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Abstract 22 

Plant virus-based nanoparticles (VNPs) offer a bio-inspired approach to the delivery of drugs and 23 
imaging agents. The chemical addressability, biocompatibility, and scalable manufacturability make 24 
VNPs a promising alternative to synthetic delivery platforms. However, proteinaceous VNPs and 25 
synthetic nanoparticles (NPs) alike are readily recognized and cleared by the immune system and 26 
mechanisms such as opsonization and phagocytosis. Shielding strategies such as PEGylation are 27 
commonly used to mitigate premature NP clearance.  Here, we investigated polyethylene glycol 28 
(PEG) coatings on tobacco mosaic virus (TMV), which was used as a model nanocarrier system. 29 
Specifically, we evaluated the effects of linear and multivalent PEG coatings at varying chain lengths 30 
on serum protein adsorption, antibody recognition, and macrophage uptake. Linear and multivalent 31 
PEGs of MW 2000 and 5000 Da were successfully grafted onto TMV at ~20-40% conjugation 32 
efficiencies, and the degree of crosslinking as a function of PEG arm valency and length was 33 
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outlined. PEGylation resulted in the modulation of TMV-macrophage interactions and reduced 34 
corona formation as well as antibody recognition. Linear and multivalent PEG 5000 formulations 35 
(but not PEG 2000) reduced α-TMV antibody recognition, while shorter, multivalent PEG coatings 36 
significantly reduced α-PEG recognition – this highlights an interesting interplay between the NP 37 
and PEG itself in potential antigenicity and should be an important consideration in PEGylation 38 
strategies. This work provides insight in PEGylation strategies of VNPs which may improve their 39 
possibility of implementation in clinical applications. 40 
 41 

1 Introduction 42 

Nanoparticles (NPs) are emerging as promising tools in drug delivery and diagnostic applications, 43 
overcoming limitations of small molecule therapeutics or contrast agents. Free drug molecules or 44 
contrast agents are limited by their passive diffusion through circulation, giving rise to off-target 45 
adverse side effects and limiting the achievement of efficacious drug dosages (1). NPs help overcome 46 
these limitations by facilitating delivery to selective cell types, improving cargo stability and 47 
solubility, and prolonging circulation times, thus enhancing the efficacy and safety of free drugs (2). 48 
NPs have been designed to carry and deliver large payloads of small molecules (3–5), proteins (6,7) 49 
including antigens (8,9), and imaging agents (10,11) in a variety of indications including but not 50 
limited to diabetes (6,12), cancer (13–15), and Alzheimer disease (16). The co-attachment of 51 
targeting agents onto NPs is currently being explored to enhance cell and tissue-specific delivery 52 
(17–19). 53 

Though there are promising NPs in the development pipeline, systemically delivered NPs must 54 
overcome biological barriers to successfully deliver their payloads to their target site. The 55 
mononuclear phagocytic system (MPS) composes of monocytes, tissue-resident macrophages, 56 
granulocytes, and dendritic cells and serves as a critical immune defense mechanism to NP delivery 57 
in which exogenous materials are rapidly cleared, processed, and degraded (20). Other challenges 58 
include opsonization of NPs by antibodies and complement proteins which facilitates phagocytosis 59 
by cells in the MPS (20). Serum proteins in biological fluids also rapidly interact with NPs and form 60 
a protein corona around its surface, promoting non-specific uptake of NPs by cells (21). Thus, 61 
efficacious shielding methods must be utilized to evade such biological barriers for improved 62 
systemic delivery.  63 

One major approach to particle shielding is coating the surface of NPs or other therapeutic agents 64 
with polyethylene glycol (PEG), termed as PEGylation. PEGylation has been demonstrated to impart 65 
‘stealth’ properties such as increasing systemic circulation time, decreasing serum protein adsorption, 66 
and reducing interactions with cells of the MPS (22–24). The shielding ability of PEG arises from its 67 
molecular and physical properties. PEG, an inert and exceedingly hydrophilic polymer, forms a 68 
hydration shell with a large, excluded volume that sterically hinders blood components from 69 
interacting with the NP core (25) Furthermore, the high flexibility and mobility of PEG chains 70 
grafted onto the surface of NPs renders interactions between the NP and circulating 71 
biomacromolecules thermodynamically unfavorable (25). The success of PEGylation has led to over 72 
10 FDA-approved PEGylated drugs to date, of these includes PEGylated nanoparticle medicines such 73 
as Janssen’s liposomal doxorubicin (Doxil) for various cancers and Merrimack’s liposomal 74 
irinotecan (Onivyde) for metastatic pancreatic cancer (26,27). A wide variety of PEGs with 75 
molecular weights ranging from <1 to 40 kDa in linear or branched conformations have been 76 
implemented in the list of FDA-approved PEGylated drugs (26). Lipomedix’s PEGylated liposomal 77 
mitomycin-C for solid tumors and Enceladus’ PEGylated liposomal prednisolone for rheumatoid 78 



 
3 

arthritis are currently undergoing clinical trials attesting to the ongoing pipeline of intravenous 79 
PEGylated nanoparticles (27). 80 

In this work, we examined tobacco mosaic virus (TMV), a plant virus nanoparticle (VNP), as a 81 
nanocarrier platform. TMV and other VNPs pose many advantages due to their biological nature. 82 
VNPs are highly monodisperse, inexpensively produced at the milligram-gram scale, and non-83 
infectious to humans. Their high degree of stability, biocompatibility, and biodegradability make 84 
VNPs an attractive alternative to synthetic nanotechnologies. Specifically, TMV is a rigid, rod-85 
shaped plant virus measuring 300 nm in length and 18 nm in width and consists of 2130 identical 86 
coat proteins that self-assemble around a single-stranded, positive-sense RNA molecule. A key 87 
feature of TMV is its high aspect ratio and its anisotropic shape which confers different advantages 88 
over spherical counterparts. Rod-shaped and filamentous structures have been demonstrated to impart 89 
tumor homing properties by enhanced margination to vessel walls and increased penetration into 90 
tumor tissues compared to nanospheres (28). High aspect ratio nanoparticles also present prolonged 91 
circulation times because their shape better evades macrophages (29,30). Anisotropic nanocarriers 92 
provide a higher surface area to increase drug loading and delivery while also improving cell binding 93 
and target cell interactions (31). However, manufacturing high aspect ratio particles precisely and 94 
consistently at the nanoscale is technically demanding when using synthetic materials. Carbon 95 
nanotubes (32) and gold nanorods (33) have been developed but are restricted by their cytotoxicity; 96 
silica nanorods (34) and polymeric filomicelles (31) are more biocompatible but the preparation of 97 
well-ordered structures proves to be difficult. TMV as a nanocarrier successfully addresses these 98 
shortcomings because its biological nature renders high monodispersity, biocompatibility, and 99 
manufacturing scalability. Furthermore, TMV is unique because its length can be precisely tailored 100 
through its RNA cargo, and complex shapes can be directed by RNA-controlled assembly (35,36). 101 

TMV has been harnessed for chemotherapy, photothermal immunotherapy, delivery of 102 
thrombolytics, as well as bioimaging and theranostic applications (37–41). The inner and outer 103 
surfaces of TMV are amenable to genetic manipulation or chemical conjugation via available 104 
tyrosine and glutamic acid residues (42). The well-established T158K mutant (TMVLys) yields 105 
addressable, solvent-exposed lysine residues for further functionalization (43,44). Although TMV 106 
proves an appealing nanocarrier for biomedical applications, the half-life of ‘naked’ TMV being 3.5 107 
minutes in mice and pre-existing anti-TMV antibodies found in humans necessitates shielding 108 
strategies (45,46). To address this, we developed and characterized TMV-PEG constructs considering 109 
PEG chains of various length and conformation, particularly linear and multivalent PEGs with 110 
molecular weights of 2000 Da and 5000 Da. We thoroughly examined the conjugation efficiencies of 111 
each PEG onto the surface of TMV and determined to which degree intraparticle crosslinking 112 
occurred as a function of PEG arm valency and length. We investigate how linear vs. multivalent 113 
PEGylation affects TMV’s biological properties such as particle stability, antibody evasion, protein 114 
corona formation, and interactions with immune cells.  115 
 116 

2 Materials and Methods 117 

2.1 Virus propagation and purification 118 

Tobacco mosaic virus was propagated by mechanical inoculation of Nicotiana benthamiana leaves 119 
and purified as previously described to yield ~1 mg of virus per 1 gram of infected leaf material (42). 120 
For all described studies, the well-characterized T158K mutant of TMV, TMVLys, was used and for 121 
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simplicity is referred to as TMV (44). 122 
 123 

2.2 TMV conjugation with PEG 124 

Linear, bivalent, and 4-arm PEGs with molecular weights of MW 2000 Da and 5000 Da (Nanocs) 125 
were externally grafted onto TMV particles using N-hydroxysuccinimide (NHS)-activated esters. 126 
MW 2000 Da and 5000 Da PEGs were dissolved in dimethyl sulfoxide (DMSO) at 250 mg mL−1 and 127 
350 mg mL−1, respectively, and added to TMV at 10, 20, 40, 60 equivalents per coat protein (CP). 128 
The mixtures were allowed to agitate overnight at room temperature (RT). The reactions were carried 129 
out at 2 mg mL−1 of TMV in 0.01 M potassium phosphate (KP) buffer pH 8.0, with final DMSO 130 
concentration not exceeding 10% (v/v). TMV-PEG nanoparticles were purified by ultracentrifugation 131 
at 52,000 rpm using a TLA-55 rotor (Beckman Coulter) for 1 h on a 30% (w/v) sucrose cushion. The 132 
pellets were resuspended in 0.01 M KP buffer pH 7.0 and stored at 4°C. The conjugation efficiency 133 
of each PEG per TMV particle was quantified by densitometry analysis of protein bands in 134 
denaturing protein gels after staining with GelCode Blue Stain reagent (Thermo Fisher Scientific) 135 
using ImageJ software.  136 
 137 

2.3 TMV conjugation with sulfo-Cy5 and O488 138 

To prepare fluorescent TMV formulations for imaging, remaining free lysine residues on TMV and 139 
TMV-PEG nanoparticles were labeled with NHS-activated esters of sulfo-Cy5 (Lumiprobe) and 140 
Oregon Green 488-X (O488) (Invitrogen). Sulfo-Cy5 at 1.8 and 3 equivalents per CP was added to 2 141 
mg mL−1 TMV and TMV-PEG particles, respectively, in 0.01 M KP buffer pH 8.0 containing 10% 142 
(v/v) DMSO. For O488, 3.25 and 6.5 equivalents per CP was added to TMV and TMV-PEG, 143 
respectively. The reactions were carried out in the dark with agitation overnight at RT and purified 144 
via ultracentrifugation. Excess dye was further removed using a 100 kDa molecular weight cutoff 145 
(MWCO) centrifugal filter unit (Millipore) until a clear flow through was achieved.  Dye loading per 146 
particle was quantified using UV/visible spectroscopy and the specific extinction coefficient for 147 
sulfo-Cy5 (ε647 nm = 271 000 L mol−1 cm−1) and O488 (ε496 nm = 70 000 L mol−1 cm−1).  148 
 149 

2.4 Ultraviolet/Visible (UV-Vis) spectroscopy  150 

Protein concentrations were determined using a NanoDrop 2000 spectrophotometer (Thermo 151 
Scientific). Concentration of TMV in each sample was calculated using the Beer-Lambert law and 152 
the extinction coefficient of TMV at 260 nm (3 mg−1 mL cm−1). A ratio of 260 nm to 280 nm 153 
absorbance of ~1.2 was used to confirm structural integrity of TMV and TMV-PEG particles.  154 
 155 

2.5 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  156 

TMV and TMV-PEG particles (10 μg) were denatured in gel loading buffer (1 X lithium dodecyl 157 
sulfate sample buffer, Life Technologies with 1 X NuPAGE sample reducing agent, Invitrogen in 158 
0.01 M KP buffer) and boiled at 100°C for 5 min. Protein samples and standards (SeeBlue Plus2 pre-159 
stained protein standards, Invitrogen) were loaded on 4-12% or 12% NuPAGE gels (Thermo Fisher 160 
Scientific) and ran in 1 X MOPS buffer at 200 V and 120 mA for 35 min. Protein bands were 161 
visualized using GelCode Blue Stain reagent (Thermo Fisher Scientific) and imaged under a 162 
FluorChem E system (ProteinSimple). Cy5 and O488-labeled TMV and TMV-PEG particles were 163 
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analyzed and imaged under the 620/40 nm Red light and 460/40 nm Blue light setting on the 164 
FluorChem E system, respectively.  165 
 166 

2.6 Dynamic Light Scattering (DLS) and ζ-Potential 167 

The hydrodynamic diameter and ζ-potential of TMV and TMV-PEG particles were measured using a 168 
Zetasizer Nano ZSP Zen 5600 instrument (Malvern Panalytical) and a scattering angle of 90°. The 169 
samples were diluted to 1 mg mL−1 in 0.01 M KP and deionized water for DLS and ζ-potential, 170 
respectively, and ran at RT.  171 
 172 

2.7 Transmission Electron Microscopy (TEM) 173 

TMV and TMV-PEG particles (15 μL at 0.5-1 mg mL−1) were negatively stained with 2% (v/v) 174 
uranyl acetate (Electron Microscopy Sciences) for 1.5 min on a Formvar/carbon coated copper grid 175 
(Electron Microscopy Sciences). Samples were visualized using a JEOL 1400 Plus transmission 176 
electron microscope at 120 kV. 177 
 178 

2.8 Immuno dot-blots 179 

3 μL of rabbit polyclonal α-TMV antibody (Agdia) and rabbit polyclonal α-CPMV antibody (Pacific 180 
Immunology) at 50 μg mL−1 and rat monoclonal α-PEG antibody (BioVision) at 100 μg mL−1 were 181 
spotted on a nitrocellulose membrane. The blots were briefly dried and blocked in 5% (w/v) bovine 182 
serum albumin (BSA) (Sigma-Aldrich) in PBS overnight at 4°C. The blots were then washed three 183 
times for 5 min each in PBS and incubated with 5 μg mL−1 Cy5-labeled particles in 5% (w/v) BSA in 184 
PBS for 2 h at RT. After the blots were subsequently washed in PBS-T three times for 15 min each 185 
and a final wash in PBS for 5 min, blots were dried and imaged for fluorescence using a FluorChem 186 
E system (ProteinSimple). 187 
 188 

2.9 Protein corona analysis on TMV vs. TMV-PEG  189 

To form hard protein coronas, TMV and TMV-PEG were incubated in 2 mL 100% human plasma 190 
(Sigma-Aldrich) in dH2O at 0.3 mg mL−1 VNPs for 1 h at RT with agitation. The samples were 191 
diluted in 18 ml PBS and purified by ultracentrifugation at 42,000 rpm using a 50.2 Ti rotor 192 
(Beckman Coulter) for 2.5 h on a 40% (w/v) sucrose cushion. The pellets were washed twice with 20 193 
mL PBS to remove loosely bound proteins. The samples were denatured in 100-150 μL gel loading 194 
buffer, and proteins were separated and visualized by SDS-PAGE as previously mentioned. 195 
 196 

2.10 Flow cytometry 197 

RAW 264.7 murine macrophages (ATCC) in DMEM (Corning) containing 10% (v/v) FBS and 1% 198 
(v/v) penicillin/streptomycin at 37°C and 5% CO2  were grown to confluency and seeded into T-25 199 
flasks at 1.5 x 106 cells per flask and allowed to adhere overnight. For the TMV–cell interaction 200 
assay, 500,000 virions cell−1 were added to each flask and incubated for 24 h at 37°C and 5% CO2. 201 
To remove free VNPs, the cells were washed with PBS. The cells were gently scraped and spun 202 
down at 500 x g for 5 min, resuspended in PBS, and transferred to a 96-well v-bottom plate. The cells 203 
were spun down at 300 x g for 5 min between each following step. Cells were washed again in PBS 204 
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and then fixed in 100 μL 4% (v/v) paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS 205 
for 10 min at RT. Following fixation, the cells were washed twice in PBS and resuspended in 200 μL 206 
FACS buffer (2% (v/v) FBS, 0.09% (w/v) sodium azide (Sigma-Aldrich) in PBS). Cells were 207 
analyzed using a BD Accuri C6 Plus Flow Cytometer and 50,000 events were collected. Data were 208 
analyzed using FlowJo v10.8.1 software. All experiments were done in triplicate. 209 
 210 

2.11 Confocal microscopy 211 

To gain insight into whether TMV or TMV-PEG are membrane-bound or internalized by 212 
macrophages, confocal microscopy was performed.  RAW 264.7 murine macrophages were seeded at 213 
1 x 105 cells mL−1 on 18 mm glass coverslips in a 12-well plate and allowed to attach overnight in 214 
Dulbecco’s Modified Eagle Medium (DMEM, Corning) containing 10% (v/v) fetal bovine serum 215 
(FBS) and 1% (v/v) penicillin/streptomycin at 37°C and 5% CO2. 500,000 virions cell−1 was added to 216 
each well and incubated for 24 h at 37°C. The cells were then fixed with 5% (v/v) PFA (Electron 217 
Microscopy Sciences) for 10 min at RT. 5% (v/v) goat serum albumin (GSA) was used to dilute all 218 
staining agents. Following fixation, cell membranes were stained with 1:1000 Alexa Fluor 555-219 
conjugated wheat germ agglutinin (WGA, Invitrogen) for 20 min at RT. The cells were then 220 
permeabilized with 0.2% (v/v) Triton X-100 for 2 min followed by blocking in 10% (v/v) goat serum 221 
in PBS for 1 h at RT. TMV particles were stained using 1:500 rabbit polyclonal α-TMV antibody 222 
(Agdia) for 2 h at RT and 1:2000 Alexa Fluor 647-conjugated goat anti-rabbit secondary antibody for 223 
1 h at RT. The cells were washed thrice in PBS between each step. Coverslips were mounted onto 224 
slides using Fluoroshield with DAPI (Sigma-Aldrich) and imaged using a Nikon A1R confocal 225 
microscope with a 100X oil objective. Images were analyzed using Nikon NIS-Elements software.  226 
 227 

3 Results and Discussion 228 

3.1 Synthesis and characterization of PEGylated TMV constructs 229 

TMV is a proteinaceous high-aspect ratio 300 nm x 18 nm nanorod composed of 2130 identical coat 230 
proteins with a molecular weight of 17.5 kDa (42). For this study, TMVLys was used; TMVLys is a 231 
well-characterized T158K TMV mutant, shown in Figure 1A, that has solvent-exposed lysine side 232 
chains for chemical addressability. Linear and multivalent PEGs and fluorescent dyes (Sulfo-Cy5 and 233 
Oregon Green 488) were conjugated to TMVLys using N-hydroxysuccinimide (NHS) activated 234 
esters (Figure 1B).  235 

To explore PEG length and conformation and their role in shielding from immune recognition, linear, 236 
bivalent, and 4-arm PEGs of MW 2000 or 5000 Da were conjugated to TMV (Figure 1C). While 237 
linear PEG coatings on TMV have been reported, bivalent and 4-arm PEG coatings have not yet been 238 
explored (47). The multi-arm PEGs have multiple NHS handles that can interact with TMV coat 239 
proteins – intraparticle crosslinking can lead to a denser packing closer to the surface of TMV. We 240 
hypothesize that such denser coatings would provide benefits in shielding as was shown previously 241 
for potato virus X (PVX) (48). Furthermore, multivalent PEG coatings have been demonstrated to 242 
avoid the accelerated blood clearance (ABC) phenomenon and produce less anti-PEG IgM levels 243 
than their linear counterparts (49,50). By the same token, we aimed to parse out whether the 244 
multivalent PEG coatings on the surface of TMV could achieve more efficacious particle shielding.  245 

To maximize PEG grafting density on TMV, conjugation using molar excesses of 10:1, 20:1, 40:1, 246 
and 60:1 PEG to CP ratios were tested. PEGylation to TMV was quantified by SDS-PAGE band 247 
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densitometry analysis from three independent experiments (Figure 2A), and a representative SDS-248 
PAGE gel of the TMV-PEG formulations is shown in Figure 2B. All gels used to analyze PEG 249 
conjugation in Figure 2 are pictured in Figure S1. TMV-PEG formulations were abbreviated as 250 
following: 2L = TMV-PEG2K-Linear, 2B = TMV-PEG2K-Bivalent, 2R = TMV-PEG2K-4arm, 5L = 251 
TMV-PEG5K-Linear, 5B = TMV-PEG5K-Bivalent, 5R = TMV-PEG5K-4arm. SDS-PAGE shows 252 
the characteristic CP band of TMV at 17.5 kDa (Figure 2B); PEGylation results in additional bands 253 
of higher molecular weight, which are single CP monomers with PEG (~19.5 kDa and ~22.5 kDa 254 
bands), interlinked CP dimers (~37 kDa and ~40 kDa bands), interlinked CP trimers (~54.5 kDa and 255 
~57.5 kDa), or interlinked CP tetramers (~72 kDa and ~75 kDa), confirming the covalent attachment 256 
of the linear and multivalent PEG 2000 and 5000, respectively. It is of note that a ~75 kDa band 257 
indicating interlinked CP tetramers with 4-arm PEG 5000 is not present in Figure 2B but is shown 258 
faintly in gels used to calculate PEG grafting (Figure S1); this discrepancy is likely explained by 259 
incomplete staining of the gel in Figure 2B. Linear PEGs primarily result in CPs and CP-PEGs; 260 
however, a small ratio of dimers is also detectable (3% and 1% for PEG 2000 and 5000, respectively) 261 
most likely due to entanglement of two neighboring coat proteins – this is a consistent phenomenon 262 
and has been observed before (51,52). For the bivalent and 4-arm PEGs, a higher degree of dimers 263 
and multimeric CP bands is observed as expected as multivalent PEG handles can covalently link 264 
multiple TMV coat proteins together leading to more CP entanglement.  265 
 266 
 267 

 268 
Figure 1. Chemical modification of TMV. (A) Atomic model of TMVLys, a T158K mutant of 269 
TMV. One virion composes of 2130 identical coat proteins with solvent-exposed lysine residues 270 
shown in blue. Atomic models were created on UCSF Chimera (53). (B) Schematic of external 271 
conjugation of PEGs and fluorescent dyes to lysine residues using NHS-activated esters. R denotes 272 
the target molecule. ON = overnight. (C) Conjugation reagents (Linear, Bivalent, and 4-arm PEG, 273 
Sulfo-Cy5, and Oregon Green 488-X) where the red wavy line denotes the leaving group. 274 
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 275 

 276 

For linear PEG 2000 and 5000, the conjugation efficiency plateaus near 38% and 32%, respectively, 277 
at a molar excess of 40:1 CP (Figure 2A). With 2130 TMV coat proteins, this equates to ~809 and 278 
~682 linear PEG 2000 and PEG 5000 conjugated per particle, respectively. For the bivalent PEGs, 279 
optimal PEG grafting was determined at a molar excess of 20:1 CP as PEGylation drops at higher 280 
molar excesses. While 4-arm PEG 2000 grafting is maximum (~21%) at 60:1 CP, 4-arm PEG 5000 281 
conjugation efficiency plateaus near 34% at 40:1 CP. Optimal molar excesses of PEG were used for 282 
the remainder of this study and determined by a consideration of conjugation efficiency, standard 283 
deviation, and minimization of amount of PEG used. Specifically, 40:1 CP for 2L and 5L, 20:1 CP 284 
for 2B and 5B, 60:1 CP for 2R, and 40:1 CP for 5R. However, it should be noted that overall 20:1 285 
excess of PEG to CP was sufficient to reach maximum labeling; only the 5L formulation required a 286 
higher excess of PEG. This may be explained by the longer and linear PEG chain being more 287 
entangled therefore making the NHS reactive group less accessible.  288 

 289 
Quantitative analysis of higher order PEGylation is shown in Figure 2C. Each TMV-PEG 290 
formulation has at least ~20% modification, with 2L having the highest percent modification at ~40% 291 
(809 labels). PEG grafting is likely limited by the effects of steric hindrance, and our results are in 292 
good agreement with Lee et al.’s estimation of 25-50% PEG conjugation efficiency onto PVX, 293 
another high aspect ratio plant virus, in which it was estimated one grafted PEG for every three CP 294 
residues (48). Interestingly, the multivalent PEG 5000 formulations had ~14-17% higher labeling 295 
than its PEG 2000 counterparts. 5B averaged ~767 PEG per TMV vs. ~405 PEG per TMV for 2B, 296 
and 5R averaged ~713 PEG per TMV vs. ~416 PEG per TMV for 2R, particularly forming a higher 297 
number of PEGylated dimers (~262 more for 5B and ~232 more for 5R than 2B and 2R, 298 
respectively). This could possibly be explained by PEG 5000 having longer ‘arms’ to bypass the 299 
steric hindrance of the initial attachment site and link a distal coat protein. Considering stretched out 300 
PEG, 5B displays an arm length of 39 nm vs. 16 nm for 2B, while 5R displays an arm length of 10 301 
nm per arm vs. 4 nm per arm for 2R. The Flory dimension (RF) of 5B is estimated to be 5.9 nm vs. 302 
3.4 nm for 2B, and the RF of 5R is 3.4 nm vs. 2 nm for 2R. The 300 x 18 nm TMV rod has a surface 303 
area of ATMV = 17,465 nm2 with each of the 2130 CPs providing a surface area of ACP = 8.2 nm2. 304 
Assuming the TMV CP is a square, the distance between two lysine residues is estimated to be 2.9 305 
nm. The multivalent PEG 5000 formulations provide longer arm lengths and larger RF that could 306 
better facilitate interactions with neighboring lysine residues from the initial PEG attachment site 307 
contributing to higher numbers of interlinked CP dimers.  308 
 309 
 310 

 311 
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 312 
Figure 2. PEGylation of TMV nanoparticles. (A) Quantification of PEG grafting to TMV CPs as a 313 
function of molar excess used. Values were averaged from three independent experiments; error bars 314 
represent the standard deviation. (B) Representative SDS-PAGE gel of the PEGylated TMV 315 
particles. Molecular weight bands above the CP, dimer, trimer, and tetramer bands indicates PEG 2K 316 
(red boxes) or PEG 5K (blue boxes) conjugation. (C) Percentage of TMV that is grafted vs. ungrafted 317 
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for each PEG (n = 3) quantified by densitometry analysis (left). Graphical representation of 318 
percentage of TMV that is grafted vs. ungrafted (right). TMV-PEG formulations were abbreviated as 319 
following: 2L = TMV-PEG2K-Linear, 2B = TMV-PEG2K-Bivalent, 2R = TMV-PEG2K-4arm, 5L = 320 
TMV-PEG5K-Linear, 5B = TMV-PEG5K-Bivalent, 5R = TMV-PEG5K-4arm. 321 

 322 
 323 

Purified TMV-PEG nanoparticles were characterized by ultraviolet-visible spectroscopy (UV-Vis), 324 
dynamic light scattering (DLS), zeta-potential measurements, and transmission electron microscopy 325 
(TEM) to confirm structural integrity. Using the UV-Vis spectra of the TMV-PEG formulations 326 
(Figure 3A), the 260 nm and 280 nm absorbances, corresponding to RNA and protein signals of the 327 
particles, respectively, were measured. A 260:280 nm ratio of 1.2 indicates pure, intact solution of 328 
TMV (42). Indeed, all formulations present a 260:280 nm ratio near 1.2. This is consistent also with 329 
the SDS-PAGE where no protein contaminants were detectable. 330 

The particles were then characterized by DLS (Figure 3B-C); it is important to note that DLS is not 331 
accurate for sizing of high aspect ratio materials, but useful to analyze relative trends. The z-average 332 
of the particles ranged from 181 nm for uncoated TMV to up to 266 nm for the 5R formulation. DLS 333 
measurements confirm a significant increase in size for the 2R, 5L, 5B, and 5R formulations. The 334 
most significant size increase was observed for 2R, 5B, and 5R (p < 0.0001). It is plausible that 335 
longer and multivalent PEG grafting alters the surface structure of TMV such that its translational 336 
diffusion speed is reduced resulting in a larger hydrodynamic diameter (54); increases in 337 
hydrodynamic diameter upon PEGylation (MW 5000) on nanoparticles have also been reported (55). 338 
All TMV-PEG formulations were found to be monodispersed, dispersity values ranging from 0.232-339 
0.272, with negligible aggregation as shown in the DLS spectra (Figure 4B). Although it is plausible 340 
that the multivalent PEGs could crosslink multiple TMV particles contributing to aggregation, TEM 341 
imaging indicates that interparticle crosslinking was not apparent for any of the formulations (Figure 342 
S2, Figure S3).  343 

Zeta-potential measurements indicate that TMV (for this study, TMVLys was used) exhibits a 344 
surface charge of -37 mV (Figure 3C); it seems as the true zeta-potential of TMVLys remains 345 
ambiguous as other studies have reported a surface charge of ~-60 mV and -14.5 mV, and there may 346 
have been differences in experimental procedure such as particle concentration and solution (56,57). 347 
Thus, zeta-potential measurements here will be used to compare relative trends only. For all 348 
formulations, PEGylation led to a less negative zeta-potential demonstrating a reduction in overall 349 
negative surface charge consistent with other reports (58,59); this can be explained by PEG coatings 350 
shifting the position of the slipping/shear plane outward from the particle surface resulting in a 351 
weaker electrostatic potential (60). Increases in PEG grafting density and length have been shown to 352 
reduce zeta-potential (60); 2L, the formulation with the greatest amount of PEGylation, displays a 353 
surface charge of -19 mV, resulting in a ~50% reduction in zeta-potential compared to native 354 
TMVLys. No clear trend is observed between PEG chain length or conformation and zeta-potential in 355 
Figure 3C.  356 

In addition to the structural characterization, we confirmed thermal and chemical stability of the 357 
TMV formulations; the PEG coatings did not impact stability of TMV and all formulations remained 358 
structurally sound when stored in buffer mixtures for up to one week at 4°C to 37°C and in 50% (v/v) 359 
DMSO for up to 24 hours (Figure S2). 360 
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 361 

Figure 3. Characterization of TMV-PEG particles. (A) UV-Vis spectra and 260/280 nm 362 
absorbance ratios of TMV-PEG2K (left) and TMV-PEG5K (right) particles. (B) DLS spectra of 363 
TMV-PEG2K (top) and TMV-PEG5K (bottom) particles. (C) Z-average (top) and zeta-potential 364 
(bottom) measurements for each virus formulation. Statistical analyses were performed using one-365 
way ANOVA with Tukey’s multiple comparison test. ** p < 0.01, **** p < 0.0001, NS = not 366 
significant. 367 
 368 

 369 

3.2 Biological properties of PEGylated TMV 370 

A primary challenge to viral-based NP delivery methods is neutralization and opsonization by 371 
antibodies in which antibodies bind and biologically inactivate viruses or tag them for clearance by 372 
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phagocytic cells, respectively. PEGylation of (viral) NPs can prevent immune recognition by 373 
antibodies (48,61). To investigate whether and to what degree PEG coatings on TMV exhibit 374 
immune shielding, immuno dot-blots were performed. Immuno dot-blots were prepared by spotting 375 
α-TMV, α-CPMV, and α-PEG antibodies in triplicate on a nitrocellulose membrane. α-Cowpea 376 
mosaic virus (CPMV) antibodies were used as a negative control as there are no structural 377 
similarities between CPMV and TMV (51). Upon blocking the membranes with 5% (w/v) BSA, 378 
fluorescent Cy5-labeled TMV and TMV-PEG particles were incubated; the characterization of dual 379 
labeled Cy5-TMV-PEG particles are included in Figure S3. The membranes were then washed, 380 
dried, and analyzed. This method is preferred over blotting the nanoparticles directly onto the 381 
membrane following by addition of antibodies; the indirect capture via immobilized antibodies helps 382 
to avoid protein spreading on the nitrocellulose membrane which may induce conformational 383 
changes in PEG coatings; a schematic of the protocol is shown in Figure 4A. Antibody recognition 384 
was determined based on fluorescence readout using a FluorChem E system and quantified by 385 
densitometry analysis of the blots using ImageJ.  386 
 387 

Based on densitometry analysis of the dot-blots (Figure 4C), PEG 5000 in any conformation, but not 388 
the PEG 2000, formulations provided shielding benefits by reducing the binding of α-TMV 389 
antibodies to TMV. Data suggest that molecular weight generally plays a larger role in antibody 390 
shielding than conformation, but it is important to note that the statistical significance of antibody 391 
shielding decreases as multivalency in PEG 5000 increased. Grafting density also likely plays a role 392 
as the multivalent PEG 5000 formulations have ~14-17% more coverage than their PEG 2000 393 
counterparts; however, 2L has the greatest grafting density (~40%) yet does not impart antibody 394 
shielding (Figure 2C). Thus, the effects of PEG grafting density on α-TMV shielding remain elusive 395 
and merit further research. Further studies comparing PEG coatings at similar grafting densities or 396 
exploring PEGs with a longer backbone are likely necessary to better understand and overcome 397 
antibody recognition of the nanoparticle. 398 

Interestingly, α-PEG recognition of the PEG 2000 formulations was strikingly lower than the PEG 399 
5000 formulations (Figure 4D). This is likely attributed by the α-PEG antibody used detecting the 400 
linear backbone of PEG, in which case the PEG 5000 formulations have a ~2.5 times longer 401 
backbone than PEG 2000 allowing for better access for binding. This has implications in rising pre-402 
existing α-PEG antibodies due to the extensive use of PEG in cosmetic products (62). Therefore, the 403 
data present an interesting balance between immune shielding of the nanoparticle and PEG itself that 404 
needs to be met if PEGylation approaches are utilized. The bivalent and 4-arm PEGs reduce α-PEG 405 
antibody recognition compared to the linear counterparts (Figure 4D) implying that branched PEG 406 
structures yield a different conformation in which α-PEG antibodies cannot recognize the PEG 407 
backbone as readily. This suggests that branched PEG formulations on NPs may be recommended in 408 
reducing antigenicity. This data build on other studies in which a PEG formulation of lower MW 409 
while also providing sufficient immune shielding would be ideal in clinically relevant applications 410 
(51). The data altogether though suggest that the 5B formulation provides the best balance between 411 
α-TMV and α-PEG immune shielding.   412 

 413 
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 414 

Figure 4. Immune recognition of TMV-PEG constructs. (A) Schematic of the immune dot-blot 415 
protocol to detect antibody recognition of TMV and TMV-PEG constructs. (B) Dot blots of α-TMV, 416 
α-CPMV, and α-PEG recognition of fluorescent TMV-PEG constructs. (C) Densitometry 417 
quantification of fluorescent TMV signal corresponding to antibody recognition by α-TMV 418 
antibodies from (A). (D) Densitometry quantification of fluorescent TMV signal corresponding to 419 
antibody recognition by α-PEG antibodies from (A). Statistical analyses were performed using one-420 
way ANOVA with Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, NS = 421 
not significant.  422 

 423 
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 424 

Next, we analyzed the protein corona. When nanoparticles enter the bloodstream, serum proteins 425 
readily recognize the NPs and adsorb to the surface, forming a protein corona. The protein corona 426 
inevitably plays a role in NP biological fate and may pose another biological barrier to delivery as the 427 
protein corona may specifically or non-specifically increase uptake of NPs in non-target cells, reduce 428 
circulation time, and weaken targeting capabilities of functionalized NPs (20). Previous work from 429 
our lab have demonstrated that the protein corona of plant virus nanoparticles presents an abundance 430 
of immune system proteins, such as complement proteins and immunoglobulins, which would likely 431 
contribute to VNP clearance (57). PEG grafting is known to reduce protein adsorption on the surface 432 
of NPs, as the hydrophilic nature of PEG facilitates a hydrated cloud that sterically hinders blood 433 
components (20). To test whether PEGylation of TMV reduces or alters the protein corona 434 
surrounding TMV, we incubated the particles in ≈100% human plasma and allowed the protein 435 
corona to form. Protein corona can be segregated into hard vs. soft corona which is determined by 436 
affinity of the adsorbed proteins on the nanoparticle surface; the soft corona is constituted by proteins 437 
that are loosely bound to the NP surface while proteins of the hard corona are tightly and often 438 
irreversibly bound (63). Upon protein corona formation, the samples were briefly washed to remove 439 
the soft corona (see Methods); only the hard protein corona was considered for analysis as the 440 
proteins directly adsorb to the NP surface for prolonged periods and largely dictate biological 441 
properties of the NP (57).  442 
 443 
 444 

 445 
Figure 5. The protein corona of uncoated TMV and TMV-PEG constructs. (A) SDS-PAGE 446 
analysis of the protein corona formed around the VNPs after incubating the VNPs in ≈100% human 447 
plasma for 1 hr at RT. The yellow arrow indicates the TMV coat protein. The pink arrow indicates 448 
the band of aggregation in the ‘naked’ TMV protein corona. The blue arrow indicates the ≈70 kDa 449 
protein band (complement C3/C4, plasminogen, and IgM). (B) SDS-PAGE analysis of the gel in (A) 450 
organized by PEG multivalency: linear (red box), bivalent (blue box), and 4-arm (green box). HP = 451 
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human plasma. 452 
 453 

 454 

SDS-PAGE analysis confirms that TMV indeed acquires a protein corona (Figure 5A) with profiles 455 
as previously published (57). PEG grafting does not eliminate protein adsorption; rather, each TMV-456 
PEG formulation presents a slightly different protein corona composition. Notably, for the ‘naked’ 457 
TMV – large aggregates are detected in the well of the gel. This aggregation is not apparent for the 458 
PEGylated TMV samples. Furthermore, the ≈70 kDa band has previously been identified to compose 459 
of complement protein C3/C4, plasminogen, and IgM (57); the protein corona of the 2L, 2B, 2R, and 460 
5R do not contain this band which suggests that PEGylation has prevented adsorption of these serum 461 
proteins. While the protein corona of 5L and 5B seem to present this ≈70 kDa band, it is at a much 462 
lower intensity compared to the corona of TMV.  463 

In Figure 5B, the lanes are organized by PEG valency instead of molecular weight. 2L and 5L’s 464 
corona composition widely differ, so it is likely the conformation of these PEGs is distinct and 465 
affects the interaction with serum proteins. The protein corona of 2B and 5B do not pose striking 466 
differences. Interestingly, the protein corona of 2R and 5R are the most similar, implying that the 467 
structure-function of these PEGs are comparable in serum protein interactions. While insightful, this 468 
protein corona study only gives a qualitative understanding of the protein corona of uncoated vs. 469 
PEGylated TMV. To gain a more quantitative understanding of protein corona abundance and 470 
composition for each virus formulation, mass spectrometry analysis would be required, as has been 471 
previously described (64,65).   472 

 473 

 474 

 475 
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 476 

Figure 6. In vitro cellular interactions between TMV-PEG and RAW 264.7 macrophages. (A) 477 
Flow cytometry histograms of macrophage uptake of ‘naked’ and PEGylated TMV constructs. The 478 
particles were tracked by conjugated Cy5 fluorophores. The green line indicates the main peak of 479 
Cy5 signal from TMV, while the pink and blue lines indicate peak shifts in PEG 2000 and PEG 5000 480 
formulations, respectively. (B) Quantitative flow cytometry analysis of the same constructs in (A). 481 
(C) Contour plots of 2L uptake (left) and 2B uptake (right).  482 

 483 
 484 

Lastly, we assayed the effects of PEGylation on TMV–immune cell interactions. Systemically 485 
administered NPs are often prematurely cleared by the mononuclear phagocytic system (MPS) (20); 486 
here we used RAW 264.7 murine macrophages as a model system for phagocytic cells and compared 487 
uptake of ‘naked’ and PEGylated TMV using flow cytometry and confocal microscopy. Cy5-labeled 488 
TMV was used and flow cytometry analysis confirms that TMV is taken up by macrophages (Figure 489 
6A). Interestingly, the histogram profile of TMV shows a main peak in Cy5 signal, but a tail off the 490 
main peak is also present signaling that there is heterogeneity in the amount of TMV that the 491 
macrophages have interacted with. We speculate that the presence of the tail could indicate 492 
differences in cellular localization or non-specific uptake of the particles. With the exception of the 493 
2B formulation, PEGylation results in main peak shifts but also the loss of the tail (Figure 6A and 494 
Figure 6C). This implies that PEGylation modulates TMV-immune cell interactions; while the PEG 495 
coatings seem to promote the uptake of TMV in the main cell population, it also reduces the 496 
heterogeneity and overall amount of particle uptake as observed in mean fluorescent intensity values 497 
(Figure 6B). Surprisingly, the 2B construct results in no significant change in macrophage 498 
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interactions and even its histogram and contour profiles (Figure 6A and Figure 6C) resembles 499 
‘naked’ TMV’s. Besides the 2B construct, no notable trends are observed between PEG 500 
conformation and macrophage interactions. The data highlight that there are nuanced structure-501 
functional relationships in PEG conformation needed to be elucidated.  502 

Our lab has shown that fluorescent labels can alter biophysical properties of PEGylated VNPs; 503 
specifically, the shielding effects of PVX-PEG constructs were either exhibited or lost depending on 504 
the fluorescent dye being used (66). We noted that Cy5 conjugation in particular may enhance 505 
nanoparticle-cell interactions, which may be due to interactions of the dye with the lipid membrane. 506 
To explore whether interactions between TMV-PEG and macrophages display such a dye-507 
dependency, we labeled TMV and 5R with another dye, Oregon Green O488-X (O488), and repeated 508 
the flow cytometry experiment with RAW 264.7 cells. Characterization of O488-labeled particles are 509 
shown in Figure S4. 510 

 511 

 512 

 513 
Figure 7. Evaluating O488-labeled TMV and TMV-PEG interactions with RAW 264.7 514 
macrophages. (A) Flow cytometry histograms of RAW 264.7 macrophage uptake of O488-labeled 515 
TMV and 5R constructs. (B) Contour plots of TMV and 5R uptake. (C) Quantitative flow cytometry 516 
analysis of the same constructs in (A).  517 
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 518 

 519 

Some key differences were noted: overall the O488 signal was not as profound compared to Cy5 520 
signals, which may be explained by differences in fluorescence intensity from the dyes. Given the 521 
lower signal intensity, the main peak shift and the tail population is not as significant in TMV-O488 522 
vs. TMV-Cy5 (Figure 7 vs Figure 6). 5R-O488 particles eliminate the heterogeneity in macrophage 523 
uptake, leading to an overall reduction in immune cell interactions; that is the tail is lost and the main 524 
peak appears to overlap with the ‘naked’ TMV-O488 (Figure 7A-B). No changes, and in particular 525 
no enhancement of the main population was noted for TMV-O488 – therefore this data indicates that 526 
the Cy5 label indeed alters the cellular interaction profiles. Together this data suggests that dye-527 
labeling can have an impact on the cell interactions of nanoparticles; globally when analyzing the 528 
mean fluorescence intensity (MFI), data suggest reduced cell interactions for all but the 2B 529 
formulation. However, histograms and contour plots indicate more nuanced differences between the 530 
PEGylated and ‘naked’ TMV. 531 

Therefore, to probe whether signal from the ‘naked’ vs. PEGylated particles in Figure 6 and Figure 532 
7 came from internalized vs. cell membrane-bound particles, confocal microscopy was performed. 2L 533 
and 2B constructs were considered for confocal microscopy because 2L, along with the remaining 534 
TMV-PEG constructs, modulated TMV-macrophage interactions, but 2B did not so we aimed to 535 
characterize any apparent differences between such formulations. Z-stack analysis of confocal 536 
microscopy images (Figure 8) showed that both ‘naked’ TMV and PEGylated formulations are 537 
internalized by RAW 264.7 murine macrophages after 24 hours post-incubation. Furthermore, cell 538 
surface binding is not specific to PEGylated particles as both native and PEGylated particles lodge 539 
into the cell membrane. Time course or time-lapse studies may elucidate differences in the rate of 540 
internalization between native vs. PEGylated particles; for example, PEGylated particles may stay 541 
lodged into the cell membrane longer than ‘naked’ TMV before being internalized. 542 

 543 
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 544 

Figure 8. Cellular localization of TMV and TMV-PEG particles in RAW 264.7 macrophages. 545 
Confocal microscopy of TMV and TMV-PEG uptake by RAW 264.7 macrophages after 24 h. TMV 546 
is labeled in green, cell membrane marker WGA in red, and cell nuclei (DAPI) in blue. Z-stack cross-547 
sections of RAW 264.7 cells are shown in the last column. Scale bars = 10 μm.  548 

 549 

4 Conclusion 550 

In this work, we investigated linear vs. multivalent PEG coatings to overcome immune defense 551 
mechanisms against nanoparticle delivery platforms. We demonstrated successful PEGylation of 552 
TMV, a plant virus nanoparticle widely studied as a candidate material for drug delivery, therapeutic, 553 
and bioimaging applications. Conjugation efficiencies of ~20-40% were achieved for linear, bivalent, 554 
and 4-arm PEGs of MW 2000 and 5000 Da onto TMV, and we detailed the formation of higher order 555 
PEG-oligomer structures upon multivalent PEG grafting. TMV-PEG formulations demonstrated a 556 
high degree of thermal and chemical stability with no apparent sign of broken particles or 557 
aggregation. PEG 5000, but not PEG 2000, coatings provided shielding against α-TMV antibody 558 
recognition in vitro, underscoring the importance of PEG chain length in NP stealthing. α-TMV 559 
antibody evasion decreased as PEG multivalency increased for the PEG 5000 formulations. Shorter, 560 
multivalent PEG coatings preferentially prevented α-PEG antibody binding which strikes an 561 
interesting balance between potential antigenicity attributed by the NP and PEG itself – this balance 562 
needs to be considered if PEGylation strategies are implemented in NP design. All PEG coatings 563 
reduced aggregation with serum proteins and yielded differences in the composition of their protein 564 
corona, particularly reducing the adsorption of complement proteins and IgM. Apart from the 2B 565 
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construct, Cy5-labeled TMV-PEG constructs modulated interactions with macrophages, while O488-566 
labeled TMV-PEG constructs presented shielding properties suggesting that biophysical 567 
characteristics of PEGylated TMV are sensitive to dye labeling. We report no obvious trends between 568 
linear vs. multivalent PEGylation in macrophage uptake and serum protein adsorption, highlighting 569 
that each PEG has distinct structure-function relationships.   570 
 571 
In summary, we developed linear and multivalent PEGylated plant virus nanoparticles in which PEG 572 
coatings contributed advantageous stealth properties. This work gives insight into NP shielding 573 
strategies and can be expanded to proteins and therapeutics. This study also contributes to the 574 
research and development of multivalent or branched PEG-grafted nanocarriers. Finally, efficient 575 
strategies for polymer conjugation open the door for using TMV and related virus-like particles as 576 
high-multivalent junctions in molecularly based polymer networks. The size and aspect ratio of 577 
TMV, in combination with the atomic precision of its structure, make it an attractive candidate for 578 
nanoscale analogues of fiber-reinforced composites and related microscale materials. The results 579 
obtained here provide a foundation for future investigations of the synthesis and properties of such 580 
materials. 581 
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