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Plant virus-based nanoparticles (VNPs) offer a bioinspired approach to the
delivery of drugs and imaging agents. The chemical addressability,
biocompatibility, and scalable manufacturability of VNPs make them a
promising alternative to synthetic delivery platforms. However, VNPs, just like
other proteinaceous or synthetic nanoparticles (NPs), are readily recognized and
cleared by the immune system and mechanisms such as opsonization and
phagocytosis. Shielding strategies, such as PEGylation, are commonly used to
mitigate premature NP clearance. Here, we investigated polyethylene glycol
(PEG) coatings on the tobacco mosaic virus (TMV), which was used as a model
nanocarrier system. Specifically, we evaluated the effects of linear and
multivalent PEG coatings at varying chain lengths on serum protein adsorption,
antibody recognition, and macrophage uptake. Linear and multivalent PEGs of
molecular weights 2,000 and 5,000 Da were successfully grafted onto the TMV
at = 20%-60% conjugation efficiencies, and the degree of cross-linking as a
function of PEG valency and length was determined. PEGylation resulted in the
modulation of TMV-macrophage interactions and reduced corona formation as
well as antibody recognition. Linear and multivalent PEG 5,000 formulations (but
not PEG 2,000 formulations) reduced a-TMV antibody recognition, whereas
shorter, multivalent PEG coatings significantly reduced a.-PEG recognition—this
highlights an interesting interplay between the NP and the PEG itself in potential
antigenicity and should be an important consideration in PEGylation strategies.
This work provides insight into the PEGylation of VNPs, which may improve the
possibility of their implementation in clinical applications.
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1 Introduction

Nanoparticles (NPs) are emerging as promising tools in drug
delivery and diagnostic applications, overcoming the limitations of
small-molecule therapeutics or contrast agents. Free drug molecules
or contrast agents are limited by their passive diffusion through
circulation, giving rise to off-target adverse side effects and limiting
the achievement of efficacious drug dosages (1). NPs help to
overcome these limitations by facilitating delivery to selective cell
types, improving cargo stability and solubility, and prolonging
circulation times, thus enhancing the efficacy and safety of free
drugs (2). NPs have been designed to carry and deliver large
payloads of small molecules (3-5), proteins (6, 7), including
antigens (8, 9), and imaging agents (10, 11) in a variety of
indications including but not limited to diabetes (6, 12), cancer
(13-15), and Alzheimer’s disease (16). The co-attachment of
targeting agents onto NPs is currently being explored to enhance
cell- and tissue-specific delivery (17-19).

Though there are promising NPs in the developmental pipeline,
systemically delivered NPs must overcome biological barriers to
successfully deliver their payloads to their target site. The
mononuclear phagocytic system (MPS) is composed of monocytes,
tissue-resident macrophages, granulocytes, and dendritic cells. The
system serves as a critical immune defense mechanism. The MPS
clears and degrades viruses, pathogens, and NPs (20). In circulation,
NPs (and pathogens) are opsonized by antibodies, complement
proteins, and other serum proteins, which leads to a protein
corona to tag these materials for phagocytosis by cells in the MPS
(21). Thus, efficacious shielding methods must be utilized to evade
such biological barriers for improved systemic delivery.

One major approach to particle shielding is coating the NPs or
other therapeutic agents with polyethylene glycol (PEG), termed
PEGylation. PEGylation has been demonstrated to impart “stealth”
properties, such as increasing systemic circulation time, decreasing
serum protein adsorption, and reducing interactions with cells of
the MPS (22-24). The shielding ability of PEG arises from its
molecular and physical properties. PEG, an inert and exceedingly
hydrophilic polymer, forms a hydration shell with a large, excluded
volume that sterically hinders blood components from interacting
with the NP core (25). Furthermore, the high levels of flexibility and
mobility of PEG chains grafted onto the surface of NPs render
interactions between the NP and circulating biomacromolecules
entropically unfavorable, as they would reduce the conformational
freedom of the PEG chains (25). The success of PEGylation has led
to over 10 FDA-approved PEGylated drugs to date, such as
Janssen’s liposomal doxorubicin (Doxil®) and Merrimack’s
liposomal irinotecan (Onivyde®)—both nanoparticle formulations
are used for cancer therapy (26, 27). A wide variety of PEGs with
molecular weights (MWs) ranging from < 1 to 40 kDa in linear or
branched conformations have been included in the list of FDA-
approved PEGylated drugs (26).

In this work, we examined tobacco mosaic virus (TMV), a plant
virus nanoparticle (VNP), as a nanocarrier platform. VNPs are
highly monodisperse nanoparticles, which are produced by
fermentation or molecular farming. Plant VNPs are non-infectious
to humans. Their high degrees of stability, biocompatibility, and
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biodegradability make VNPs an attractive alternative to synthetic
nanotechnologies. Specifically, the TMV is a rigid, rod-shaped plant
virus measuring 300 nm in length and 18 nm in width and consists
of 2,130 identical coat proteins that self-assemble around a single-
stranded, positive-sense RNA molecule. Key features of TMV are its
high aspect ratio and its anisotropic shape, which confers different
advantages over spherical counterparts. Rod-shaped and filamentous
structures have been demonstrated to impart tumor-homing
properties by enhanced margination to vessel walls and increased
penetration into tumor tissues compared with nanospheres (28).
High-aspect-ratio nanoparticles also present prolonged circulation
times because their shape better evades macrophages (29, 30).
Anisotropic nanocarriers provide a higher surface area to increase
drug loading and delivery while also improving cell binding and
target cell interactions (31). However, manufacturing high-aspect-
ratio particles precisely and consistently at the nanoscale is
technically demanding when using synthetic materials. Carbon
nanotubes (32) and gold nanorods (33) have been developed, but
they are restricted by their cytotoxicity; silica nanorods (34) and
polymeric filomicelles (31) are more biocompatible, but the
preparation of well-ordered structures proves to be difficult. TMV
as a nanocarrier successfully addresses these shortcomings because
its biological nature renders it as having high monodispersity,
biocompatibility, and manufacturing scalability. Furthermore,
TMYV is unique because its length can be precisely tailored through
its RNA cargo, and complex shapes can be directed by RNA-
controlled assembly (35, 36).

TMV has been harnessed for chemotherapy, photothermal
immunotherapy, and the delivery of thrombolytics, as well as for
bioimaging and theranostic applications (37-41). The inner and
outer surfaces of TMV are amenable to genetic manipulation or
chemical conjugation via available tyrosine and glutamic acid
residues (42). The well-established T158K mutant (TMVLys)
yields addressable, solvent-exposed lysine residues for further
functionalization (43, 44). Although TMV proves an appealing
nanocarrier for biomedical applications, the fact that the half-life
of the “naked” TMYV is 3.5 min in mice and that pre-existing anti-
TMV antibodies are found in humans necessitates shielding
strategies (45, 46). To address this, we developed and characterized
TMV-PEG constructs that considered PEG chains of various lengths
and conformations, particularly linear and multivalent PEGs with
molecular weights of 2,000 and 5,000 Da. We thoroughly examined
the conjugation efficiencies of each PEG onto the surface of TMV
and determined to which degree intraparticle cross-linking occurred
as a function of PEG valency and length. We investigated how linear
vs. multivalent PEGylation affects TMV’s biological properties such
as particle stability, antibody evasion, protein corona formation, and
interactions with immune cells.

2 Materials and methods
2.1 Virus propagation and purification

The tobacco mosaic virus was propagated by the mechanical
inoculation of Nicotiana benthamiana leaves and purified as
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previously described to yield = 1 mg of virus per 1 g of infected leaf
material (42). For all described studies, the well-characterized
T158K mutant of TMV, TMVLys, was used and for simplicity is
referred to as TMV (44).

2.2 TMV conjugation with PEG

Linear, bivalent, and four-arm PEGs with molecular weights of
2,000 Da and 5,000 Da (Nanocs Inc.) were externally grafted onto
TMV particles using N-hydroxysuccinimide (NHS)-activated
esters. PEGs with MWs of 2,000 and 5,000 Da were dissolved in
dimethyl sulfoxide (DMSO) at 250 and 350 mg mL™, respectively,
and added to TMV at 10, 20, 40, and 60 equivalents per coat protein
(CP). The mixtures were allowed to agitate overnight at room
temperature (RT). The reactions were carried out at 2 mg mL™! of
TMYV in 0.01 M potassium phosphate (KP) buffer at pH 8.0, with a
final DMSO concentration not exceeding 10% (v/v; volume to
volume). TMV-PEG nanoparticles were purified by
ultracentrifugation at 52,000 rpm using a TLA-55 rotor (Beckman
Coulter) for 1 h on a 30% (w/v; weight to volume) sucrose cushion.
The pellets were resuspended in 0.01 M KP buffer at pH 7.0 and
stored at 4°C. The conjugation efficiency of each PEG per TMV
particle was quantified by a densitometric analysis of protein bands
in denaturing protein gels after staining with GelCode Blue Stain
reagent (Thermo Fisher Scientific) using Image] software.

2.3 TMV conjugation with sulfo-Cy5

To prepare fluorescent TMV formulations for imaging, the
remaining free lysine residues on TMV and TMV-PEG
nanoparticles were labeled with NHS-activated esters of sulfo-Cy5
(Lumiprobe). Sulfo-Cy5 at 1.8 and 3 equivalents per CP were added
to 2 mgmL ™' TMV and TMV-PEG particles, respectively, in 0.01 M
KP buffer at pH 8.0 containing 10% (v/v) DMSO. The reactions
were carried out in the dark with agitation overnight at RT and
purified via ultracentrifugation. Excess dye was further removed
using a 100-kDa molecular weight cut-off (MWCO) centrifugal
filter unit (Millipore) until a clear flow through was achieved. Dye
loading per particle was quantified using UV /visible spectroscopy
and the specific extinction coefficient for sulfo-Cy5
(€647 nm = 271,000 L mol™ cm™).

2.4 Ultraviolet/visible spectroscopy

Protein concentrations were determined using a NanoDrop
2000 spectrophotometer (Thermo Scientific). The concentration
of TMV in each sample was calculated using the Beer-Lambert law
and the extinction coefficient of TMV at 260 nm (3 mg_lmL cm™).
A ratio of 260 to 280 nm and an absorbance of = 1.2 was used to
confirm structural integrity of TMV and TMV-PEG particles.
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2.5 Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

TMV and TMV-PEG particles (10 pg) were denatured in a gel
loading buffer (1 X lithium dodecyl sulfate sample buffer, Life
Technologies, with 1 X NuPAGE sample reducing agent,
Invitrogen, in 0.01 M KP buffer) and boiled at 100°C for 5 min.
Protein samples and standards (SeeBlue Plus2 pre-stained protein
standards, Invitrogen) were loaded on 4%-12% or 12% NuPAGE
gels (Thermo Fisher Scientific) and run in a 1 X MOPS buffer at
200 V and 120 mA for 35 min. Protein bands were visualized using
GelCode Blue Stain reagent (Thermo Fisher Scientific) and imaged
under a FluorChem E system (ProteinSimple). Cy5-labeled TMV
and TMV-PEG particles were analyzed and imaged under the 620/
40 nm red light on the FluorChem E system.

2.6 Dynamic light scattering and
{-potential

The hydrodynamic diameter and {-potential of TMV and
TMV-PEG particles were measured using a Zetasizer Nano ZSP
Zen 5600 instrument (Malvern Panalytical) and a scattering angle
of 90°. The samples were diluted to 1 mg mL™" in 0.01 M KP and
deionized water for DLS and {-potential, respectively, and run
at RT.

2.7 Transmission electron microscopy

TMV and TMV/PEG particles (15 UL at 0.5-1 mg mL ") were
negatively stained with 2% (v/v) uranyl acetate (Electron
Microscopy Sciences) for 1.5 min on a Formvar/carbon-coated
copper grid (Electron Microscopy Sciences). Samples were
visualized using a JEOL 1400 Plus transmission electron
microscope at 120 kV.

2.8 Immuno dot-blots

Three pL of a rabbit polyclonal o-TMV antibody (Agdia), a
rabbit polyclonal a-CPMV antibody (Pacific Immunology) at 50 g
mL™', and a rat monoclonal o-PEG antibody (BioVision) at 100 ug
mL~" were spotted on a nitrocellulose membrane. The blots were
briefly dried and blocked in 5% (w/v) bovine serum albumin (BSA)
(Sigma-Aldrich) in PBS overnight at 4°C. The blots were then
washed three times for 5 min each in PBS and incubated with 5 pug
mL™" Cy5-labeled particles in 5% (w/v) BSA in PBS for 2 h at RT.
After the blots were subsequently washed in PBS-T three times
for 15 min each and a final wash in PBS for 5 min, the blots were
dried and imaged for fluorescence using a FluorChem E
system (ProteinSimple).
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2.9 Protein corona analysis on TMV
vs. TMV-PEG

To form hard protein coronas, TMV and TMV-PEG particles
were incubated in 2 mL 100% human plasma (Sigma-Aldrich) in
dH,0 at 0.3 mg mL™" VNPs for 1 h at RT with agitation. The
samples were diluted in 18 mL PBS and purified by
ultracentrifugation at 42,000 rpm using a 50.2 Ti rotor (Beckman
Coulter) for 2.5 h on a 40% (w/v) sucrose cushion. The pellets were
washed twice with 20 mL PBS to remove loosely bound proteins.
The samples were denatured in 100-150 uL gel loading buffer, and
proteins were separated and visualized by SDS-PAGE, as
previously mentioned.

2.10 Flow cytometry

RAW 264.7 murine macrophages (ATCC) in DMEM (Corning)
containing 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin at
37°C and 5% CO, were grown to confluency and seeded into T-25
flasks at 1.5 x 10° cells per flask and allowed to adhere overnight.
For the TMV—cell interaction assay, 500,000 VNPs cell™! were
added to each flask and incubated for 24 h at 37°C and 5% CO,.
To remove free VNPs, the cells were washed with PBS. The cells
were gently scraped and spun down at 500 x g for 5 min,
resuspended in PBS, and transferred to a 96-well v-bottom plate.
The cells were spun down at 300 x g for 5 min between each of the
following steps. Cells were washed again in PBS and then fixed in
100 UL 4% (v/v) paraformaldehyde (PFA) (Electron Microscopy
Sciences) in PBS for 10 min at RT. Following fixation, the cells were
washed twice in PBS and resuspended in 200 UL FACS buffer (2%
(v/v) FBS, 0.09% (w/v) sodium azide (Sigma-Aldrich) in PBS). Cells
were analyzed using a BD Accuri C6 Plus Flow Cytometer and
50,000 events were collected. Data were analyzed using Flow]Jo
v10.8.1 software. All experiments were done in triplicate.

2.11 Confocal microscopy

To gain insight into whether TMV or TMV-PEG particles are
membrane-bound or internalized by macrophages, confocal
microscopy was performed. RAW 264.7 murine macrophages
were seeded at 1 x 10° cells mL™" on 18 mm glass coverslips in a
12-well plate and allowed to attach overnight in Dulbecco’s
modified Eagle medium (DMEM, Corning) containing 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin at
37°C and 5% CO,. Then, 500,000 VNPs cell”! were added to each
well and incubated for 24 h at 37°C. The cells were then fixed with
5% (v/v) PFA (Electron Microscopy Sciences) for 10 min at RT. Five
per cent (v/v) goat serum albumin (GSA) was used to dilute all
staining agents. Following fixation, cell membranes were stained
with 1:1,000 Alexa Fluor 555-conjugated wheat germ agglutinin
(WGA, Invitrogen) for 20 min at RT. The cells were then
permeabilized with 0.2% (v/v) Triton X-100 for 2 min followed
by blocking in 10% (v/v) goat serum in PBS for 1 h at RT. TMV
particles were stained using 1:500 rabbit polyclonal o-TMV
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antibody (Agdia) for 2 h at RT and 1:2000 Alexa Fluor 647-
conjugated goat anti-rabbit secondary antibody for 1 h at RT. The
cells were washed three times in PBS between each step. Coverslips
were mounted onto slides using Fluoroshield with DAPI (Sigma-
Aldrich) and imaged using a Nikon AIR confocal microscope with
a 100X oil objective. Images were analyzed using Nikon NIS-
Elements software.

3 Results and discussion

3.1 Synthesis and characterization of
PEGylated TMV constructs

TMV is a proteinaceous high-aspect-ratio 300 nm x 18 nm
nanorod composed of 2,130 identical coat proteins with a molecular
weight of 17.5 kDa (42). For this study, TMVLys was used; TMVLys
is a well-characterized T158K TMV mutant, shown in Figure 1A, that
has solvent-exposed lysine side chains for chemical addressability.
Linear and multivalent PEGs and fluorescent dyes (Sulfo-Cy5) were
conjugated to TMVLys using N-hydroxysuccinimide (NHS)
activated esters (Figure 1B).

To explore PEG length and valency and their role in shielding
from immune recognition, linear, bivalent, and four-arm PEGs of
MW 2,000 or 5000 Da were conjugated to TMV (Figure 1C). While
linear PEG coatings on TMV have been reported, bivalent and four-
arm PEG coatings have not yet been explored (48). The multivalent
PEGs have multiple NHS handles that can interact with TMV coat
proteins—intraparticle cross-linking can lead to a denser packing
closer to the surface of TMV. We hypothesized that such denser
coatings would provide benefits in shielding, as was shown
previously for potato virus X (PVX) (49). Furthermore, multi-arm
PEG coatings have been demonstrated to avoid the accelerated
blood clearance (ABC) phenomenon and produce fewer anti-PEG
IgM levels than their linear counterparts (50, 51). By the same
token, we aimed to parse out whether the multivalent PEG coatings
on the surface of TMV could achieve more efficacious
particle shielding.

To maximize PEG grafting density on TMV, conjugations using
molar excesses of 10:1, 20:1, 40:1, and 60:1 PEG to CP ratios were
tested. PEGylation to TMV was quantified by SDS-PAGE band
densitometry analysis from three independent experiments
(Figure 2A), and a representative SDS-PAGE gel of the TMV-
PEG formulations is shown in Figure 2B (for additional gels see
Figure S1). TMV-PEG formulations were abbreviated as follows:
2L = TMV-PEG2K-Linear; 2B = TMV-PEG2K-Bivalent; 2R =
TMV-PEG2K-4arm; 5L = TMV-PEG5K-Linear; 5B = TMV-
PEG5K-Bivalent; and 5R = TMV-PEG5K-4arm. SDS-PAGE
shows the characteristic TMV CP band at =~ 19 kDa (Figure 2B);
it is notable that SDS-PAGE does not have the resolution to resolve
proteins at their exact molecular weight, which explains why the
observed and theoretical molecular weights differ. Higher molecular
weight bands indicated the successful attachment of PEG to TMV
coat proteins. PEG conjugation to CP monomers resulted in bands
at = 22 kDa and = 28 kDa, for PEG 2,000 and PEG 5,000
formulations, respectively. Any additional bands of higher
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molecular weight were considered to be PEGylated dimers or
PEGylated multimers, i.e., CPs covalently cross-linked with PEG,
PEGylated CPs entangled with non-PEGylated CPs, PEGylated CPs
entangled with PEGylated CPs, and mixtures thereof. Particularly
for the 5B construct, a band corresponding to non-PEGylated CP
dimers was detectable, which was most likely due to the
entanglement of two neighboring coat proteins—this is a
consistent phenomenon and has been observed before (52-54).
Bands ranging from = 40 to 45 kDa were present for the PEG 2,000
and multivalent 5,000 formulations, which we considered to be
PEG-interlinked dimers. Bands indicating PEGylated multimers
(>
formulations, which was expected as these PEGs had four NHS

57 kDa) could also be observed for the four-arm
handles to react with up to four TMV coat proteins leading to more
complex structures and CP entanglement. We noted that bands
indicating PEGylated tetramers in the 5R formulation was not
present in Figure 2B but was shown faintly in gels used to
calculate PEG grafting (Figure S1); this discrepancy is likely
explained by the incomplete staining of the gel in Figure 2B.
Here, conjugation efficiency was defined as the percentage of
TMV CPs labeled by PEG. For linear PEG 2,000 and 5,000, the
conjugation efficiency plateaued near 43% and 32%, respectively, at
a molar excess of 40:1 CP (Figure 2A). With 2,130 TMV coat
proteins, this approximated to 920 and 680 linear PEG 2,000 and
PEG 5,000 conjugated per particle, respectively. For the multivalent
PEGs, maximum PEG grafting was achieved at a molar excess of
10:1 CP as PEGylation dropped or plateaued at higher molar
excesses. We speculate that conjugation efficiency may decrease at
higher molar excesses, particularly for the multivalent PEGs, due to
increased steric hindrance and lack of available space for free NHS
groups to react with neighboring coat proteins. Overall, it should be
noted that 10:1 to 20:1 excess of PEG to CP was sufficient to reach
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maximum labeling; only the 5L formulation required a higher
excess of PEG. This may be explained by the longer and linear
PEG chain being more entangled, therefore making the NHS
reactive group less accessible.

For the remainder of this study, optimized protocols for PEG
labeling (see Methods) were used. Each TMV-PEG formulation had
a coverage of at least = 20% PEG conjugation, with 2R having the
highest percent modification at = 55% (1,170 PEGs/TMV). PEG
grafting was probably limited by the effects of steric hindrance, and
our results are in good agreement with Lee et al.’s estimation of
25%-50% PEG conjugation efficiency onto PVX, another high-
aspect-ratio plant virus, in which there was estimated to be one
grafted PEG for every three lysine residues (49).

Interestingly, the 5B formulation had = 16% higher labeling
than its PEG 2,000 counterpart (Figure 2C): 5B averaged =~ 810 PEG
per TMV vs. = 470 PEG per TMV for 2B, particularly forming a
higher number of PEGylated dimers (= 100 more for 5B than 2R).
This could possibly be explained by PEG 5,000 having longer ‘arms’
to bypass the steric hindrance of the initial attachment site and link
a distal coat protein. Considering the ‘stretched out’ PEG, 5B
displayed an arm length of 39 nm vs. 16 nm for 2B. The Flory
dimension (Rg) of 5B was estimated to be 5.9 nm vs. 3.4 nm for 2B.
The 300 x 18 nm TMV rod has a surface area of Aty = 17,465 nm?
with each of the 2,130 CPs providing a surface area of Acp = 8.2
nm?. Assuming the TMV CP was a square, the distance between
two lysine residues was estimated to be 2.9 nm. The bivalent PEG
5,000 formulation provided a longer arm length and larger Rg that
could better facilitate interactions with neighboring lysine residues
from the initial PEG attachment site, contributing to higher
numbers of interlinked CP dimers. However, in the case of the
four-arm PEGs, 2R had markedly higher labeling than 5R in which
more PEGylated dimers and multimers were formed. Although 5R
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analyzed using Imaged software using a band analysis tool. Graphical representation of percentage of TMV that was grafted vs. ungrafted assuming
100 TMV coat proteins and random distribution of PEG (right); this was to visualize the PEG density on the TMV rod. TMV-PEG formulations were
abbreviated as following: 2L, TMV-PEG2K-Linear; 2B, TMV-PEG2K-Bivalent; 2R, TMV-PEG2K-4arm; 5L, TMV-PEG5K-Linear; 5B, TMV-PEG5K-

Bivalent; and 5R, TMV-PEG5K-4arm.

had longer arms, we speculate that the conformation of 5R may be
more susceptible to the effects of steric hindrance and lack of
available space on TMV’s surface compared with 2R.

Purified TMV-PEG nanoparticles were characterized by
ultraviolet-visible spectroscopy (UV-Vis), dynamic light scattering
(DLS), zeta-potential measurements, and transmission electron
microscopy (TEM) to confirm structural integrity. Using the UV-
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Vis spectra of the TMV-PEG formulations (Figure 3A), the 260
and 280 nm absorbances, corresponding to RNA and protein
signals of the particles, respectively, were measured. A 260:280
nm ratio of 1.2 indicates pure, intact solution of TMV (42). Indeed,
all formulations present a 260:280 nm ratio near 1.2. This was also
consistent with the SDS-PAGE, where no protein contaminants
were detectable.
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FIGURE 3

Characterization of TMV-PEG particles. (A) UV-Vis spectra and 260/280 nm absorbance ratios of TMV-PEG2K (left) and TMV-PEG5K (right) particles.
(B) DLS spectra of TMV-PEG2K (top) and TMV-PEG5K (bottom) particles. (C) Z-average (top) and zeta-potential (bottom) measurements for each
virus formulation. Statistical analyses were performed using one-way ANOVA testing with Tukey's multiple comparison test. **p < 0.01, ****p <

0.0001, NS, not significant.

The particles were then characterized by DLS (Figures 3B, C); it
is important to note that DLS is not accurate for sizing of high-
aspect-ratio materials but is useful to analyze relative trends. The z-
average of the particles ranged from 181 nm for uncoated TMV to
up to 266 nm for the 5R formulation. DLS measurements confirmed
a significant increase in size for the 2R, 5L, 5B, and 5R formulations.
The most significant size increase was observed for 2R, 5B, and 5R
(p <0.0001). It is plausible that longer and multivalent PEG grafting
altered the surface structure of TMV such that its translational
diffusion speed was reduced resulting in a larger hydrodynamic
diameter (55); increases in hydrodynamic diameter upon
PEGylation (MW 5,000) on nanoparticles have also been reported
(56). All TMV-PEG formulations were found to be monodispersed:
dispersity values ranged from 0.232 to 0.272, with negligible
aggregation, as shown in the DLS spectra (Figure 3B). TEM
imaging further supports the DLS data as no apparent
aggregation was observed for any of the formulations (Figures
$2, $3).
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Zeta-potential measurements indicated that TMV (as a
reminder, for this study TMVLys was used) exhibits a surface
charge of -37 mV (Figure 3C); it seems that the true zeta-
potential of TMVLys remains ambiguous as other studies have
reported a surface charge of = -60 and -14.5 mV, and there may
have been differences in experimental procedures such as particle
concentration and solutions (57, 58). Thus, zeta-potential
measurements here were used to compare relative trends only.
For all formulations, PEGylation led to a less negative zeta-
potential, demonstrating a reduction in overall negative surface
charge consistent with other reports (59, 60); this can be explained
by PEG coatings shifting the position of the slipping/shear plane
outward from the particle surface resulting in a weaker electrostatic
potential (61). Increases in PEG grafting density and length have
been shown to reduce zeta-potential (61). It is also of note that
grafting PEG chains onto lysine residues on TMV via NHS
chemistry would theoretically remove the positive surface charge
attributed by such lysine residues and as a result modify zeta-
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potential as well. The formulation with the greatest amount of
PEGylation, 2R, did not lead to the greatest reduction in zeta-
potential compared with native TMVLys. Thus, no clear trend was
observed between PEG chain length or conformation on zeta-
potential in Figure 3C. It is likely that PEG length and
conformation and number of PEG labels play a role in zeta-
potential modification and further experiments are necessary to
probe these factors.

In addition to the structural characterization, we confirmed
thermal and chemical stability of the TMV formulations; the PEG
coatings did not impact the stability of TMV and all formulations
remained structurally sound when stored in buffer mixtures for up to 1
week at 4°C to 37°C and in 50% (v/v) DMSO for up to 24 h (Figure S2).

3.2 Biological properties of PEGylated TMV

A primary challenge to viral-based NP delivery methods is
neutralization and opsonization by neutralizing antibodies, where
virus-specific antibodies bind and biologically inactivate viruses
and/or tag them for clearance by phagocytic cells, respectively.
PEGylation of (viral) NPs can reduce immune recognition by
antibodies (49, 62). To investigate whether and to what degree
PEG coatings on TMV exhibit immune shielding, immuno dot-
blots were performed. Immuno dot-blots were prepared by spotting
o-TMV, o-CPMV, and o-PEG antibodies in triplicate on a
nitrocellulose membrane. o-Cowpea mosaic virus (CPMV)
antibodies were used as a negative control as there are no
structural similarities between CPMV and TMV (52). Upon
blocking the membranes with 5% (w/v) BSA, fluorescent Cy5-
labeled TMV and TMV-PEG particles were incubated; the
characterization of dual-labeled Cy5-TMV-PEG particles are
included in Figure S3. The membranes were then washed, dried,
and analyzed (see Figure 4A). This method was preferred over
blotting the nanoparticles directly onto the membrane followed by
the addition of antibodies; the indirect capture via immobilized
antibodies helped to avoid protein spreading on the nitrocellulose
membrane, which may have induced conformational changes in
PEG coatings. Antibody recognition was determined based on a
fluorescence readout using a FluorChem E system and quantified by
densitometry analysis of the blots using Image] (Figures 4B, C).

As expected, PEGylation did not result in complete shielding from
o-TMV antibody recognition, but successfully reduced antibody
binding. Based on the densitometry analysis of the dot blots
(Figure 4C), formulations of PEG 5,000 in any conformation, but
not PEG 2,000, provided shielding benefits by reducing the binding of
o-TMV antibodies to TMV. Data suggest that molecular weight
generally plays a larger role in antibody shielding than conformation,
but it is important to note that the statistical significance of antibody
shielding decreased as multivalency in PEG 5,000 increased. It is also of
note that a background Cy5 signal on the nitrocellulose membranes
could be observed, especially for the 5L a-TMV blot. Background
signal was not taken into account in the densitometry analysis
(additional data are shown in Figure S4). The 2L and 2R presented
the greatest grafting densities (= 40%-55%) yet did not impart o-TMV
antibody shielding (Figure 2C, Figure 4C). Thus, the effects of PEG
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grafting density on o-TMV shielding remain elusive and merit further
research. Further studies comparing PEG coatings at similar grafting
densities or exploring PEGs with longer backbones are probably
necessary to better understand and overcome antibody recognition of
the nanoparticle.

Interestingly, a-PEG antibody recognition of the PEG 2,000
formulations was strikingly lower than the PEG 5,000 formulations
(Figure 4D). This could probably be attributed to the o-PEG
antibody used to detect the linear backbone of PEG, in which
case the PEG 5,000 formulations had a = 2.5-times longer backbone
than PEG 2,000, allowing for better access for binding. This has
implications in rising pre-existing o-PEG antibodies due to the
extensive use of PEG in cosmetic products or accelerated blood
clearance due to a-PEG antibody formation upon repeat
administration of PEGylated therapies (63). The data suggest that
0.-PEG antibodies recognize shorter and multivalent PEG structures
less readily (Figure 4D), building on other studies in which a PEG
formulation of lower MW while also providing sufficient immune
shielding of the NP would be ideal in clinically relevant applications
(52). However, assessing 0-PEG antibody binding via dot-blot
analysis was a limitation due to its in vitro nature, and, thus,
further research involving in vivo models would provide more
insights on o-PEG antibody formation and antigenicity of these
TMV-PEG constructs. Nonetheless, we recommend taking into
account the potential antigenicity caused by the nanoparticle and
PEG itself if PEGylation approaches are utilized.4

Next, we analyzed the protein corona. When nanoparticles
enter the bloodstream, serum proteins readily recognize the NPs
and adsorb to the surface, forming a protein corona. The protein
corona inevitably plays a role in NP biological fate and may pose
another biological barrier to delivery as the protein corona may
specifically or non-specifically increase uptake of NPs in non-target
cells, reduce circulation time, and weaken targeting capabilities of
functionalized NPs (20). Previous work from our lab has
demonstrated that the protein corona of plant virus nanoparticles
presents an abundance of immune system proteins, such as
complement proteins and immunoglobulins, which would likely
contribute to VNP clearance (58). PEG grafting is known to reduce
protein adsorption on the surface of NPs, as the hydrophilic nature
of PEG facilitates a hydrated cloud that sterically hinders blood
components (20). To test whether PEGylation of TMV reduces or
alters the protein corona surrounding TMV, we incubated the
particles in = 100% human plasma and allowed the protein
corona to form. Protein corona can be segregated into hard vs.
soft corona, which is determined by the affinity of the adsorbed
proteins on the nanoparticle surface; the soft corona is constituted
by proteins that are loosely bound to the NP surface while proteins
of the hard corona are tightly and often irreversibly bound (64).
Upon protein corona formation, the samples were briefly washed to
remove the soft corona (see Methods); only the hard protein corona
was considered for analysis as the proteins directly adsorbed to the
NP surface for prolonged periods and largely dictated the biological
properties of the NP (58).

SDS-PAGE analysis confirmed that TMV indeed acquires a
protein corona (Figure 5A) with profiles as previously published
(58). PEG grafting did not eliminate protein adsorption; rather, each
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Immune recognition of TMV-PEG constructs. (A) Schematic of the immune dot-blot protocol to detect antibody recognition of TMV and TMV-PEG
constructs. (B) Dot blots of a-TMV, a.-CPMV, and a.-PEG recognition of fluorescent TMV-PEG constructs. (C) Densitometry quantification of
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signal corresponding to antibody recognition by a-PEG antibodies from (B). Statistical analyses were performed using one-way ANOVA testing with
Tukey's multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant

TMV-PEG formulation presented a slightly different protein corona
composition. Notably, for the “naked” TMYV, large aggregates were
detected in the well of the gel. This aggregation was not apparent for the
PEGylated TMV samples. Furthermore, the = 70 kDa band has
previously been identified as consisting of the complement protein
C3/C4, plasminogen, and IgM (58); the protein corona of the 2L, 2B,
2R, and 5R did not contain this band, which suggests that PEGylation
prevented adsorption of these serum proteins. While the protein
corona of 5L and 5B seemed to be present in this = 70 kDa band, it
was at a much lower intensity than that of the corona of TMV.

In Figure 5B, the lanes are organized by PEG valency instead of
molecular weight. The 2L and 5L’s corona composition widely differ, so it
is likely that the conformation of these PEGs was distinct and affected the
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interaction with serum proteins. The protein corona of 2B and 5B do not
pose striking differences. Interestingly, the protein corona of 2R and 5R
are the most similar, implying that the Structure-functional relationships
of these PEGs is comparable in serum protein interactions. While
insightful, this protein corona study gives only a qualitative
understanding of the protein corona of uncoated vs. PEGylated TMV.
To gain a more quantitative understanding of protein corona abundance
and composition for each virus formulation, mass spectrometry analysis
would be required, as has been previously described (65, 66).

Lastly, we assayed the effects of PEGylation on TMV-immune
cell interactions. Systemically administered NPs are often
prematurely cleared by the mononuclear phagocytic system
(MPS) (20); here, we used RAW 264.7 murine macrophages as a
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The protein corona of uncoated TMV and TMV-PEG constructs. (A) SDS-PAGE analysis of the protein corona formed around the VNPs after incubating
the VNPs in = 100% human plasma for 1 h at RT. The yellow arrow indicates the TMV coat protein. The pink arrow indicates the band of aggregation in
the "naked” TMV protein corona. The blue arrow indicates the = 70 kDa protein band (complement C3/C4, plasminogen, and IgM). (B) SDS-PAGE
analysis of the gel in (A) organized by PEG multivalency: linear (red box), bivalent (blue box), and four-arm (green box). HP, human plasma.

model system for phagocytic cells and compared uptake of “naked”
and PEGylated TMV using flow cytometry and confocal
microscopy. Cy5-labeled TMV was used and flow cytometry
analysis confirmed that TMV is taken up by macrophages
(Figure 6A). Interestingly, the histogram profile of TMV showed
a main peak in the Cy5 signal, but a tail off the main peak was also
present, signaling that there is heterogeneity in the amount of TMV
that the macrophages interact with. We speculate that the presence
of the tail could indicate differences in cellular localization or non-

10.3389/fviro.2023.1184095
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specific uptake of the particles. With the exception of the 2B
formulation, PEGylation results in main peak shifted but also lost
the tail (Figures 6A, C). This implied that PEGylation modulates
TMV-immune cell interactions; while the PEG coatings seemed to
promote the uptake of TMV in the main cell population, they also
reduced the heterogeneity and overall amount of particle uptake as
observed in mean fluorescent intensity values (Figure 6B).
Surprisingly, the 2B construct resulted in no significant change in
macrophage interactions and even its histogram and contour
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In vitro cellular interactions between TMV-PEG and RAW 264.7 macrophages. (A) Flow cytometry histograms of macrophage uptake of “naked” and
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profiles (Figures 6A, C) resembled “naked” TMVs. This could be
explained by insufficient PEG grafting as the 2B construct has the
lowest grafting density at = 20% (Figure 2C). Besides the 2B
construct, no notable trends were observed between PEG
conformation and macrophage interactions. The data highlight
that there are nuanced structure-functional relationships in the
PEG conformation that need to be elucidated.

Next, to probe whether signal from the “naked” vs. PEGylated
TMV came from internalized vs. cell membrane-bound particles,
confocal microscopy was performed. The 2L and 2B constructs were
considered for confocal microscopy because 2L, along with the
remaining TMV-PEG constructs, modulated TMV-macrophage
interactions but 2B did not, so we aimed to characterize any
apparent differences between such formulations. The z-stack
analysis of confocal microscopy images (Figure 7) showed that
both “naked” TMV and PEGylated formulations are internalized by
RAW 264.7 murine macrophages after 24 h post-incubation.

TMV Merge

TMV

2L

2B

Cells only

10.3389/fviro.2023.1184095

Furthermore, cell surface binding is not specific to PEGylated
particles as both native and PEGylated particles lodged into the
cell membrane. Time course or time-lapse studies may elucidate
differences in the rate of internalization between native vs.
PEGylated particles; for example, PEGylated particles may stay
lodged in the cell membrane longer than “naked” TMV before
being internalized.

4 Conclusion

In this work, we investigated linear vs. multivalent PEG coatings
to overcome immune defense mechanisms against nanoparticle
delivery platforms. We demonstrated successful PEGylation of
TMV, a plant virus nanoparticle widely studied as a candidate
material for drug delivery and therapeutic and bioimaging
applications. Conjugation efficiencies of =~ 20%-60% were achieved

Z-stack

FIGURE 7

Cellular localization of TMV and TMV-PEG particles in RAW 264.7 macrophages. Confocal microscopy of TMV and TMV-PEG uptake by RAW 264.7
macrophages after 24 h. TMV is labeled in green, cell membrane marker WGA in red, and cell nuclei (DAPI) in blue. Z-stack cross-sections of RAW
264.7 cells are shown in the last column. Scale bars = 10 pm. Additional data are shown in Figure S5 (Supplementary Material)
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for linear, bivalent, and four-arm PEGs of MW 2,000 and 5,000 Da
onto TMV, and we detailed the formation of higher order PEG-
multimer structures upon multivalent PEG grafting. TMV-PEG
formulations demonstrated a high degree of thermal and chemical
stability with no apparent sign of broken particles or aggregation.
PEG 5,000, but not PEG 2,000, coatings provided shielding against o
TMYV antibody recognition in vitro, underscoring the importance of
PEG chain length in NP stealthing. a-TMV antibody evasion
decreased as PEG multivalency increased for the PEG 5,000
formulations. Shorter, multivalent PEG coatings preferentially
prevented o-PEG antibody binding. Based on this study, we
recommend that potential antigenicity attributed by the NP and
PEG itself must be considered if PEGylation strategies are
implemented in NP design. All PEG coatings reduced aggregation
with serum proteins and yielded differences in the composition of
their protein corona, particularly reducing the adsorption of
complement proteins and IgM. Apart from the 2B construct, TMV-
PEG constructs modulated interactions with macrophages. We report
no obvious trends between linear vs. multivalent PEGylation in
macrophage uptake and serum protein adsorption, highlighting that
each PEG had distinct structure—functional relationships.

In summary, we developed linear and multivalent PEGylated
plant virus nanoparticles in which PEG coatings contributed
advantageous stealth properties. This work provides insight into
NP shielding strategies and can be expanded to proteins and
therapeutics. This study also contributes to the research and
development of multivalent or branched PEG-grafted nanocarriers.
Finally, efficient strategies for polymer conjugation open the door for
using TMV and related virus-like particles as high-multivalent
junctions in molecularly based polymer networks. The size and
aspect ratio of TMV, in combination with the atomic precision of
its structure, make it an attractive candidate for nanoscale analogs of
fiber-reinforced composites and related microscale materials. The
results obtained here provide a foundation for future investigations of
the synthesis and properties of such materials.
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