

Pesticides are needed to protect our crops and thus maximize crop yields. However, the
efficacy of chemical pesticides is limited by their instability and strong binding to organic
matter in soil, which can render them inactive or prevent their accumulation at the root level,
where many pests reside?. Large doses are applied to compensate, which results in the
accumulation of pesticide residues in soil, water and agricultural products®. Long-term
exposure to these chemicals is a risk to human health and threatens the biodiversity of an
already fragile ecosystem?. Precision farming methods are therefore needed to deliver
pesticides in a more controlled manner.

Advances in nanotechnology have led to the development of more effective drug delivery
and medical imaging methods (nanomedicine), and the same innovations are how being
applied to smart agrochemical delivery systems, known as nanopesticides®®. These involve
the use of nanomaterials for the adsorption, encapsulation or conjugation of pesticides to
improve the biodegradability, stability, permeability and dispersion of the active pesticide
ingredient. Nanopesticides have a much greater surface area than conventional pesticides,
which increases their potential for interaction with target pests at lower doses. The
encapsulation of pesticides within nanoparticles also prevents premature degradation and the
risk of direct human exposure to the active ingredient. There is also evidence that
nanopesticides and conventional pesticides differ in their environmental behaviour, so it is
necessary to understand the fate of nanopesticides in detail to ensure they comply with
regulatory guidelines and legislation’=°.

Most of the nanopesticides investigated thus far are based on synthetic or natural polymers,
metallic compounds or liposomes, which tend to persist in the environment®. As a
biodegradable alternative, nanopesticides can be developed from plant viruses'9-12. One
example, already approved by the US Environmental Protection Agency, is the application
of tobacco mild green mosaic virus (TMGMV) as the herbicide Solvinix, which is produced
by BioProdex for deployment against invasive tropical soda apple weed in the state of
Floridal314. The safety profile and possible risks of TMGMYV have been reported’4.
TMGMV cannot self-disseminate and is not transmitted by vectors such as insects, seeds or
pollen. Mechanical transmission through insects or contact between plants is thus the only
route of transmission. Only plants of the Solanaceae are susceptible to TMGMYV infections.
Therefore, TMGMV offers a good safety profile for crops that are not part of the
Solanaceae. Nonetheless, plant virus-based systems, including TMGMV, could be
inactivated through ultraviolet radiation for safe use on any crop!®16,

To investigate the potential of plant virus nanoparticles (VNPSs) and virus-like particles
(VLPs) as nanopesticides in more detail, we compared the behaviour of three viruses and
two synthetic particle formulations in soil column experiments and computational models as
a way to gauge their ability to deliver pesticides to the rhizosphere and thus prevent
infestation by root pests (Fig. 1). We tested two VNPs, based on the rod-like TMGMV and
the icosahedral cowpea mosaic virus (CPMV), and a VLP based on the Physalis mosaic
virus (PhMV). These were compared to mesoporous silica nanoparticles (MSNPs) and a
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poly(lactic-co-glycolic acid) (PLGA) formulation, which have already been developed as
synthetic nanopesticides’+18,

Nanopesticide characterization

The fluorophore Cyanine 5 (Cy5) has similar physicochemical properties to those of
conventional pesticides (Supplementary Table 1), but it is easier to detect and so we used it
as a model compound. Cy5 was either conjugated to the external surface of, or passively
encapsulated within, TMGMYV, CPMV, PhMV and MSNP particles (Supplementary Fig. 1).
Degradex PLGA nanoparticles that encapsulated a red fluorophore with spectral properties
similar to those of Cy5 were obtained from Phosphorex (Supplementary Fig. 2). Each
formulation was characterized by a combination of transmission electron microscopy,
dynamic light scattering, ultraviolet-visible (UV-vis) spectroscopy, size exclusion
chromatography and denaturing gel electrophoresis (SDS—polyacrylamide gel
electrophoresis (SDS—-PAGE)) or agarose gel electrophoresis to confirm the particle integrity
and dye loading efficiency (Supplementary Figs. 2—4). The capacity of the TMGMYV was 9.9
nmol mg~1 or 390 dye molecules per TMGMV-Cy5 particle (denotes the conjugated
version) but only 5.3 nmol mg~2 or 210 dye molecules per TMGMV*Cy5 particle (denotes
the encapsulated version). For PhMV, the corresponding loads were 12.7 nmol mg™ or 60
dye molecules per PAMV—Cy5 and 11.7 nmol mg~2 or 55 dye molecules per PAMV*Cys5.
For CPMV, the corresponding loads were 6.2 nmol mg=2 or 35 dye molecules per CPMV-
Cy5 and 2.3 nmol mg~?1 or 15 dye molecules per CPMV*Cy5. The synthetic MSNP
formulation was similar in capacity to CPMV (6.4 nmol mg~1 for MSNP—Cy5 and 4.3 nmol
mg~1 for MSNP*Cy5), whereas the PLGA formulation had the lowest capacity (1.2 nmol
mg~1 for PLGA*dye).

The release profile of passively encapsulated Cy5 (Fig. 2) was determined by dialysis. The
approximate half-life, defined as the time necessary for 50% of the fluorophore to be
released from its carrier, was calculated for TMGMV (f,» = 12 h), CPMV (#2 = 60 h),
PhMV (#, = 48 h), MSNP (#, = 12 h) and PLGA (4, = 72 h). Two distinct release
profiles were observed that reflected the Cy5 entrapment methodology used in each
formulation. For TMGMYV and MSNP, Cy5 is not entrapped in a confined structure because
the internal channel of TMGMV is uncapped at both ends and the mesopores of MSNP are
similarly open to the surrounding medium, which potentially explains the faster release rate.
For CPMV and PhMV, Cy5 is encapsulated within the protein shell and the PLGA
nanoparticle encapsulates the dye in its hydrophobic core, and hence the slower release. The
observed release profiles may not precisely replicate pesticide release in a real soil
environment, which is rich in various minerals and organic matter that might interact with
either the carriers or the pesticide molecules, as discussed below.

Soil transport behaviour

To establish the soil transport behaviour of each formulation, we conducted mobility studies
using a cylindrical column (Methods and Supplementary Tables 2 and 3). As a reference, we
ran 500 pg of free Cy5 through a soil column with a smaller diameter of 10 mm. Cy5 was
unable to penetrate further than 4 cm through the soil because it bound strongly to the soil
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particles (Supplementary Fig. 6). About 40% of the mass of injected Cy5 was recovered
from a column with a soil depth of 2 cm. These results are comparable to data reported for
abamectin!, fenamiphos and oxamyl1?, as well as other pesticides2°. No matter which
nanoparticle type was used as a carrier, the mobility of Cy5 within the column was
significantly enhanced (Fig. 3). The best-performing carrier was TMGMV, which penetrated
to a soil depth of 30 cm regardless of whether the cargo was conjugated or encapsulated
(Fig. 3a). The spatiotemporal distribution of the nanoparticles and the Cy5 cargo was very
similar, indicating that in each formulation the carrier and cargo were co-eluted (Fig. 3c—e).
The quantity of encapsulated Cy5 that co-eluted with its carrier decreased with soil depth,
indicating that a portion of the cargo was released over time.

To determine the quantity of particle loss from the soil transport experiment, we pooled all
the elution samples that showed no evidence of nanoparticles in SDS-PAGE analysis and
collected any trace amounts of the virus. We found that the residual mass of nanoparticles
accounted for only ~2.5% of the overall mass of particles injected (Supplementary Table 4).
Transmission electron microscopy imaging of the eluted particles revealed that they
remained intact (Supplementary Fig. 7).

In terms of soil transport behaviours, TMGMYV and CPMV were able to penetrate through
30 cm of soil, whereas PhMV, MSNP and PLGA only penetrated 4, 12 and 8 cm of soil,
respectively. The mobility of the carriers in soil can therefore be ranked from highest to
lowest: TMGMYV >> CPMV >>> MSNP > PLGA > PhMV. These data suggest that the
PhMV, MSNP and PLGA formulations are not suitable for pesticide delivery deep into the
soil, to target the rhizosphere, but may be suitable for the delivery of pesticides that must
remain close to the surface, such as herbicides. In the latter context, PhAMV demonstrated the
greatest pesticide delivery capability within the first 4 cm of soil (Fig. 3b). The particle size
may influence the mobility of the carriers, but there was no particular trend within the size
range we tested. For example, the 250 nm MSNP particles penetrated further than the 65 nm
PLGA formulation, which in turn penetrated further than the 31 nm PhMV particles, but the
31 nm CPMV particles were much more mobile than all of the above. This is interesting
given that CPMV and PhMV are similar in size and geometry, so the remarkable difference
in mobility must reflect their surface chemistries. Both CPMV and PhMV are proteinaceous,
but the distinct amino acid sequences of their coat proteins ensure that CPMV carries a
negative surface charge whereas PhMV is positive (Supplementary Fig. 2). Furthermore, the
rod-like (300 x 18 nm) TMGMYV particles were the most mobile of all, which suggests that
the elongated shape may facilitate their transport through the soil. In the field of
nanomedicine, elongated nanoparticles are better at margination (migration towards blood
vessels) and transport through membranes than spherical particles, which improves their
tumour homing and penetration characteristics?1-23. A high aspect ratio, therefore, appears
to be a generally favourable property that facilitates movement between obstacles by
influencing particle behaviour in flowing liquids. We therefore speculate that the field of
nanopesticide delivery should further focus on the design of nanoparticles with a high aspect
ratio in addition to the traditional spherical counterparts. Particles with an overall neutral to
negative surface charge should also be favoured over positively charged nanoparticles to
prevent early binding to soil matter.
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The concentration of Cy5 as a function of soil depth was higher when the dye was
conjugated to the particles rather than encapsulated (Fig. 3b). This reflects the slower release
of the conjugated dye from the carrier, which allowed it to be carried further, whereas the
encapsulated dye leaks more readily from the carrier and, once released, is rendered less
mobile by its affinity for soil particles. Interestingly, Cy5 was released rapidly from the
TMGMV*Cy5 and MSNP*Cy5 formulations (4 and 6 cm penetration, respectively), which
suggests that the electrostatic forces between Cy5 and the carboxylate residues of (1) the
TMGMV interior and (2) the MSNP mesopores are not strong enough to overcome the
attraction between Cy5 and the soil. These results agree with the rapid loss of Cy5 observed
in the dialysis assay (Fig. 2). Therefore, for field applications, the conjugated formulation
appears superior to the encapsulated formulation.

Both TMGMYV and CPMYV were able to deliver Cy5 deep in the soil, but TMGMV-Cy5
showed by far the better performance. We previously showed that nematodes ingest
nematicide-loaded TMGMYV particles, which resulted in the death of 60% of the nematode
population in liquid cultures within 24 h (ref.19). To increase the efficacy, future TMGMV
formulations should include cleavable linkers to promote the slow and controlled release of
the pesticide at the root level. However, to translate such pesticide formulations from the
bench to the field, it is first necessary to establish the dose required to eradicate rhizosphere-
dwelling pests. We therefore developed a mathematical model and validated it using our
experimental data, as discussed below.

Computational modelling of pesticide delivery

A model column of length £ (cm) and constant cross-sectional area A (cm?2) was filled with
a mixture of stationary soil particles and fluid (Fig. 1). The input to this model was a known
mass of nanoparticles, with or without pesticide, introduced over a short period of time to
the soil surface. The outputs were the concentrations of the nanoparticle Qyp (mg cm™3), the
nanoparticle—pesticide formulation Cyps (mg cm™3) and free pesticide Cp (mg cm™3) at the
base of the soil column as a function of time for a specific depth of soil. After the injection,
fluid flow was established at the top the column at a rate O (cm3 min~1). Nanoparticles were
subsequently transported through the void volume fraction e (dimensionless) of the saturated
soil column, with an adsorption surface per soil particle volume ¢ (cm™1). The soil particle
density within the column was assumed to be uniform. The rates of nanoparticle degradation
and pesticide deactivation were assumed to be negligible during the experiment, as
confirmed empirically (Supplementary Fig. 7). Nanoparticle binding to soil particles was
modelled as a first-order irreversible reaction with rate constant Ayps (cm min~1) dependent
on the nanoparticle size, aspect ratio and surface chemistry. The pesticide release rate was
modelled as a first-order irreversible reaction with rate constant pg (min~1). Although
simple, using a first-order release mechanism led to comparative errors that ranged from
10~ to 1079 between the empirical data and the model output, which are sufficiently small
to be acceptable differences (Supplementary Table 5). The resulting free pesticide may bind
to soil particles through a first-order irreversible reaction with rate constant Apg (cm min=1).
The interaction mechanisms are summarized in Supplementary Fig. 8 and the corresponding
partial differential equations are shown in Methods. These equations were made
dimensionless (Supplementary equation (1)) and solved using Matlab (Supplementary Code
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1). The system contained five unknowns: the dispersion constants of the nanoparticle Dyp
and pesticide Dp, and the rate constants of the nanoparticle absorption to soil Ayps, pesticide
absorption to soil Apg and pesticide release from nanoparticles in fluid Apg. These values
were obtained by comparing the model output to the empirical data and minimizing the error
in Matlab. This computational model is therefore semi-empirical in nature. The resulting
model outputs closely matched the empirical data (Fig. 4), although the values of Dyp and
knps differed slightly for each depth due to the experimental error caused by the need to use
a new soil column in each test. Although the bulk density of the soil was kept constant
across all the experiments, the soil particle distribution and the soil packing may have
differed from column to column. To compensate for these variables, the average values of
Dnp and Ayps at different depths were computed to model the average nanoparticle soil
transport profile (Fig. 4c). The nanoparticle dispersion Dyp and rate of absorption to soil
knps determine the ability of a nanoparticle to carry pesticide deep in the soil. With a greater
mechanical dispersion, the nanoparticles become more widely distributed at a given soil
depth over time. Therefore, mechanical dispersion greatly influences the concentration of
nanoparticles at any given soil depth and time. The average Oyp of each nanoparticle can be
ranked from highest to lowest: TMGMV > CPMV > MSNP > PhMV > PLGA. As the
absorption to the soil becomes stronger, the nanoparticles become less mobile. The average
rate constant of nanoparticle absorption to soil Aypg can also be ranked from highest to
lowest: MSNP >>> PLGA ~ PhMV >> TMGMV > CPMV. The model confirms the
superior mobility of TMGMYV and its suitability to deliver pesticides to the rhizosphere.

To quantify the efficiency of pesticide delivery at the root level, we solved the model for the
Cys5 dispersion constant Op and the rate constant of Cy5 absorption to soil Apg
(Supplementary Fig. 9). We then used the average values of Dyp, Anps, Db and Apg to
optimally estimate 4pr (Fig. 5). Again, the model output matched the empirical data closely.
The rate of Cy5 release Apg can be ranked from highest to lowest: PAMV >>> CPMV >
TMGMV >> MSNP. Interestingly, these results do not match the release profile of Cy5 in
the dialysis assay (Fig. 2), which suggests that the interaction between nanoparticles and soil
has a major influence on the release rate.

To test experimentally whether a new nanoparticle formulation is a suitable candidate for
pesticide delivery to the rhizosphere is time consuming and expensive; each nanoparticle
described above required seven soil column experiments and we used an average of 100
SDS denaturing gels (each holding ten samples) to solve the soil transport profile of the
nanocarriers through 2 to 30 cm of soil depth (note that other detection techniques would
need to be developed for non-proteinaceous materials, but this is expected to be equally
laborious). The model described above minimizes the time and cost required to evaluate a
novel nanopesticide. In conjunction with the model, the only experimental work required is
to run the new nanocarrier candidate through a 4 cm deep soil column, a mobility test well
recognized and established by the Organisation for Economic Co-operation and
Development?4. This experimental data is necessary to establish the value of Dyp and Ayps
and predict the nanopesticides behaviour at any other soil depth (Supplementary Fig. 10).
The VLP bacteriophage Qp, which has been investigated as a drug carrier for medical
application but not for pesticide delivery?®, was tested for its ability to transport through soil
(Supplementary Figs. 11 and 12). Qp was predicted to transport through soil similarly to
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CPMYV and TMGMYV, which further confirms the superior soil mobility of VNPs and VLPs
over synthetic materials.

The data obtained from the six different nanoparticles tested indicate that Anps is linearly
related to the surface area of MSNP, TMGMYV, Qp and CPMV; however, the PLGA and
PhMV behaviours are different (Supplementary Fig. 13). PAMV nanoparticles have a
positive zeta potential at a pH of 7.4. However, both clay and organic matter have a net
negative surface charge, which may explain the enhanced soil binding of PhMV. We suspect
the polymer nature of PLGA and its strong electronegativity also promote its enhanced
binding to organic matter present in the soil. The linear relationship of Ayps of other
nanoparticles with surface area suggests that the binding for the nanoparticles follows a
mechanism that depends on the surface area, such as a mechanism based on van der Waals
forces. Even though such an analysis is limited due to the limited number of particles tested,
it does suggest that the model parameters have a physical basis that may be elucidated.

Testing the nanopesticide model in a real-life scenario

Nematode endoparasites infect 3,000 different plant species, which include many crops25,
and are most abundant at ~24 cm beneath the soil surface?”. Based on our empirical and
modelling results, we selected TMGMYV to deliver the nematicide abamectin8. Abamectin
is insoluble in water and binds strongly to organic matter in the top layer of soil, so its effect
in the rhizosphere is limited and it is an ideal candidate for nanopesticide delivery using
TMGMV. We used our nanopesticide model to determine how much TMGMYV formulation
must be applied to maintain the half-maximum inhibitory concentration (1Csg) of abamectin
24 cm beneath the surface for at least 24 h. A conjugated formulation would be better than
encapsulation to avoid a premature release, and the linkage should be stable enough to allow
the carrier to reach the target depth before the cargo is dispersed, such as a labile ester with a
half-life release rate of four days2°. The ICs value of abamectin is 1.309 x 1074 mg cm™3,
and therefore at least this concentration must be achieved in the rhizosphere!l. We modelled
various flow rates to represent the typical range of crop irrigation systems, and used a
common irrigation regimen of one hour three times a week, with the first irrigation taking
place immediately after nanopesticide application. The values of Dyp and Ayps for
TMGMV were determined as above, and in place of abamectin we used the values for the
chemically similar Cy5. We assumed a complete release at the root level due to the
hydrolysis of the labile ester linkage over the course of a few days. The simulation output
(Fig. 6) revealed that the mass of nanopesticide needed to maintain the target abamectin
concentration for 24 hours was dependent on the flow rate. With no irrigation, neither free
nor conjugated abamectin would achieve that concentration due to the extremely slow rate of
diffusion. At a flow rate of 0.5 cm3 min~2, the lowest dose of TMGMV-abamectin required
to maintain the target abamectin concentration 24 cm below the surface was 0.1056 mg cm
=2, The model therefore offers a powerful tool to optimize the dose regimen that must be
used to maximize the efficacy of pesticides in the rhizosphere.
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Conclusions

Methods

We propose the use of VNPs and/or VLPs as carriers to deliver pesticides to the rhizosphere,
where many pest species reside. Compared to icosahedral VNPs based on CPMV and VLPs
based on PhMYV, and synthetic counterparts with a similar geometry (PLGA and MSNP), the
rod-like VNPs based on TMGMV achieved a much greater mobility in soil and also showed
the highest dye loading capacity. This is the first evidence that nanoparticles with a high
aspect ratio are more mobile in the soil than the spherical counterparts. It remains to be
determined whether VNPs and VLPs are as cost effective as some synthetic materials. To
date there is only one commercial plant VNP product, namely Solvinix (Bioprodex). In
conjunction with our empirical data, we developed a computational model to predict the
transport behaviour of pesticides encapsulated within or conjugated to nanoparticles. This
model allowed us to calculate the optimal pesticide dose that must be applied to crops to
achieve an effective dose at root level. This precision farming approach will increase the
efficacy of pesticide applications, but also reduces the risk of residual chemicals to human
health and the environment.

Expression and purification of nanoparticles.

TMGMV was obtained from Bioprodex, DegraFluorex Fluorescent PLGA nanoparticles
were purchased from Phosphorex and MSNPs functionalized with propylcarboxylic acids
were obtained from Sigma-Aldrich. We resuspended 3 mg ml~1 of PLGA and 1 mg mI~2 of
MSNP in distilled water and sonicated them using a Branson 2800 device (Cleanosonic) for
10 min to obtain homogeneous solutions. CPMV was propagated in Burpee black-eyed pea
plants and purified as previously described30. PhMV VLPs were prepared in ClearColi
BL21 (DE3) cells as previously described3L. United States Department of Agriculture
permits (PPQ 526) were obtained for any work with plant viruses.

Bioconjugation of Cy5 to TMGMV tyrosine residues.

TMGMV comprises 2,130 identical coat proteins arranged helically around a single-
stranded RNA genome to form a hollow rigid rod that measures 300 x 18 nm with a 4 nm
internal channel1?. The external surface features two solvent-exposed tyrosine side chains
(Tyr 2 and Tyr 139), which can be functionalized using diazonium coupling reactions. We
used sulfo-Cy5-azide (Lumiprobe) to modify these Tyr residues as previously described0.
Briefly, we mixed 25 pl of 0.68 M 3-ethynylaniline with 75 pl of 3 M sodium nitrite (both
Sigma-Aldrich) in 400 pl of 0.3 M p-toluenesulfonic acid monohydrate (Thermo Fisher
Scientific) for 1 h on ice. We then added 15 equiv. of the resulting diazonium salt to 2 mg ml
“1 TMGMV in 10 mM borate buffer (pH 8.8) for 30 min on ice. The particles were
centrifuged at 112,000g for 1 h on a 30% (w/v) sucrose cushion to separate the TMGMV-
alkyne particles from the excess diazonium salt. The TMGMV-alkyne was resuspended in
10 mM potassium phosphate (KP) buffer (pH 7.4) overnight before adding sulfo-Cy5-azide
via a Cu(i)-catalysed alkyne—azide cycloaddition reaction. We added 2 equiv. Cy5 per coat
protein to 2 mg mI~ TMGMV-alkyne in the presence of 2 mM aminoguanidine, 2 mM I-
ascorbic acid sodium salt and 1 mM copper(ii) sulfate (all Sigma-Aldrich) ina 10 mM KP
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buffer (pH 7.4) on ice for 30 min. The particles were again centrifuged at 112,000g for 1 h
on a 30% (w/v) sucrose cushion to remove excess Cy5, and resuspended in a 10 mM KP
buffer (pH 7.4) overnight. Further purification to remove aggregates involved centrifugation
at 16,000¢ for 10 min. TMGMV-Cy5 was eluted using PD Minitrap G-25 desalting columns
(GE Healthcare) to remove free Cy5 dye.

Bioconjugation of Cy5 to PhMV and CPMV lysine residues.

CPMV comprises 180 coat proteins and displays a total of 300 surface-exposed lysine side
chains30. PhMV also comprises 180 identical coat proteins, but each displays four surface-
exposed lysine side chains to make 720 in total31. CPMV and PhMV were labelled with
sulfo-Cy5-NHS (Lumiprobe) using N-hydroxysuccinimide-activated esters that target the
surface lysine residues. The reactions were carried out with a 1,200-fold (CPMV) or 900-
fold (PhMV) molar excess of sulfo-Cy5-NHS in a 10 mM KP buffer (pH 7.0) at room
temperature overnight, with agitation.

Bioconjugation of Cy5 to MSNP carboxylate residues.

Alkynes were conjugated to carboxylate groups on the MSNP surface using 1.5 mM
propargylamine (Sigma-Aldrich) per gram of MSNP and 2.5 mM 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide in 10 mM HEPES buffer (pH 7.4). The reaction was
allowed to proceed for 24 h at room temperature followed by an alkyne—azide click reaction
induced by adding 250 nmol of sulfo-Cy5-azide per gram of MSNP. The components were
incubated at 4 °C with gentle agitation for 30 min using 1 mg mI~1 of MSNP in 10 mM KP
buffer (pH 7.4) in the presence of 1 mM CuSOy, 2 mM aminoguanidine and 2 mM ascorbate
(all Thermo Fisher Scientific). MSNPs were purified by centrifugation at 7,000g for 10 min
and buffer exchanged at least five times.

Encapsulation of Cy5 into TMGMV, CPMV, PhMV and MSNP particles.

Encapsulated formulations were prepared by mixing 1 mg ml~ of TMGMV, CPMV or
PhMV with a 5,000-fold molar excess of Cy5—amine, or by mixing 250 nmol of Cy5 per
gram of MSNP in 10 mM KP buffer (pH 7.8) overnight at room temperature with agitation.

UV-vis spectroscopy.

The UV-vis spectra of native and modified TMGMYV, CPMV, PhMV, PLGA and MSNP
nanoparticles were determined using a NanoDrop Spectrophotometer (Thermo Fisher
Scientific). The efficiency of Cy5 loading was determined based on the dye-to-carrier ratio
and the Beer—Lambert law: TMGMYV, 560 = 3 ml mg~ cm™1, molecular weight of 39.4 x
108 g mol~1; CPMV, £560 = 8.1 ml mg~1 cm~2, molecular weight of 5.6 x 10% g mol~1; Cys5,
£647 = 271,000 M~ cm™1, molecular weight of 747 g mol~1; PLGA dye, & = 250,000 M1
cm~1, molecular weight of 519 g mol~1.

Denaturing gel electrophoresis.

We denatured 5 pg of native TMGMYV, CPMV and PhMV at 100 °C for 5 min in the
presence of 4 x LDS loading dye (Thermo Fisher Scientific). The Cy5-modified particles
were denatured as described above using a loading dye that lacked bromophenol blue. The
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samples were separated on 4-12% NuPage precast gels in 1 x MOPS buffer (Thermo Fisher
Scientific) for 40 min at 200 V and 120 mA, with SeeBlue Plus2 ladder size markers
(Thermo Fisher Scientific). Gels were imaged before and after staining with Coomassie
Brilliant Blue (0.25% w/v) using the FluorChem R imaging system under white light and
MultiFluor red light.

Agarose gel electrophoresis.

We analysed 3 pug of native CPMV, PhMV, PLGA and MSNP particles by 1.2% (w/v)
agarose gel electrophoresis (1 h at 100 V) in 1 x TBE running buffer in the presence of
nucleic acid gel stain (GoldBio) diluted 1:20,000. Gels were imaged before and after
staining with Coomassie Brilliant Blue (0.25% w/v) as above.

Transmission electron microscopy.

Formvar copper grids coated with carbon film (Electron Microscopy Sciences) were glow
discharged to render the surface more hydrophilic using the PELCO easiGlow operating
system. Drops of TMGMV, CPMV, PhMV or PLGA (10 ul, 1 mg ml~1) were deposited onto
the grids for 2 min at room temperature. The grids were then washed twice with deionized
water for 30 s and subsequently stained twice with 2% (w/v) uranyl acetate for another 45 s.
MSNP (10 ul, 1 mg mI~1) was deposited onto the grids and allowed to dry-cast overnight. A
Tecnai F-30 transmission electron microscope was used to capture images of the samples at
300 kV.

Dynamic light scattering.

A DynaPro NanoStar instrument (Wyatt Technology) was used to measure the
hydrodynamic radius of the TMGMYV, CPMV, PhMV, PLGA and MSNP nanoparticles. The
reported hydrodynamic radii and standard derivations correspond to the average of 30
measurements, each of 100 runs.

Size exclusion chromatography.

Native and modified TMGMV, CPMV, PhMV and PLGA samples (200 pl, 1 mg mI~1) were
passed through a Superose 6 Increase column on the AKTA Explorer chromatography
system (GE Healthcare) at a flow rate 0.5 ml min~1 in 10 mM KP buffer (pH 7.0). The
absorbances at 260 nm and 280 nm were recorded for all the particles, the absorbance at 647
nm was recorded to confirm Cy5 conjugation or encapsulation, and the absorbance at 668
nm was recorded to confirm dye encapsulation in the proprietary PLGA nanoparticles.

Fluorescent-dye release profiling.

The release of Cy5 from TMGMYV, PhMV, CPMV and MSNP, and the dye release from
PLGA, was evaluated using a dialysis-based assay. Slide-A-Lyzer MINI dialysis units
(10,000 MWCO, Thermo Fisher Scientific) were loaded with 1 mg of particles in 10 mM
KP buffer (pH 7.0) in triplicate. The particles were dialysed against 10 mM KP buffer (pH
7.0) at room temperature for 96 h. Attimes £=0, 1, 3, 6, 18, 24, 48, 72 and 96 h, 10 ul was
extracted from each dialysis unit and the remaining dye entrapment was measured by UV-
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vis spectroscopy (TMGMYV, CPMV, PhMV and MSNP) or imaged under the FluorChem R
imaging system (PLGA).

Soil mobility of TMGMV, CPMV, PhMV, PLGA, MSNP and free Cy5.

Garden Magic Top Soil was packed at a density of 0.32 g cm=3 into a cylindrical column (28
mm diameter, top height 30 cm) and saturated with deionized water to remove air pockets.
This was the maximum density achievable under our experimental conditions, but the
density of soil in real environments can be higher (0.6-1.6 g cm=3) due to compaction
effects with depth and over time. We injected a bolus that contained 1 mg of each
formulation with and without conjugated or infused dye molecules at the top of the soil
column and saturated the column with water at a constant flow rate of 1.5 cm3 min~1in 10
mM KP buffer (pH 7.0). The eluent was collected at the base of the column in 500 pl
fractions. Up to 200 fractions were collected in each trial (two trials per depth for each
formulation). The elution fractions that contained TMGMV, PhMV or CPMV were analysed
by SDS-PAGE to determine the mass of nanoparticles recovered in each elution fraction.
CPMV was analysed on 4-12% NuPage precast gels in 1 x MOPS buffer. TMGMYV and
PhMV were analysed on 4-12% NuPage polyacrylamide SDS gels cast according to the
Surecast Handcast protocol (Invitrogen). We mixed 23 pl of each elution fraction with 7 pl
5% SDS loading buffer and separated the samples for 1 h at 200 V and 120 mA with SeeBlue
Plus2 ladder size and three standards that contained known amounts of nanoparticles (0.5, 1
and 2 pg) for comparison. The gels were then incubated in 20% (v/v) methanol and 10%
(v/v) acetic acid in water 30 min before staining with Coomassie Brilliant Blue (0.25% w/v)
for an additional 30 min. The gels were imaged using the Alphalmager HP system (Protein
Simple) under white light and the FluorChem R system under MultiFluor red light. The
elution fractions that contained PLGA and MSNP were imaged as 20 ul droplets on Parafilm
on the FluorChem R imaging system under MultiFluor red light in the presence of the
nanoparticle standards described above.

All the nanoparticles were imaged in triplicate and the images were analysed using ImageJ.
The area under the curve of the standards was used to create a linear standard curve that
related to the area under the curve of the elution samples to the total mass of nanoparticles
present in the corresponding elution fraction. Finally, fractions that appeared to contain no
nanoparticles were centrifuged at 160,000¢ for 3 h and the pellet was resuspended in 1 ml of
10 mM KP buffer (pH 7.0) for SDS—PAGE analysis to determine the recovered mass of
nanoparticles.

Computational methods.

The model equations presented here are variations of those developed for other
applications32. The nanoparticle mass density distribution in fluid (that is, interstitial soil
space) changes as a function of the column depth zand time faccording to equation (1):

2
e 0% _ PO
or " Ae 0z NPT 2

1-¢
- < 1
+( : )d’RNPS’ 0<z<L 1)
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The irreversible rate of adsorption of nanoparticles onto the soil surface from the fluid is
Rups (Mg cm~2 min~1). With and without pesticides, the nanoparticle adsorption process is
assumed to be a first-order reaction as shown in equation (2):

Ryps = — knps$2np 2

The available soil surface, which changes negligibly, is incorporated into the rate constant
kps (cm min~1). As Qyp decreases with the reaction, the nanoparticle attachment to soil
increases as shown in equation (3):

a2
NPS
TR — PR\ps (©)

where Q\ps (Mg cm™3) is the mass density of nanoparticles bound to soil at any location in
the column.

The pesticide mass concentration Cp (mg cm~3) distribution in the fluid changes as shown in
equation (4):

aC aC >C _
Py LTP _p - Pop +(—1 d
ot ' Ae oz P o2 PF €

)¢RP5, 0<z<L @

The irreversible release rate Rpg (Mg cm~3 min~1) of the pesticide from nanoparticles in the
fluid is shown in equation (5):

Rpp = — kppCnpr (5)

where Cypr (Mg cm™3) is the mass concentration of the pesticide bound to nanoparticles in
the fluid at any location in the column. The irreversible adsorption rate Rpg (Mg cm=2
min~1) of free pesticide in the fluid onto the soil surface is shown in equation (6):

Rpg = —kpgCp (6)

The free pesticide mass concentration Cpg (Mg cm~3) bound to soil changes according to
equation (7):

Ple
afs = — ¢(Rpg + Ryp) ¥

where Rp (min1) is the irreversible rate of pesticide “transfer’ from the nanoparticles onto
soil.

The concentration change of pesticide attached to nanoparticles in the fluid is therefore
shown in equation (8):
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2
dCy\pr (0] 9C\pr 9" Cnpr 1-—¢
- -—° 8
ar Tac oz NP 5.2  Rep ¥ ( € )¢RPNP ®

where Rpnp (Mg cm~2 min~1) is the irreversible adsorption rate of pesticide attached to
nanoparticles onto the soil determined according to equation (9):

Rpnp = — knpsCnpr 9

This rate process has the same rate constant as the rate process of nanoparticles adsorption
onto soil (Rnps), as defined in equation (10):

R RN PS

Q

PNP _
CxpE

—kNPS = (10)
NP

The pesticide concentration Cyps (Mg cm=3) in nanoparticles on the soil changes according
to equation (11):

9Cxps
or ¢(Rp — Rpp) D

The irreversible rate of pesticide transfer from nanoparticles to the soil with rate constant Ap
(min~1) is therefore shown in equation (12):

Rp = — kpCxps (12)

Initially, there is no nanoparticle or pesticide in the soil space, 0 < z< L: =0 : Q\p=0;
Nps=0; Cnpr=0; Cnps=0; Cp=0; Cps=0

At the input (top of the cylindrical column), z= 0, a solution of volume V4 with nanoparticle

0

- O - . -
density ©yp and pesticide concentration Cypp

is injected. The total number of nanoparticles

0
N

The nanoparticles are transported into the column over a time interval 0 to 4 according to
equation (13):

injected is Nyp = VOQI?IP. The fluid flows through the interstitial soil space at volume rate Q.

1

0
N
0 0 0 NP
Nyp = / QQ\pdt = 02pt;, = 1= o (13)
0 O08yp

Therefore, at the entrance of the cylinder the mass flow rate balances must be specified for
the nanoparticles and pesticide. For the nanoparticles, the input nanoparticle mass density is
derived as shown in equation (14):
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0 0
04p, 0<1<1y Qg 0<1 <1
z2=0: 0Qup= = Qup = (14)
NP 0, >t NP 0, >t

For the pesticide, which is carried by the nanoparticle, the input mass concentration is
derived as shown in equation (15):

0 0
o c 3 OC\pp 0 <11 c 3 Cyppr 0<1=51
1=0: OC\pp= = CNpE = (15)
0, >t 0, t>1

As no dissolved pesticide enters, z=0 and Cp = 0. In the fluid that leaves the column, the
concentrations of nanoparticle, pesticide in nanoparticle and free pesticide can be
represented by X. The mass flow of X from inside the cylinder (L™) to outside the cylinder
(L*) is shown in equation (16):

0X

z=L: [QX — AeD5~ = [QX]L+’ X € {Qyp. Cpr Cp} (16)

The volume flow rate, nanoparticle density and pesticide concentration are continuous
across the output boundary of the cylinder, which implies that the gradients must vanish as
shown in equation (17):

02p Gy OCxpr _

= 17
0z 0, 0z 0 n

For the simultaneous numerical solution of the partial differential equations, the equations
were first transformed into their dimensionless form (Supplementary equation (1)).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. the combined experimental and computational approach to assess nanopesticide
transport through soil.

The virus-based and synthetic nanoparticles are depicted to scale in the top left. Labelled
nanoparticles were injected as a bolus at the top of the soil column and moved through the
column at a constant flow rate. At the bottom of the column, particles were collected as 500
ul fractions. The mass of the eluted virus-based nanoparticles was determined by SDS-
PAGE and the synthetic nanoparticles were imaged as droplets on Parafilm using the
FluorChem R imaging system under a MultiFluor red light. Experimental data were
imported into Matlab for comparison with the output of the computational model.
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Fig. 2 |. Cargo release from nanoparticles during dialysis.
a, Schematic representation of the infused-dye release from (left to right) TMGMYV, CPMV,

PhMV, MSNP and PLGA. The dialysis membrane pores are large enough to allow the free
movement of Cy5, but small enough to prevent nanoparticle diffusion. The number of
arrows reflects the rate of dye release from each nanoparticle in a semi-quantitative manner.
b, Corresponding plot of Cy5 cumulative release from each nanoparticle as a function of
time. Error bars represent the s.d.
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Fig. 3 |. Experimental transport of nanopesticides and pesticides through soil.
a, Cumulative mass of bare (green), Cy5-conjugated (blue) and Cy5-infused (red)
nanoparticles exiting the soil column as a function of soil depth. b, The corresponding
cumulative moles of conjugated Cy5 (red) and infused Cy5 (blue) exiting the soil column.
Error bars represent s.d. ¢, Mass distribution of nanoparticles as a function of time at a given
soil depth. d,e, Corresponding mole distribution of Cy5-infused (d) and Cy5-conjugated (e)
particles as a function of time for a given soil depth.
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Fig. 4 |. Theoretical transport of nanoparticles through soil.
a, The empirical output of TMGMV, CPMV, PhMV, MSNP and PLGA is used as a

reference. b, Computational modelling of nanoparticle transport through soil. Dyp and Aips
were optimized for each depth. ¢, Corresponding model of nanoparticle transport through
soil using the average value of Dyp and Ayps obtained in b.
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Fig. 5 |. Theoretical transport of Cy5 through soil.
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a, The empirical output of Cy5 infused into TMGMYV, CPMV, PhMV and MSNP used as a
reference. b, Computational modelling of Cy5 transport through soil by nanoparticle

infusion. ¢, Corresponding model output of free Cyb5 transport through soil.
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Fig. 6 |. Theoretical treatment of a crop infected with nematodes using tMGMV-abamectin.
Each curve represents the temporal concentration distribution of abamectin conjugated to

TMGMV at a soil depth equal to 24 cm as a function of the irrigation flow rate (Q). The
corresponding minimal dose of TMGMV (/m) that must be applied on the crop to maintain

the 1C5q of Abamectin is indicated.
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