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Abstract

Drug delivery systems are required for drug targeting to avoid adverse effects associated with
chemotherapy treatment regimes. Our approach is focused on the study and development of plant
virus-based materials as drug delivery systems; specifically, this work focuses on the tobacco
mosaic virus (TMV). Native TMV forms a hollow, high aspect-ratio nanotube measuring 300 x 18
nm with a 4 nm-wide central channel. Heat-transformation can be applied to TMV yielding
spherical nanoparticles (SNPs) measuring ~50 nm in size. While bioconjugate chemistries have
been established to modify the TMV rod, such methods have not yet been described for the SNP
platform. In this work, we probed the reactivity of SNPs toward bioconjugate reactions targeting
lysine, glutamine/aspartic acid, and cysteine residues. We demonstrate functionalization of SNPs
using these chemistries yielding efficient payload conjugation. In addition to covalent labeling
techniques, we developed encapsulation techniques, where the cargo is loaded into the SNP during
heat-transition from rod-to-sphere. Finally, we developed TMV and SNP formulations loaded with
the chemotherapeutic doxorubicin, and we demonstrate the application of TMV rods and spheres
for chemotherapy delivery targeting breast cancer.
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1. Introduction

In the United States, approximately 300,000 women will be diagnosed with breast cancer
this year and more than 40,000 of those will die from the disease. Chemotherapy has limited
success due to adverse effects such as congestive heart failure [1-5]. Nanotechnologies have
improved treatment because nanoparticle delivery systems offer better safety and drug
efficacy. Many different classes of nanomaterials are undergoing development and some
approaches have advanced to clinical use. Examples include liposomal formulations Doxil®
or albumin-based formulation Abraxane®. Currently available nanoparticle-delivery systems
increase safety of the treatment; however they often do not increase efficacy due to
inefficient carrier tissue penetration and drug release [6]. Therefore, more research is
required to develop and assess novel drug delivery system and strategies. Our research is
focused on the development and application of nanomaterials derived from plant viruses
manufactured through farming in plants.

Mammalian virus-based nanoparticles for gene therapy and oncolytic virotherapy are
undergoing clinical trials [7-9], so the potential of virus-based materials for medical
applications has been recognized. There are many novel virus-based materials in the
pipeline, with plant viruses typically considered safer in humans than mammalian viruses
[10]. Plant viruses do not infect or replicate in mammals. They can be administered at doses
of up to 100 mg (1018 particles) per kg body weight without clinical toxicity [11,12]. We
have shown that biomaterials derived from the plant virus, tobacco mosaic virus (TMV), can
be delivered intravenously and do not induce hemolysis or coagulation [13]. Further, the
protein-based carriers exhibit rapid tissue clearance (hours) from non-target organs [13]. The
pharmacokinetics of plant viruses is tunable through PEGylation achieving half-lives of
minutes-to-hours [14]. Like other nanomaterials, unmodified TMV is moderately
immunogenic, but the immunogenicity of protein-based carriers [15,16], such as plant
viruses [17], can be attenuated by polymer coating. These properties make this
biodegradable platform a promising strategy for drug delivery.

Viruses have naturally evolved to deliver cargos to specific cells and tissues; we seek to
repurpose this natural ability to deliver cargos for drug delivery targeting cancer. Advantages
of the bio-inspired drug delivery system include the production through molecular farming
in plants, which is highly scalable and therefore provides a realistic nanotechnology for
translation. For example, Medicago Inc. already produces several virus-like particles in
plants at pharmaceutical scale [18-21]. The protein-based materials are genetically encoded,
therefore these materials offer a high degree of reproducibility and monodispersity; each
particle is a clone of another; this degree of quality control is still challenging to achieve
with synthetic systems.

TMV was the first virus to be discovered more than 100 years ago and it has served as a
research tool for structural biology and virology since [22]. TMV-based materials are
undergoing development for diverse applications as battery electrodes and light harvesting
systems [23,24], as well as tissue engineering [25], molecular imaging [26], vaccines [27],
and as demonstrated in this work, drug delivery. Native TMV forms high aspect ratio rods
measuring 300 x 18 nm with a 4 nm-wide central channel. Each particle consists of a sSSRNA
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genome encapsidated into 2130 identical copies of a coat protein unit. The length can be
tailored through a bottom-up RNA-templated self-assembly approach and TMV shape-
switching into spherical nanoparticles can be achieved through thermally-induced process
[13,28,29].

While the development pipeline for nanoparticle platform technologies continues to progress
rapidly, the fundamental nanomaterial—cell interactions have been studied only in a limited
way and its relationship to drug efficacy is largely unknown. Size, shape, composition and
surface chemistry of the nanocarrier impact its biodistribution, cell interaction, and
intracellular trafficking. Some fundamentals are understood: mammalian cell membranes are
negatively charged, therefore positively charged nanomaterials interact more strongly
compared to negatively charged counterparts [30-32]. PEGylation is an accepted strategy to
camouflage nanoparticles and inhibit (or reduce) cell binding or uptake; and receptor
targeting is an effective strategy to enhance cell binding and/or induce tissue-specificity [33].
Based on the abundance of spherical nanomaterials, the effect of size on endocytosis is well
understood: through competition between hydrodynamic driving force and receptor diffusion
kinetics, the optimum radius for cellular uptake lies at r = 30 nm (viruses were used as
model systems in several of these studies) [30,31,34-40]. Nevertheless, data remain elusive
with regard to understanding the effects of nanoparticle shape: while some data indicate that
higher aspect ratio (AR5) materials show faster uptake kinetics [31,32]. Others reported the
opposite: spheres and low aspect ratio objects have enhanced cell interaction compared to
high aspect ratio nanorods [41-44]. The TMV and SNP platforms provide a tool set of
different-shaped protein-based nanoparticles and their side-by-side studies are expected to
provide further insights into the design space ‘shape’ and how to utilize it in the design of
next-generation drug delivery systems.

In the present studies, we considered TMV rods and spheres as a platform for drug delivery.
While the chemistries on TMV rods are well-established, enabling functionalization of the
interior or exterior surface with a variety of payloads [28,45,46]; bioconjugate chemistries
have not yet been established using the SNP platform technology. The availability of
chemical modification procedures would enable functionalization of SNPs with targeting
ligands and medical cargo for molecular imaging [29,45] or drug delivery (this paper), as
well as for vaccine development [47]. A recent study showed that SNPs could be non-
covalently modified through adsorption of foreign proteins and epitopes on the SNP surface,
however, these modifications are nonspecific and driven through electrostatic and
hydrophobic interactions [47]. The availability of bioconjugate chemistry would streamline
the functionalization of SNPs through targeted, covalent approaches and also enable
functionalization with small cargos such as contrast agents and therapeutics. Chemical
modification strategies would therefore complement the ‘modification by adsorption’
techniques. In addition to covalent labeling techniques, we present encapsulation techniques,
where the cargo is loaded into the SNP during heat-transition from rod-to-sphere. Finally,
we demonstrate the application of TMV rods and spheres for chemotherapy delivery
targeting breast cancer.
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2. Experimental section

2.1. Materials

Unless otherwise noted, chemicals and materials were obtained from Fisher Scientific.

2.2. TMV nanomanufacturing

2.2.1. Propagation—TMYV was propagated in Nicotiana benthamiana plants and
recovered, with a yield of 5 mg TMV per gram infected leaf material, using established
extraction methods [28]. The concentration of TMV from plant extracts was determined by
UV/vis spectroscopy (e260 nm = 3.0 mg™L mL cm™1) and virus integrity was verified by TEM
imaging.

2.2.2. Thermal transition of TMV rods into spherical nanoparticles (SNPs)—
Thermal transition from TMV rods to SNPs was carried out by heating TMV rods (0.3 mg
mL~1 in H,0) for 60 s at 96 °C using a Peltier thermal cycler and then recovering
concentrated particles by centrifugation at 160,000 xg for 1 h. The methods were as we
previously described [29,48].

2.3. TMV and SNP bioconjugation chemistry

2.3.1. Lysine modification—Lysine reactivity of SNPs was tested with Sulfo-Cyanine5
NHS ester (Lumiprobe). Sulfo-Cy5 NHS (1, 2, 5, 10, 20, and 40 M equivalents per coat
protein (eq)), in 0.1 M potassium phosphate buffer pH 7.0 was added to 1 mg/mL SNPs at
room temperature overnight. The reaction was purified by ultracentrifugation at 160,000 xg
for 1 h and analyzed (see below).

2.3.2. Cysteine modification—SNP cysteine reactivity was tested using Sulfo-Cyanine5
maleimide (Lumiprobe). Sulfo-Cy5 maleimide (1, 2, 5, 10, 20, and 40 M equivalents per
coat protein (eq)), in 0.1 M potassium phosphate buffer pH 7.0 was added to 1 mg/mL SNPs
at room temperature overnight. The reaction mix was purified by ultracentrifugation at
160,000 xgfor 1 h and analyzed (see below).

2.3.3. Glutamic/aspartic acid modification—Carboxylic acids were activated using
hydroxybenzotriazole (HOBt) and ethyldimethylpropyl carbodiimide (EDC) to form amide
bonds with the primary amine from Cyanine5 amine (Lumiprobe). Here, HOBt:EDC:amine
ratio was set at 1:2.5:5, the molar equivalents tested were: 0.625:1.25:2.5, 1.25:2.5:5,
2.5:5:10, 5:10:20, and 10:20:40. SNPs (1 mg/mL) were reacted with HOBt:EDC:amine
overnight at room temperature in 0.1 M HEPES buffer pH 7.0. The reaction was purified by
ultracentrifugation at 160,000 xg for 1 h and analyzed (see below).

2.3.4. Conjugation of Cy5 or doxorubicin to TMV and SNP—For drug delivery
studies, doxorubicin hydrochloride (DOX, Indofine Chemical Company) and for imaging
studies amine-Cyanine5 (Cy5) was conjugated to TMV and SNP targeting carboxylic acid
functional groups on the TMV/SNP; TMV or SNP (1 mg/mL) was reacted with
HOBt:EDC:DOX (10:20:40 eq per CP) overnight at room temperature in 0.1 M HEPES
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buffer pH 7.0. The reaction was purified by ultracentrifugation at 160,000 xg for 1 h and
analyzed (see below).

2.3.5. Biotin conjugation to SNPs—For lysine modification, SNPs (1 mg/mL in 0.1 M
potassium phosphate buffer pH 7.0) were added to NHS-biotin (LifeTechnologies, 20217) at
20 eq and reacted overnight at room temperature. For cysteine modification, SNPs (1 mg/mL
in 0.1 M potassium phosphate buffer pH 7.0) were added to maleimide-PEG2-biotin
(LifeTechnologies) at 20 eq and reacted overnight at room temperature. For modification
targeting carboxylic acid (Glu and Asp), SNPs (1 mg/mL in 0.1 M HEPES buffer pH 7.0)
were added to amine-PEG2-biotin (LifeTechnologies) at 20 eq with 10 eq EDC and 5 eq
HOBLt and reacted overnight at room temperature. Click chemistry protocols were used: for
exterior modification of TMV, TMV was reacted with a diazonium salt generated from 3-
ethynylaniline (25 M equivalents (eq), pH = 8.5, 30 min) to incorporate a terminal alkyne.
Then copper-catalyzed azide-alkyne cycloaddition (CUAAC) was performed to attach azide-
biotin (Lumiprobe). Alkyne-labeled TMV (2 mg/mL) in 0.1 M potassium phosphate buffer
(pH 7.0) was mixed with azide-biotin (2 eq), aminoguanidine (2 mM), ascorbic acid (2 mM)
and copper sulfate (1 mM) for 30 min on ice. To establish click chemistry protocols for
SNPs, the following steps were performed: TMV was modified with an alkyne on the
interior channel using propargylamine (50 eq) with ethyldimethylpropyl carbodiimide (EDC,
100 eq) and n-hydroxybenzotriazole (HOBt, 50 eq) for 24 h. The alkyne-modified TMV rod
was then transitioned into SNPs. Then the alkyne-SNP underwent click addition of azide-
biotin. All biotin bioconjugation reactions were purified by ultracentrifugation at 160,000 xg
for 1 h and analyzed (see below).

2.3.6. DOX encapsulation—Encapsulation of DOX was accomplished by adding DOX
(5 eq per CP) to TMV rods (0.3 mg mL~1 in H,0) and incubating at room temperature for 5
min. Thermal transition from TMV rods to SNPs was carried out by heating the mixture for
30 s at 96 °C using a Peltier thermal cycler and then recovering concentrated particles by
centrifugation at 160,000 xg for 1 h. DOX loading was confirmed by measuring UV-vis
absorbance at 480 nm (extinction coefficient ~ 11,500 cm™1 M™1).

2.4. Particle characterization

2.4.1. UV/vis spectroscopy—A Thermo Scientific NanoDrop 2000 Spectrophotometer
was used to determine the concentration of TMV/SNP and conjugated fluorophores and
DOX using the TMV-specific or fluorophore- and DOX-specific extinction coefficients and
Beer—Lambert law.

2.4.2. Transmission electron microscopy (TEM)—Drops of TMV rods or SNPs (0.2
mg mL~1in 5 uL deionized water) were placed on formvar coated copper TEM grids,
adsorbed for 5 min, washed with deionized water, and negatively stained with 2% (u/V)
uranyl acetate for 2 min. Samples were examined by using a Zeiss Libra 200FE transmission
electron microscope operated at 200 kV.

2.4.3. Immunogold labeling—TMYV samples were dried on TEM grids, washed with 10
mM sodium phosphate buffer pH 7.0 and floated on a drop of 1% (/) bovine serum
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albumin (BSA) in Tris-buffered saline pH 7.4 plus 0.1% (v/v) Tween-20 (TBST) for 30 min.
Samples were equilibrated with 0.1% (/) BSA for 5 min before binding for 1 h with an
anti-biotin labeled 10 nm gold nanoparticles. The grids were then washed in TBST, then
three to five water washes, and finally staining with 2% (v/v) uranyl acetate for 1 min. The
grids were imaged by TEM using a Zeiss Libra 200FE transmission electron microscope
operated at 200 kV.

2.4.4. Scanning electron microscopy (SEM)—Samples (0.2 mg mL~1 in deionized
water) were dried onto silicon wafers (Ted Pella) and then mounted on the surface of an
aluminum pin stub using double-sided adhesive carbon disks (Agar Scientific). The stubs
were then sputter-coated with gold (or palladium) in a high-resolution sputter coater (Agar
Scientific, Ltd.) and transferred to a Hitachi 4500 scanning electron microscope. The
diameter of the SNPs was determined using ImageJ (imagej.nih.gov/ij/); at least 50 particles
on three separate images were measured and average diameter and standard deviation were
calculated.

2.4.5. SDS-PAGE and Western blotting—Protein subunits were analyzed on
denaturing 4-12% NUuPAGE gels (Invitrogen) using 1 x 3- (N-morpholino)propanesulfonic
acid (MOPS) running buffer (Invitrogen) and 10 pg of sample. After separation, the gel was
photographed using an Alphalmager (Biosciences) imaging system before and after staining
with Coomassie Blue, or further processed for Western blotting. To detect biotinylated
particles, 10 pg samples were separated on a 4-12% NuPAGE Bis-Tris gel using MOPS
buffer (see above). After separation, the proteins were transferred onto a nitrocellulose
membrane (Thermo Scientific) using NUPAGE transfer buffer (Invitrogen). The membrane
was blocked at room temperature for 1 h using 0.1 M TBS (pH 7.6) containing 5% (v V)
skimmed milk powder and 0.05% (1/V) Tween 20. Detection was carried out using alkaline
phosphatase-conjugated streptavidin (Sigma-Aldrich) (1:1000) in blocking buffer solution.
Alkaline phosphatase activity was detected using the BCIP/NBT liquid substrate system
(Sigma-Aldrich).

2.4.6. Dynamic light scattering (DLS)—DLS measurements were performed with the
use of the 90plus instrument (Brookhaven Instruments Corporation) at the scattering angle h
= 90°. Reported values are average of multiple measurements consisting for total
measurement time of 2.5-5.0 min. Hydrodynamic diameters (Dy,) and polydispersity indices
(PDI) were calculated using manufacturers’ software.

2.5. In vitro analysis

2.5.1. Cell culture—MCF-7 cells (ATCC) were maintained in minimal essential medium
(MEM) at 37 °C in a 5% CO, humidified atmosphere. MDA-MB-231 cells (ATCC) were
maintained in RPMI-1640 medium at 37 °C in a 5% CO, humidified atmosphere. The
medium was supplemented with 10% (v1/v) heat-inactivated fetal bovine serum (FBS), and
1% (wv) penicillin—streptomycin. All reagents were obtained from Gibco.

2.5.2. Flow cytometry—MDA-MB-231 or MCF-7 cells (500,000 cells in 200 pL medium
per well) were added to an untreated 96-well v-bottom plate. The TMV or SNP (Cy5-
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labeled) was added at a concentration of 100,000 particles/cell in triplicate and incubated 6 h
at 37 °C in a 5% CO, humidified atmosphere. Following incubation, the cells were pelleted
at 500 xg for 4 min and washed three times using FACS buffer (1 mM EDTA, 1% (vv) FBS,
and 25 mM HEPES, pH 7.0 in Ca?* and Mg?* free PBS). The cells were then fixed in 2%
(vv) paraformaldehyde in FACS buffer for 10 min at room temperature and washed another
three times. Analysis was carried out using the BD LSR Il or BD FACS Aria flow cytometer,
and 10,000 gated events per sample were collected.

2.5.3. Cell viability assay—Cells (10,000 cells in 100 pL medium per well) were seeded
in a sterile, tissue culture-treated, 96-well clear bottom plate overnight at 37 °C in a 5% CO»
humidified atmosphere. Cells were washed and TMV/SNP as well as PBS and free DOX
controls were added in medium (at concentrations ranging from 0.1-10 pM concentration
DOX) and incubated overnight. Unbound particles were removed and cells were washed.
The cells were then incubated in fresh medium for three days at 37 °C in a 5% CO,
humidified atmosphere prior to cell viability analysis using an MTT cell proliferation assay.
The assay was carried out following the manufacturer’s instructions (ATCC).

3.1. Engineering SNPs through bioconjugate chemistry and encapsulation protocols

3.1.1. Probing SNPs with fluorescent labels to quantify label incorporation—
TMV was propagated in N. benthamiana plants and obtained at yields of 5 mg TMV per
gram infected leaf tissue [28]. Thermal transition from TMV rods to SNPs was carried out
by heating TMV rods for 60 s at 96 °C using a thermal cycler [29,48]. The size of SNPs was
determined using dynamic light scattering (DLS) and scanning electron microscopy (SEM)
studies. The size of SNPs correlates to the protein concentration of TMV in solution; here
we chose a protein concentration of 0.3 mg/mL yielding SNPs with a diameter of
approximately 50 nm, which equates to a single TMV rod transitioned into a SNP (larger
SNPs are likely the result of fusions of multiple TMV rods during the thermal shape
transitioning process) [49]. It should be noted that while TMV rods utilized in these
experiments contain the single stranded RNA genome, SNPs obtained after heat transition
are generally RNA-free [49].

While the structure of TMV rods is available at 3.6 A resolution [50] allowing the use of
software such as Chimera (http://www.cgl.ucsf.edu/chimera/) and PyMol (https://
www.pymol.org/) to probe the structure for the availability of solvent-exposed amino acid,
this information is not available at the present time for SNPs. The most commonly utilized
amino acids in bioconjugation protocols are lysine (amine-functional group), aspartic and
glutamic (carboxylate-functional group), and cysteine (thiol-functional group) [51]. Analysis
of the TMV CP amino acid sequence (NCBI entry VCTMVU) indicates the presence of two
(2) lysine side chains (K54 and K69), one (1) cysteine residue (C38), and fifteen (15)
glutamic and aspartic acids (E23, E50, E96, E89, E107, E132, E146 and D20, D65, D67,
D77, D89, D100, D116, D117). Therefore, we sought to probe the reactivity of these amino
acids using standard bioconjugation protocols targeting these amino acids (Fig. 1).
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Labeling reactions were first carried out using Cy5 dye (this section), then labeling studies
were carried out using the affinity tag biotin (see Section 3.1.2) and the chemotherapeutic
doxorubicin (DOX, see Section 3.1.3). We found that chemistries targeting amines, thiols, or
carboxylic acids were successful resulting in efficient incorporation of fluorophores into the
SNP-based platform (Fig. 2).

SNPs were incubated with Cy5 fluorophores using NHS-, maleimide, or amine-functional
probes. To evaluate the degree of labeling that could be achieved, SNPs were probed with
various molar excess of Cy5 per coat protein (CP, ranging from 1:1 to 40:1 Cy5:CP, see
Materials and Methods). After completion of the reaction, SNPs were purified from excess
reagents and the degree of labeling was determined based on the Beer—Lambert law using
the Cy5-specific extinction coefficient. The SNPs used in our studies exhibited an averaged
diameter of 50 nm, therefore we assume that each SNP represents one thermally transitioned
TMV and therefore consists of approximately 2000 CPs [49]. The amount of protein per
SNP was determined through a combination of Lowry protein assays and SDS-PAGE using
TMV standards of known concentrations; it should be noted that the concentrations and ratio
of Cy5:CP are approximations and should not be interpreted as absolute values.

The averaged values of Cy5-to-CP ratios obtained per molar excess used from three
independent experiments are shown in Fig. 2. Each bioconjugation chemistry yielded
fluorescent nanoparticles incorporating the Cy5 dye through covalent bonding, as confirmed
by UV/vis spectroscopy and SDS-PAGE (Fig. 2). Thiol-selective chemistries reached a
plateau at ~0.4 Cy5:CP (/.¢e., every other protein is labeled with a Cy5); using carboxylic
acid-specific reactions, up to 0.7 Cy5:CP was incorporated; and amine-selective chemistries
achieved almost complete labeling (0.9 Cy5:CP), however only at large molecular excess.
While thiol- and carboxylate-specific chemistries reached maximum labeling efficiency
using an excess of ~10 Cy5 per CP, a plateau could not be reached using amine-selective
chemistries, indicating that more than one lysine side chain may be reactive. Labeling
reactions using an excess of higher than 40 Cy5:1 CP is experimentally challenging because
the hydrophobic dyes tend to aggregate at high concentrations also inducing nanoparticle
aggregation; conjugation at higher molar excess was therefore not pursued any further.

Overall, data indicate that using a molar excess of 10x of the label per CP, thiol and amine-
targeted chemistries yield SNPs in which every second-to-third CP carries the label; at the
10x excess carboxylate-selective chemistries yield SNPs in which every second SNP is
modified. And, under forcing conditions, using a high molecular excess, amine-based
chemistries drive incorporation of labels on each CP per SNP. However, it should be noted
that these experiments are averaged values and multiple labels could be attached to a single
CP while other CPs within the assembly remain label-free.

The covalent attachment of the fluorescent label was confirmed using denaturing gel
electrophoresis (SDS-PAGE, Fig. 2B) and structural integrity and particle stability were
confirmed using a combination of TEM and SEM imaging pre- and post-labeling (not
shown). SNPs proved to remain intact throughout the labeling and purification procedures.
Differences in stability of SNPs labeled at different functional groups were not noted.
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Separation of denatured CP in SDS-PAGE confirmed that the labels were indeed covalently
attached to the CPs and matched the migration pattern of the CPs (Fig. 2B). It was
interesting to note that for SNPs free CP and CP dimers were detectable on Coomassie Blue-
stained gels; this pattern was reproducible for Cy5-SNPs, when the dye was conjugated to
lysine side chains; however, when labeled at cysteine- and aspartic/glutamic acid residues
only the monomer but not the dimer is fluorescent. It is not clear whether the dimer
formation is part of the nature of the SNP or an artifact induced during preparation of the
samples for the SDS-PAGE; dimers cannot be reduced through addition of -
mercaptoethanol, indicating that disulfide bridges may not be the only dimer-forming
mechanism; data may suggest that carboxylic acid also plays a role in the formation or
stabilization of the dimer complexes.

3.1.2. Probing SNPs with biotin to gain spatial information on label
presentation—Having demonstrated that SNPs can be functionalized through chemical
bioconjugation, we set out to gain insights into the spatial display of the labels. Specifically,
we determined whether SNP-conjugated labels were solvent-accessible, presented on the
surface of the nanoparticles. To do this, we chose biotin as a label, because biotin can be
detected and imaged using immunogold staining techniques.

The following steps were carried out: first, wild type (wt)-TMV was transitioned into SNPs.
SNPs were then probed with NHS-biotin, maleimide-biotin, or amine-biotin using the
above-described chemistries targeting lysine, cysteine, and aspartic/glutamic acids yielding
K-biotin-SNP, C-biotin-SNP, and D/E-biotin-SNP, respectively (Fig. 3). Successful labeling
of the coat proteins with biotin was confirmed by Western blotting (not shown).
Immunogold-staining using gold-labeled anti-biotin antibodies and TEM imaging confirmed
decoration of SNPs with solvent (/.e., antibody)-accessible biotins. Imaging indicated a high
density of biotins displayed on the surface of D/E-biotin-SNP versus K-biotin-SNP and C-
biotin-SNP (with K-biotin-SNP > C-biotin-SNP, Fig. 3).

In parallel with these studies, we also investigated the spatial distribution of labels when
biotin was conjugated to the exterior surface of TMV rods prior to transition to SNPs; wit-
TMV and a lysine-added mutant of TMV (S152K, TMVIys) that displays a reactive amine-
functional lysine group at the solvent-exposed C-terminus of the coat protein [52] were
considered. Biotin was conjugated to the exterior surface of wt-TMV and TMVIys yielding
eY-biotin-TMV and eK-biotin-TMV, respectively (for reaction schemes see also Fig. 1).
Then SNPs were formed through thermal transition yielding eY-biotin-SNP and eK-biotin-
SNP. Immunogold staining confirmed the presence of labels of the surface of the SNPs
accessible to the antibodies. It should be noted that not necessarily all labels are displayed
on the exterior surface, but using the immunogold-staining we can only detect labels
accessible to the antibody.

Lastly, we sought to establish whether click chemistry protocols could be applied to SNPs.
We carried out the following steps: TMV was modified with an alkyne on the interior
channel using propargylamine and EDC:HOBt (see Materials and Methods). The alkyne-
modified TMV rods were then transitioned into SNPs through heat treatment followed by
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click addition of azide-biotin. Again, immunogold-staining and TEM imaging confirmed
presence of biotin-displaying SNPs (click-biotin-SNP, Fig. 3).

We would like to note that the immunogold-labeling studies are not quantitative. However,
these studies provide insights that the chemical modifiers introduced, are, at least in part,
solvent exposed. Therefore, the described chemistries could be applied to introduce surface
ligands to induce stealth or targeting properties.

In parallel with the imaging studies, we validated the size distribution of wt-SNP versus
chemically modified SNPs. A quantitative SEM imaging study was performed and the size
distribution was determined by measuring at least 50 particles on three separate images
using ImagelJ software (Fig. 3C). D/E-biotin-SNP, K-biotin-SNP, and C-biotin-SNP were
prepared through chemical bioconjugation of wt-SNPs (the same batch of particles was used
in this experiment). Overall, we find that the size distribution of the individual nanoparticle
formulations is rather narrow. Nevertheless, we noted a batch-to-batch variation of about
~35%. The SNPs were prepared batch-by-batch using the thermocycler method. We also
developed a mesofluidic method for large-scale nanomanufacture [29], and in future studies,
we will investigate methods to negate the batch-to-batch variability.

In summary, these studies confirm that SNPs serve as a robust and versatile platform for
chemical modification strategies, including click chemistry; modification of SNPs and
surface ligand display can be achieved pre- or post-shape transitioning.

3.1.3. Drug conjugation to and encapsulation into TMV and SNPs—For drug
delivery studies, doxorubicin was either encapsulated into SNPs during heat transition or
covalently attached to TMV rods and SNPs (see Materials and Methods). Covalent
attachment was achieved through activation of the primary amine group of DOX with NHS
and EDC followed by coupling to TMV’s carboxylic acids. Reactive glutamic side chains
(4260 per TMV) are presented on the solvent-accessible interior channel. TEM and SEM
imaging confirmed the structural integrity of the samples (data not shown). UV/visible
spectroscopy was used to determine the payload attached or encapsulated; we found
approximately 5400 + 10% DOX per TMV. The slightly increased loading of 5400 DOX per
TMV vs. the ~4200 available carboxylates on the interior channel, maybe explained by non-
specific DOX adsorption onto the protein carrier. Nonetheless, the absorption of DOX to
TMV/SNP was stable: when samples were dialyzed against water or buffer, DOX was not
released over extended time periods (days).

DOX-loaded SNP particles were obtained either by heat-transition of TMV rods into
spheres, yielding poxSNP, or through non-covalent encapsulation of DOX into SNPs during
the thermal re-shaping process, yielding .poxSNP. Both methods gave rise to comparable
yields but larger batch-to-batch variations, poxSNP and ¢poxSNP were loaded with 800-
1800 DOX per SNP (see also Discussion below).

3.2. Drug delivery targeting breast cancer cells: HER2 and TNBC

3.2.1. TMV- and SNP-breast cancer cell interactions—To evaluate the
effectiveness of the drug delivery approach, we selected two breast cancer cell lines as
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proof-of-concept; MDA-MB-231 and MCF-7 cells. Flow cytometry protocols were used to
evaluate the TMV- and SNP—cell interactions. For these studies, Cy5-labeled formulations
were used; the particles were prepared as previously reported [45]: in brief, TMV rods were
used and labeled with Cy5 using a combination of carbodiimide coupling targeting interior
glutamic acids to introduce alkyne ligation handles, followed by introduction of an azide-
functional Cy5 using CUAAC chemistry. The obtained cysTMV was then heat-converted
into cysSNPs. cys TMV/SNP were added to cells at a ratio of 100,000 particles/cell and
incubated for 6 h, then unbound nanoparticles were removed and cells were analyzed by
flow cytometry (Fig. 4). The uptake rates between the different cell lines differed, for MDA-
MB-231 the entire cell population shifted indicating uniform uptake throughout — in
contrast, for MCF-7 cells only a subset (~20% for TMV, and 30% for SNP) of the cells took
up the nanoparticles. Nevertheless, we found that longer incubation times and higher
nanoparticle-to-cell ratios enhance cell uptake, therefore achieving effective cargo delivery
and cell killing (see below).

3.2.2. Efficacy of the drug delivery approach—To confirm the efficacy of the drug
delivery approach and determine the 1C50 values for the different TMV/SNP formulations,
cell killing was determined /n vitro using MTT cell viability assay. MCF-7 and MDA-
MB-231 cells were considered, and cells were incubated with free DOX, DOX conjugated to
TMV and SNP (poxTMV and poxSNP) as well DOX encapsulated into SNPs (epoxSNP).
The 1C50 values for free DOX after 72 h exposure for MCF-7 and MDA-MB-231 were
determined at IC50pcE-7 = 0.64 £ 0.06 UM and 1C50ppa-mB-231 = 0.97 £ 0.02 uM,
respectively; this is in good agreement with published reports [53-55]. Studying the TMV
and SNP formulations, we found that overall efficacy is maintained after drug conjugation or
encapsulation (in)to the proteinaceous nanoparticle carriers (Fig. 5); a trend was observed in
which SNPs with conjugated or encapsulated DOX showed enhanced efficacy over

the pox TMV formulations. For MDA-MB-231 cells, IC50 values were 1.41 £+ 0.05 pM

for poxTMV versus1.13 = 0.04 pM for poxSNP and 0.61 + 0.07 pM for ¢poxSNP; for
MCF-7 cells 1C50 values were 0.55 £ 0.09 uM for poxTMV versus0.29 + 0.13 uM

for poxSNP and 0.38 £ 0.06 pM for .poxSNP. This is consistent with enhanced cell uptake
of the spherical versuselongated nanoparticle formulations (see Fig. 4). It should be noted
that while cell uptake rates were significantly enhanced for SNPs over TMV, the differences
in drug efficacy comparing the two nanoparticle-shapes were less profound. This may be
reflected by the fact that a considerably higher nanoparticle:cell ratio was used in the drug
delivery experiment compared to the cell uptake studies: for efficacy studies a range of 5 x
10° to 3 x 10’ TMV/SNP:1 cell was used, while cell uptake studies were carried out using 1
x 10° TMV/SNP:1 cell (see Materials and Methods). While cell uptake studies indicated that
only up to ~30% of the MCF-7 cell population tested positive for TMV/SNP, the higher
nanoparticle:cell ratio and longer incubation time (24 h vs. 6 h) used in the cell killing assay
is also expected to enhance cell uptake resulting in potent efficacy in the MCF-7 cells (as
well as MCDA-MB-231).

Effective cell killing of the covalently-delivered DOX for the poxTMV and poxSNP
formulations can be explained by the intracellular fates of the protein-based nanocarrier: in
previous cellular trafficking experiments we have shown that TMV is internalized by cancer
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cells through endocytosis and targeted to the endolysosome, where the free drug is released
following degradation of the proteinaceous carrier [56,57].

4. Discussion

We developed bioconjugate chemistries as well as encapsulation techniques enabling the
functionalization of TMV-derived SNPs for efficient payload delivery. SNPs and rod-shaped
TMVs were loaded with the chemotherapeutic drug doxorubicin; cell targeting and cell
killing were demonstrated using two breast cancer cell lines (MDA-MB-231 and MCF-7).

While a recent study demonstrated that SNPs could be functionalized with proteins and
peptides through non-specific adsorption driven by electrostatic and hydrophaobic
interactions [47], the availability of bioconjugate chemistry streamlines the functionalization
of SNPs through targeted, covalent approaches; most importantly the developed
bioconjugation and encapsulation techniques facilitate the loading of small chemical cargos
such as contrast agents and therapeutics. Fluorescence and biotin labels were conjugated for
structure—function studies; while the fluorophores were employed for quantitative studies,
the biotin labeling in combination with immunogold TEM studies gave insights into the
spatial distribution, /.e. it was confirmed that at least some of the conjugated labels (but
unlikely all of the labels) were presented on the surface of the SNPs. It was found that 40—
90% of the CPs per SNP incorporated the labels using chemistries specific to amine-,
carboxylate-, or thiol-functional groups. Using a 10-fold excess of the label of interest, the
most efficient reaction was targeted to carboxylic acids using carbodiimide coupling.
Quantitative studies were in agreement with qualitative immunogold TEM studies. This is
not surprising considered that the TMV CP amino acid sequence (NCBI entry VCTMVU)
indicates the presence of two (2) lysine side chains, one (1) cysteine residue, and fifteen (15)
glutamic and aspartic acids. The SNPs were found to remain structurally sound, even when
undergoing multiple reactions including Cu(l)-catalyzed azide-alkyne cycloaddition
chemistry (Figs. 2, 3).

While the atomic coordinates are available for the TMV platform, the structure of the SNPs
remains to be elucidated. Initial work has shown that while the coat proteins do not denature
during the thermal transition, considerable conformational changes occur within the coat
proteins during the TMV-to-SNP transition [58]. The transition into SNPs is accompanied
by an almost complete loss of the a-helical protein structure and emergency of a p-barrel
sheet structure, supporting a protein conformation allowing for more dense packing into
SNPs. So it is clear that there are structural differences comparing TMV and SNPs. The
availability of bioconjugate chemistries, as we describe, might be an asset toward future
structural studies of the SNP complex; understanding the presentation and orientation of the
available reactive groups would enable structure-based design of therapeutics. For example,
surface display of ligands would be of interest when considering the development of stealth
coatings for improved pharmacokinetics or incorporation of targeting ligands to confer tissue
specificity; on the other hand, drug encapsulation inside the carrier may be preferred over
surface display to avoid systemic side effects.
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Doxorubicin was conjugated and encapsulated using TMV rods and SNPs. While
bioconjugation of DOX to TMV rods showed good batch-to-batch consistency, resulting in
5400 £ 10% DOX per TMV, SNP functionalization resulted in a larger degree of batch-to-
batch variability with 800-1800 DOX per SNP loaded through either heat conversation of
covalently-labeled TMV or encapsulation during rod-to-sphere transition. These studies
highlight the larger variability of the SNP chemistry compared to the TMV rod chemistry.
Future studies will investigate whether manufacturing could be streamlined using the
mesofluidic method that we previously developed [29].

Overall, the drug loading capacity of TMV rods and SNPs is comparable to other virus-
based materials: for example, we previously reported drug conjugation to cowpea mosaic
virus (CPMV), a 30 nm-sized icosahedron. Using the CPMV platform, a maximum of ~270
DOX per particle were conjugated [59]. In another example, Pokorski et al. [60] developed
atom transfer radical polymerization chemistries using the 30 nm-sized QR bacteriophage to
increase loading capacities, nevertheless, the reaction maxed out at about 500 labels per QR
particle. Another interesting approach utilizes the red clover necrotic mottle virus (RCNMV)
platform, where it was shown that ~1000 DOX molecules could be loaded through non-
covalent gating mechanisms [61].

In our studies we demonstrated, efficient drug release and cell killing. Based on our previous
studies on cell trafficking of TMV [56, 57], it is expected that upon cell targeting and
internalization, the protein-based carriers are targeted to the endolysosomal compartment,
where the proteinaceous plant virus-based carriers will be metabolically degraded through
hydrolase and protease activity, therefore yielding efficient drug release inducing effective
cell killing. Indeed our data confirmed that drug efficacy was maintained upon conjugation
to or encapsulation into the TMV and SNP-based carriers (Fig. 5).

Data indicate that both, TMV and SNP, interact with cells. SNP showed enhanced cell
interactions and this was reproducible for the two breast cancer cell lines under
investigation. We have made similar observations studying TMV rods of distinct aspect
ratio: low-aspect ratio rods (60 nm long) are more readily taken up by cancer cells compared
to high-aspect ratio materials (300 nm long) [62]. Distinct cell uptake rates of elongated vs.
spherical or low-aspect ratio materials has been reported for a number of nanomaterials
[63,64], and can be explained by competition of membrane (and receptor) diffusion and
wrapping kinetics [65] as well as contact angle-dependence of these fluid (cell membrane)—
solid (nanoparticle) interactions [66]. How these differences in cell uptake may translate into
in vivo drug delivery applications remains to be evaluated; data indicate advantageous tumor
homing of high aspect ratio materials [67]; the interplay between tumor homing, penetration,
and cell uptake needs to be carefully studied and will be a goal of future investigation.

While no statistical significant differences between the free drug and the nanoparticle
formulations were observed /n vitro, the nanoparticle carriers are expected to provide
advantages for delivery of drugs /n7 vivo. The multifunctional nature of the protein-based
platform enables the incorporation of stealth coatings for improved pharmacokinetics [14]
and targeting ligands to confer tissue-specific targeting [26, 62,68—71] of the therapeutics,
therefore overcoming the dose-limiting toxicities of the chemotherapy.
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5. Conclusion

In conclusion, we have developed bioconjugate chemistries and encapsulation protocols
enabling drug delivery using rod-shaped and spherical TMV-based nanocarriers. While each
nanoparticle platform technology, synthetic and natural, has its advantages and
disadvantages, the bio-inspired approach harnessing the nucleoprotein components of
viruses for medical cargo delivery offers unique advantages: an important benefit compared
to mammalian viral vector systems is that plant viruses are not virulent in animal cells [56].
Other benefits include the relative ease of their synthesis through molecular farming in
plants [72]. Since plant viruses do not infect but enter mammalian cells, they provide a
unique opportunity for intracellular drug delivery. These properties in combination with the
ability to shape-tune and surface-engineer the nanoparticles render plant virus-based
technologies and attractive platform that requires further testing and development for
application in nanomedicine.
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Fig. 1.
Bioconjugate chemistries targeting lysine, cysteine, aspartic/glutamic acids (carboxylic

acids) and tyrosine on TMV and SNP-based nanoparticle formulations (see Sections 2.1.1
and 2.1.2).
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Fig. 2.
A) Quantification of Cy5 attachment to SNP coat proteins (CPs) as a function of molar

excess used. Averaged values from three independent experiments are shown error bars
represent the standard deviation. Prism® 6.0b software was used to analyze and plot the
data. B) SDS-PAGE of Cy5-labeled and native SNP and TMV visualized under UV light (to
detect the Cy5 label) and under white light after Coomassie Blue (CB) staining (to detect the
protein). Cy5-labeled SNPs after modification of amines (blue), thiols (green), and
carboxylic acids (red) were analyzed where SNPs were probed with molar excess of 2, 5, 10,
20, 40 Cy5 per CP for amine- and thiol-selective reactions and 5, 10, 20, 40 Cy5 per CP
targeting carboxylates.
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A) Schematic detailing the reactions leading to biotinylated TMV and SNP formulations,
and B) corresponding TEM images of negative (UAc)-stained samples after immunogold

staining using a gold-labeled anti-biotin antibody; the scale bar is 50 nm. C) Averaged

diameter and standard deviation of the modified SNPs as determined by quantitative SEM

image analysis.
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Fig. 4.

TMV- and SNP—cell interactions using MDA-MB-231 and MCF-7 cells; Cy5-labeled
nanoparticle formulations (TMV shown in blue, SNP shown in red) were incubated with
cells in medium for 6 h, then washed, fixed, and analyzed using BD LSR Il or BD FACS
Avria flow cytometer, and 10,000 gated events per sample were collected (all samples were
analyzed in triplicates). Data were plotted and analyzed using FlowJo® 10.6 software; the
mean fluorescence intensity (Cy5 MFI) or the percentage TMV/SNP-positive cells are
plotted (error bars show the standard deviation).
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A) Cell viability of MDA-MB-231 and MCF-7 cells after treatment with DOX

(black), poxTMV (blue), poxSNP (red), and .poxSNP (pink). Cell viability was determined
after 72 h using MTT assay; dose-dependency was evaluated testing a concentration range of
0.1-10 uM normalized to DOX. Data shown are averaged data from three biological replicas
(each performed in triplicates); error bars indicate the standard deviation. B) 1C50 values
and standard deviation comparing DOX, poxTMV, poxSNP, and .poxSNP. Data were

analyzed and graphed using Prism® v6.0b software.

J Control Release. Author manuscript; available in PMC 2017 January 03.



	Abstract
	1. Introduction
	2. Experimental section
	2.1. Materials
	2.2. TMV nanomanufacturing
	2.2.1. Propagation
	2.2.2. Thermal transition of TMV rods into spherical nanoparticles (SNPs)

	2.3. TMV and SNP bioconjugation chemistry
	2.3.1. Lysine modification
	2.3.2. Cysteine modification
	2.3.3. Glutamic/aspartic acid modification
	2.3.4. Conjugation of Cy5 or doxorubicin to TMV and SNP
	2.3.5. Biotin conjugation to SNPs
	2.3.6. DOX encapsulation

	2.4. Particle characterization
	2.4.1. UV/vis spectroscopy
	2.4.2. Transmission electron microscopy (TEM)
	2.4.3. Immunogold labeling
	2.4.4. Scanning electron microscopy (SEM)
	2.4.5. SDS-PAGE and Western blotting
	2.4.6. Dynamic light scattering (DLS)

	2.5. In vitro analysis
	2.5.1. Cell culture
	2.5.2. Flow cytometry
	2.5.3. Cell viability assay


	3. Results
	3.1. Engineering SNPs through bioconjugate chemistry and encapsulation protocols
	3.1.1. Probing SNPs with fluorescent labels to quantify label incorporation
	3.1.2. Probing SNPs with biotin to gain spatial information on label presentation
	3.1.3. Drug conjugation to and encapsulation into TMV and SNPs

	3.2. Drug delivery targeting breast cancer cells: HER2 and TNBC
	3.2.1. TMV– and SNP–breast cancer cell interactions
	3.2.2. Efficacy of the drug delivery approach


	4. Discussion
	5. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

