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Abstract

Plant virus-based nanoparticles (VNPs) are a novel class of nanocarriers with unique potential for
biomedical applications. VNPs have many advantageous properties such as ease of manufacture
and high degree of quality control. Their biocompatibility and biodegradability make them an
attractive alternative to synthetic nanoparticles (NPs). Nevertheless, as with synthetic NPs, to be
successful in drug delivery or imaging, the carriers need to overcome several biological barriers
including innate immune recognition. Plasma opsonization can tag (V)NPs for clearance by the
mononuclear phagocyte system (MPS), resulting in shortened circulation half lives and non-
specific sequestration in non-targeted organs. PEG coatings have been traditionally used to “shield
nanocarriers from immune surveillance. However, due to broad use of PEG in cosmetics and other
industries, the prevalence of anti-PEG antibodies has been reported, which may limit the utility of
PEGylation in nanomedicine. Alternative strategies are needed to tailor the /n vivo properties of
(plant virus-based) nanocarriers. We demonstrate the use of serum albumin (SA) as a viable
alternative. We demonstrate that SA conjugation to tobacco mosaic virus (TMV)-based
nanocarriers results in a ‘camouflage’ effect more effective than PEG coatings. SA-’camouflaged’
TMV particles exhibit decreased antibody recognition, as well as enhanced pharmacokinetics in a
Balb/C mouse model. Therefore, SA-coatings may provide an alternative and improved coating
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technique to yield (plant virus-based) NPs with improved /n vivo properties enhancing drug
delivery and molecular imaging.
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pharmacokinetics

INTRODUCTION

Nanoparticle (NP)-based biomedical approaches allow for delivery of contrast agents and
therapeutics. Tissue-targeted delivery of these payloads decreases dose-limiting systemic
side effects, and increases therapeutic efficacy and/or site-specific accumulation of contrast
enhancement agents [1-5]. Various NP-based formulations carrying chemotherapeutic
agents [6,7], photothermal therapeutics [6,8], or magnetic resonance imaging (MRI) contrast
agents [7,9-12] are currently in the development pipeline. A few formulations have been
approved for clinical applications; these include superparamagnetic iron oxide (SPIO) NPs,
which are used in MRI prognosis [13] as well as liposomal doxorubicin [7] and micellar or
albumin-bound paclitaxel [7]. NPs can solubilize and carry large payloads of medical cargo
and provide a size regime ideal for navigating circulation, tissues, and cells. Nevertheless, to
reach their target site, nanocarriers must overcome various biological barriers. Some NPs
show poor dispersion properties in biological media. In blood, NPs are opsonized with
antibodies and complement proteins, which can tag them for recognition by the mononuclear
phagocyte system (MPS). Therefore, stealth coatings must be applied to overcome non-
specific uptake by the MPS to enhance pharmacokinetic and biodistribution profiles.

The most common ‘stealth’ technique used is the coating of nanocarriers with polyethylene
glycol (PEG); PEG coatings “shield’ the nanocarrier surface from opsonization and therefore
reduce innate immune surveillance leading to sequestration in the MPS [14]. Nevertheless,
recent research indicates that up to 25% of the human population (estimated based on blood
titers from 44 healthy donors) have developed PEG-specific antibodies [15,16]. This is a 124
fold increase compared to a study reported over 20 years ago, where it was shown that only
0.2% of humans tested presented with anti-PEG antibodies [17]. This increase may be due to
improved assays or due to immune response caused by increased use of PEG in industry,
medicine and cosmetics [15]. Furthermore, in patients previously treated/immunized with
PEG-containing formulations, higher prevalence of anti-PEG antibodies has been reported
[15,16], resulting in enhanced blood clearance after repeat administration of PEGylated NPs
[18]. These studies raise concerns about the applicability of PEG containing formulations in
the clinic. A paradigm shift is needed.

Toward this goal, we turned toward a bio-mimicry approach where the NP surface is coated
with serum albumin (SA), the most abundant plasma protein. SA is an ellipsoidal-shaped
molecule of 15 nm x 3.8 nm x 3.8 nm dimensions. Its main function is to maintain oncotic
pressure and to transport hydrophobic molecules in the blood. SA makes up for
approximately 55% of the total protein content in plasma; we therefore reasoned that it
would be a suitable candidate for the proposed ‘camouflage’ strategy. In fact, certain strains
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of pathogenic bacteria (e.g. streptococci) employ a strategy of binding SA upon entry into
mammalian organisms via cell surface-expressed HSA-binding protein G. The SA coating
allows the bacteria to hide from immune surveillance [19].

Protein ligands have been applied in nanomedicine, although they have been most typically
employed as a targeting strategy: for example, NP-transferrin conjugates have been used to
target cancer cells [20-22]. In addition to conferring tissue-specificity, the protein-coating
also has been shown to reduce protein corona formation, therefore reducing innate immune
recognition [23]. Furthermore, recent reports reveal that conjugation of minimal “self”
peptides (fragment derivatives of CD47 protein) can efficiently inhibit the clearance of NPs
by phagocytic cells [24]. Together these studies indicate that protein camouflage coatings
may be a viable strategy for nanomedicine.

In this work, we compared the effectiveness of SA vs. PEG coatings using the NPs formed
by the nucleoprotein components of tobacco mosaic virus (TMV). TMV is a plant virus-
based nanoparticle (VNP); the TMV capsids forms 300x18 nm-sized hollow nanotubes
composed of 2,130 identical copies of a ~17-kDa coat protein. TMV, like other VNPs have
many advantageous properties, such as ease of manufacture and high degree of quality
control. Their biocompatibility and biodegradability make them an attractive alternative to
synthetic NPs. Indeed VVNPs are undergoing development for use in drug delivery,
immunotherapy, and molecular imaging [25-31].

Due to its high aspect ratio shape of TMV, the platform offers advantages over spherical
nanomaterials. High aspect ratio materials evade MPS clearance, show enhanced vessel wall
margination and tissue penetration [32,33]. For example, we demonstrated that based on its
enhanced tumbling and margination properties, TMV effectively targets solid tumors [34]
and thrombosis [35]. The shape-mediated enhanced disease-targeting properties also align
with reduced macrophage clearance [34] and translate to high potential for molecular
imaging [10], and drug delivery (the latter will be reported elsewhere). As a model NP, TMV
serves as an excellent platform because its structure is known to atomic resolution [36,37]
and genetic and chemical methods are available to impart new functionalities[25]. For these
reasons, TMV serves as a good candidate material to assess the proposed ‘camouflage’
strategy.

In this work, we investigated SA vs. PEG surface coatings on TMV. Structure-function
studies were performed to assess immune-recognition by TMV-specific antibodies,
clearance by cells of the MPS, and /n vivo pharmacokinetics (PK) profiles.

RESULTS AND DISCUSSION

Serum albumin (SA) was conjugated to the external surface of a TMV lysine-added chimera
(TMV-lys) [38]. The side-chain of lysine residue contains an amine group susceptible to
conjugation using NHS ester chemistry. Three strategies were tested to cross-link human and
mouse SA to TMV-lys (Supplementary Figure S1): (a) carbodiimide-based condensation
reaction between the carboxyl groups of SA and the surface anime groups of TMV-lys were
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used; (b) homobifunctional NHS-PEGs-NHS to cross-link NH, groups of SA and TMV-lys
was explored; and (c) a three-stage process was developed:

i NHS-to-NH, conjugation of NHS-PEG4-MAL to the TMV-lys surface;
ii. NHS-to-NH> conjugation between NHS-PEG4-SH and SA,;

iii. MAL-to-SH conjugation of product (i) to (ii) to achieve TMV-PEGg-SA
(see Materials and Methods and Figure 1A).

Both (a) and (b) were low yielding and/or resulted in extensive particle aggregation (for
details see Supplementary Figure S1). Strategy (c), using a combination of two
heterobifunctional PEG cross-linkers, allowed for efficient conjugation of SA to TMV while
avoiding aggregation (see Materials and Methods and Figure 1A). TMV was also modified
with PEG chains only to yield TMV-PEG,4 (MWpgg24=1394.55 Da) and TMV-PEG g5
(Mwpgg105=1394.55 Da). These samples served as controls and were prepared using
procedure (i) with longer PEG chains and subsequent quenching of the maleimide groups of
PEG with use of excess L-cysteine.

We confirmed that the TMV formulations maintained their structural integrity upon SA and
PEG conjugation. Irregular surface morphology of the TMV-PEGg-SA particles was
observed using TEM (Figure 1B), indicating successful protein coating. The particles were
further characterized by SDS-PAGE and westerns blotting (WB) to analyze the SA-to-TMV
ratios (Figure 1C). SA conjugated to the TMV coat protein (TMVcp) was detectable as
multiple protein bands of high molecular weight (>64 kDa) not present in either TMV-lys or
SA controls. Based on densitometric analysis, approximately 0.3-0.4 mg SA were
conjugated per 1 mg of TMV particles, or ~180-240 SA proteins per TMV particle. This
corresponds to 1 SA molecule conjugated to every 9t-12th TMVcp. Assuming the exposed
surface area of TMVcp AT,\,|VC|O:~8nm2 and surface area of SA cross section Agpa=~11-
45nm? (approximating SA as an 15 nm x 3.8 nm x 3.8 nm ellipsoid, and depending on its
orientation), the theoretical coverage of TMV surface by SA could be as high as ~60%.

WB against SA and TMV provided further insight into the particle composition and make up
of the protein bands. WB analysis confirmed that both SA and TMVcp were present in the
>64-kDa bands detected by SDS-PAGE. This suggests that SA binds as a multimer, or
anchors to multiple TMVcps, rather than forming a uniform single layer coating.

Although samples have been extensively washed and dialyzed against PBS buffer (see
Materials and Methods), a small amount of non-covalently attached or unbound SA has been
detected in TMV-PEGg-SA sample and quantified as approximately 0.02-0.1 mg (~12-58
SA proteins) per TMV particle, or ~6-20% of total SA present in the sample. Extensive
washing procedures with PBS allowed the removal of free SA (Figure 1D + 1E). However,
removal of the bound SA may not be a requirement or it may not even be desirable, because
the bound (but non-coupled) SA, if it is stably adsorbed to TMV in plasma (not exchanging
with other proteins) [23,39], could seal the gaps in the SA coating to enhance the
camouflage and stealth effect.
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The degree of surface coverage with PEG for the TMV-PEG,4 and TMV-PEG g5 samples
was estimated as ~45% and ~18%, respectively (i.e. the % of total TMVcp conjugated to
PEG). Lower conjugation efficiency of PEGqgs is expected due to longer chain length and
consequential increase in steric hindrance of the PEG chains interacting with the TMV
surface. Depending on its density, PEG can adopt a brush conformation (for high density) or
mushroom conformation (for low-to-medium density) [40]. The theoretical PEG
conformation can be estimated by comparison of distance between adjacent PEG chains (D)
and the Flory dimension (Rg) [40,41], with Rg < D resulting in a mushroom conformation,
and when Rg > D, then a brush conformation is more likely. For the TMV-PEGy, particles
we find that Re=~2.4 < D=~6.3, and for TMV-PEG g5 particles RF=~5.7 < D=~15.9.
Therefore, for both a mushroom conformation is assumed.

TMV and other plant viruses are wide-spread in nature; TMV in particular has been detected
in agricultural products (e.g. vegetables) [42,43] and tobacco [44]. Antibodies against TMV,
therefore, may be prevalent in the human population. Indeed, we have previously found
binding of immunoglobulins to TMV upon incubation in human plasma collected from
random donors [45]. If antibodies are not already present, these are developed after repeat
administration of TMV-based therapeutics. Therefore, effective stealth coatings are needed
to overcome antibody recognition and clearance by MPS. To investigate the stealth efficacy
of SA vs. PEG coatings on TMV, immune-recognition experiments have been performed.
Immuno dot-blots were prepared by spotting a-TMV (polyclonal antibodies produced
through immunization of rabbits) or a-SA antibodies on a nitrocellulose membrane,
followed by addition of ‘naked” TMV-lys or coated TMV-SA and TMV-PEG. Fluorescently-
labeled TMV formulations were used in these experiments where Cy5 dyes were conjugated
to glutamic acids on the interior channel (see Materials and Methods). Antibody-recognition
was analyzed based on fluorescence readout quantified using a Maestro Imaging system.
While recognition of bare TMV-lys by a-TMV antibodies was high (as anticipated), it
decreased for PEGylated TMV and was minimal for TMV-PEGg-SA (Figure 2A + 2B). We
also note that bare TMV-lys were non-specifically adsorbed across the entire membrane,
most likely reflecting the propensity of proteins to adsorb onto nitrocellulose membranes.
Non-specific membrane adsorption was not observed for either the TMV-PEG or TMV-SA
formulations. But most importantly, the PEG/SA-coated TMV VNPs showed decreased
antibody recognition with SA coatings outperforming the PEG-coating by 5-6 times. The
difference may be explained by the difference in the nature of the coating: SA is a relatively
high molecular weight protein (~66 kDa) with a globular and ‘rigid’ structure, while PEG is
a flexible polymer with low molecular weight (~1.4 kDa and 5 kDa for PEG,4 and PEG1gs
respectively). Those structural differences are a possible reason for better stealth properties
of TMV-PEGg-SA, it is expected that SA provides improved steric hindrance compared to
PEG.

These results were in good agreement with immunogold TEM studies (see Materials and
Methods). We observed high recognition of ‘naked’ TMV-lys particles by a-TMV
antibodies; antibody recognition was significantly reduced upon conjugation of stealth PEG
and SA coatings, again with SA outperforming the PEG coatings (Figure 2D).

Biomaterials. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pitek et al.

Page 6

While antibodies can trigger recognition and clearance of (V)NPs by the MPS, another route
is direct recognition by macrophages’ membrane receptors. Therefore, we have studied /n
vitro interactions between stealth TMV-PEG and TMV-SA particles and RAW?264.7 cells;
quantitative data were obtained using the flow cytometry. The conjugation of PEGs and SA
decreased the interactions between TMV and macrophages (Figure 3) but did not eliminate
uptake. Overall the uptake rates of PEGylated and SA-coated TMV particles were
comparable resulting in a 4-fold reduction of macrophage cell interactions. It appears that
the SA-coating does not confer additional advantages over the PEG coatings in terms of
macrophage clearance /n vitro. Even a comparison between TMV particles coated with a
short PEG4 linker vs. SA-coated particles yielded no difference in this experiment (Figure
3A), indicating the low density coating with high-molecular weight PEG, medium density
coatings with low-molecular weight PEGs, or addition of SA provides similar levels of
evasion from macrophage uptake tested /n vitro.

Finally, we performed /n vivo pharmacokinetic studies (PK) to evaluate the circulation half-
lives of PEG- and SA-coated TMV particles. Fluorescently-labeled TMV-PEG and TMV-SA
formulations and Balb/C mice were used; PK was evaluated after bolus administration of 0.4
mg of TMV formulation in the tail vein. Blood was collected via retro-orbital bleeds, and
after removal of cellular components, the percent injected dose (%ID) of TMV was
determined based on fluorescence measurements and use of standard curve prepared by
spiking mouse serum with known concentrations of TMV. Although PEGylation of VNPs
has been shown to reduce the antibody recognition and reduce interactions with
macrophages, our results indicate fast clearance of the PEGylated VNPs (t1/2~10 mins;
Figure 4), consistent with previous observations[46]. The SA-coated TMV exhibited much
slower clearance from blood stream with average half-life of ~100 minutes, therefore
increasing the circulation time by one order of magnitude.

CONCLUSIONS

We have investigated the ‘stealth’ properties of SA coatings vs. PEGylation using TMV as a
candidate material. Firstly, we have established chemistries that enable high-density
conjugation of SA to the surface of TMV-lys; we envision that these methods could be
expended to other protein coatings. Secondly, we demonstrate that SA coatings overcome
recognition of the carrier by TMV-specific antibodies, decrease TMV clearance by
macrophages, and improve its pharmacokinetic profile. In particular, SA coatings
outperformed PEG coatings in terms of antibody evasion and pharmacokinetics, resulting in
effective evasion from antibody recognition and 10-times increased circulation half-life of
t1/2 ~ 100 mins vs. the PEGylated TMV formulation. Macrophage uptake was reduced
compared to ‘naked” TMV but no differences were observed comparing SA- vs. PEG-coated
TMV, indicating that antibody-mediated clearance is the dominating factor for the rapid
plasma clearance of TMV (we have previously shown that the protein corona formed on
‘naked’ TMV in plasma consists of immunoglobulins [45]). To be effective for systemic and
repeat administration, evasion of antibody surveillance is an important goal. Prevalence of
neutralizing antibodies has limited the use of viral vectors for localized treatment, an
example are the oncolytic virus therapies, including T-VEC developed and commercialized
by Amgen. The incorporation of serum proteins or other self-coating strategies may provide

Biomaterials. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pitek et al.

Page 7

a powerful strategy to overcome the immunogenicity of virus-based and nanoparticle-based
therapeutics. If the carrier is protein-based, fusion could be achieved through genetic
engineering and overcoat expression; in the case of synthetic materials bio-conjugate
ligation strategies as described in this article could be applied. Therefore, SA-coatings could
be widely applied as a coating technique to yield (V)NPs with improved /in7 vivo properties
enhancing drug delivery and molecular imaging.

MATERIALS AND METHODS

Virus propagation and purification

Viruses were propagated by mechanical inoculation using 5-10 pg of virus per leaf. Wild-
type TMV and TMV-lys mutants were propagated in Nicotiana benthamiana. The isolation
of VNPs using established procedures yielded approximately 1 mg of virus per gram of
infected leaf material [47].

TMV sCy5 labeling

First, alkynes were attached to internal TMV carboxylic acids 100 e.q. of propargylamine
(P50900; Sigma Aldrich) per capsid protein and 50 e.q. of EDC (25 equivalents added at 0
and 18 h; E6383; Sigma Aldrich) in 100 mM HEPES buffer, pH 7.4; the reaction was
allowed to proceed for 24 h. Second, an alkyne-azide click reaction was performed by
adding 1 e.qg. of sCy5-azide (B3330; Lumiprobe) per coat protein using 2 mg/mL TMV in
the presence of 1 mM CuSO4 (AC423615000; Fisher), 2 mM AMG (AC36891025; Fisher),
and 2 mM Asc (AC352681000; Fisher) in 10 mM potassium phosphate (KP) buffer (pH 7.4)
on ice for 30 min. TMV was purified by ultracentrifugation at 42,000 rpm for 3 h on a 40%
(w/v) sucrose cushion.

TMV conjugation with SA

Human serum albumin (HSA, A9511; Sigma Aldrich) or mouse serum albumin (MSA,
22070104-1; Bioworld) was conjugated to the external surface of TMV-lys using a three-
step reaction: 1) The NHS ester-to-lysine binding between SA and SAT(PEG), (NHS-
(PEG),—SAT, 26099; Thermo Fisher) was performed by mixing SA (80 mg/mL final conc.)
and SAT(PEG), using the linker at a 1 e.q. per SA protein. The reaction was carried out in
0.01 M phosphate buffer 0.125 M saline (PBS; pH 7.4) containing 10% (v/v) DMSO
overnight at room temperature (RT). To de-protect the -SH group de-acetylation solution
(0.5 M hydroxylamine, 25 mM EDTA in PBS, pH 7.2-7.5) was added at a final
concentration of 10% by volume. 2) The NHS ester-to-lysine binding between TMV-lys and
SM(PEG),4 (NHS-(PEG),—mal, 22104; Thermo Fisher) was performed by mixing TMV-lys
(at 2 mg/mL final conc.) and SM(PEG)4, the linker was used at a 10 e.q. per TMV-lys coat
protein. The reaction was carried out in 0.01 M potassium phosphate buffer pH 7.4
containing 10% (v/v) DMSO for 2 h at RT. Both (1) and (2) products were purified using PD
MiniTrap G-25 desalting columns (28-9180-08; GE) and combined in step 3. 3) The
maleimide-to-thiol coupling between TMV-(PEG)4-mal and SA-(PEG)4-SH (6 e.g. of SA
per TMV-lys coat protein) was carried out overnight at RT and quenched by addition of
excess glycine/L-cysteine. The TMV-(PEG)g-SA particles were then purified by
ultracentrifugation over a 40% (w/v) sucrose cushion.
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TMV conjugation with PEG

TMV-PEG particles were obtained by conjugation of SM- (PEG)24 (NHS-(PEG)54-mal,
22114; Thermo Fisher) or SM-(PEG)1g5 (NHS-(PEG)95-mal, PG2-MLNS-5k; Nanocs) to
the external surface of TMV-lys. The reaction was performed by mixing TMV-lys (at 2
mg/mL final conc.) and SM-(PEG)»4/105 at 10 e.q. per TMVcp in 0.01 M potassium
phosphate buffer pH 7.4 containing 10% (v/v) DMSO overnight at RT. The reaction was
quenched by addition of excess glycine/L-cysteine, quenching was allowed to proceed for 1
h at RT. The products were then purified by ultracentrifugation over a 40% (w/v) sucrose
cushion.

SDS-PAGE and Western blotting (WB)

HSA was used to prepare the TMV-PEGg-SA particles for SDS-PAGE and WB. The TMV
samples (40 ug) were denatured by boiling at 100°C for 7 minutes in gel lading buffer (62.5
mM Tris-HCI pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.01% (w/v) bromophenol blue,
10% (v/v) 2-mercaptoethanol). Denatured protein samples were then separated on 4-12%
NuPAGE polyacrylamide gels in 1x MOPS running (Invitrogen) buffer at 200 V for 50 min.
The gels were stained with Coomassie Brilliant Blue and visualized using an Alphalmager
imaging system (Biosciences).

For WB, samples separated by SDS-PAGE were transferred from the gel onto nitro-cellulose
membranes under a constant voltage of 30 V for 1 h. The membranes were then incubated at
RT for 1 h in blocking solution using 5% (w/v) skimmed milk in TBST (150 mM NacCl, 10
mM Tris HCI, 0.1% (v/v) Tween-20, pH 7.5). Then, blots were incubated with: a) 0.5 pg/mL
rabbit polyclonal antibody against human serum albumin (NBP1-32458; Novus Biologicals),
or b) 0.5 ug/mL rabbit anti-TMV antibody (custom made; Pacific Immunology) in blocking
solution and subsequently washed 3x for 5 minutes in TBST. After washing, membranes
were incubated with 1 pg/mL of alkaline phosphatase goat anti-rabbit antibody in blocking
solution for 1 h at RT and washed 3x for 15 minutes in TBST, and 1x for 5 minutes in
Millipore water. Specific antibody binding was visualized using Novex AP Chromogenic
Substrate (BCIP/NBT) (WP20001; Invitrogen).

Transmission electron microscopy and immunogold staining

HSA was used to prepare the TMV-PEGg-SA particles for TEM and immunogold staining.
Particles were adsorbed to carbon-coated copper grids at a concentration of 0.1 mg/mL (2 pl
per grid), rinsed with deionized water, and negatively stained with 2% (w/v) uranyl acetate
for 2 min before analysis with a Zeiss Libra 200FE TEM at 200 kV. For immunogold
labeling experiments, prior the uranyl acetate stain, the grids were blocked with 1% (w/v)
BSA/0.1% (v/v)Tween-20 for 30 min, incubated with 0.5 pg/mL rabbit a-TMV antibody
(polyclonal antibody from rabbits, Pacific Immunology) in 10 mM PBS for 1.5 h at RT,
washed 4 x 3 min with 0.01% (v/v) Tween-20 in 10 mM PBS, and incubated with goat anti-
rabbit gold conjugated antibody (1:10 dilution in 10 mM PBS) for 1.5 h at RT, washed 4 x 3
min with 0.01% Tween-20 in PBS and washed by 3 x 20 dips in DI water.
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Size exclusion chromatography (SEC)

The samples (100 pL of 1.0 mg/mL solution) were analyzed by SEC using a Superose6
column on the AKTA Explorer chromatography system (GE Healthcare), at a flow rate of
0.5 mL/min using either KP or PBS buffer (pH 7.4) for TMV-lys and TMV-PEGg-SA
particles respectively. The absorbance at wavelengths of 260 nm and 280 nm was registered.

Immuno dot-blots

The dot-blots were prepared by spotting 1 L of a-TMV (polyclonal antibody from rabbits,
Pacific Immunology), a-HSA (ab10241; AbCam) and a-CPMYV control (polyclonal
antibody from rabbits, Pacific Immunology) antibodies either at 3 different concentrations
each (100 pg/mL, 20 pg/mL and 10 pg/mL in 10 mM PBS) or using only the highest
concentration (100 pg/mL in 10 mM PBS) on nitrocellulose membrane, previously
equilibrated in 10 mM PBS. The prepared blots were then blocked in 5% (w/v) skimmed
milk solution in 10 mM PBS for 1 h in RT, washed three times for 5 min in 10 mM PBS and
incubated in 40 ug/mL TMV solution in PBS for 2.5 h at RT. HSA was used to prepare the
TMV-PEGg-SA particles for immune recognition experiments. After subsequent 3x 5 min
washes in PBS, blots were dried and imaged for fluorescence using Maestro imaging system
with yellow excitation (576-621 nm) and emission (635 nm longpass) filters and with
automatically determined optimal exposure times. Cy5-labeled TMV was used for these
experiments and therefore read out of binding was quantified based on the fluorescence
signals.

Flow cytometry

RAW264.7 cells were grown to confluence in DMEM medium, supplemented with 10%
(v/v) FBS (to make complete medium) and 1% (v/v) penicillin/streptomycin, at 37°C and
5% CO». The cells were washed with PBS, collected in enzyme-free Hank’s-based Cell
Dissociation Buffer (Fisher), washed in PBS again and resuspended in the complete
medium. Cells were then added to 96-well v-bottom plates (200,000 cells in 200 pL per
well) and incubated with 13 pg of VNPs per well in triplicate for 6 h at 37°C and 5% CO,.
MSA was used to prepare the TMV-PEGg-SA particles for the uptake studies in RAW264.7
cells (a mouse-derived cell line). Cells were washed twice in FACS buffer (1 mM EDTA, 25
mM HEPES, 1% (v/v) FBS in PBS, pH 7.0) and fixed in 2% (v/v) paraformaldehyde in
FACS buffer for 10 min at RT. After fixation, cells were washed twice in FACS buffer,
resuspended in 300 uL FACS buffer, and stored at 4°C. Cells were analyzed using a BD LSR
Il Flow Cytometer and 10,000 gated events were recorded. Data were analyzed using
FlowJo v8.6.3 software.

In vivo pharmacokinetics experiments

MSA was used to prepare the TMV-PEGg-SA particles for PK study. All animal procedures
were performed using approved protocols from the Institutional Animal Care and Use
Committee at Case Western Reserve University. Particles (4 mg/mL stock in PBS or KP
buffer) at a dose of 0.40 mg/mice were administered by tail vein injection using Balb/C mice
(Charles River). Blood was collected pre- and post-injection via retro-orbital bleed (at t=0,
10, 30, 60, 120, and 360 minutes); an n=3 was assigned for each time-point. Heparin coated
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capillaries and collection tubes have been used; and collected blood was stored on ice and
storage and handling time was kept to minimum. The collected blood was centrifuged at
2000 rcf for 10 minutes to separate the blood plasma (supernatant) from the cells (pellet).
The fluorescence (Agx=600, Am,=650) of the plasma samples was then analyzed with use of
Tecan Infinite M200 plate reader. The fluorescence reading was correlated to the standard
curves prepared for each of used particles to determine the particle concentration at each
timepoint. %ID was determined as ratio between initial particle concentration (determined
using injected dose and total mouse blood volume) and the concentration at each time point.
The calculations were made with the assumption of a total mouse blood volume of 8mL/
100g. The mice weights were measured before injections.

Protein corona preparation

HSA was used to prepare the TMV-PEGg-SA particles for protein corona analysis. Hard
protein coronas from TMV rods were prepared by incubating the particles in 2 mL ~100%
human plasma (70039.6; Stemcell Technologies) at concentration of 0.3 mg/mL TMV at RT
for 1 h. The samples were then diluted in 25 mL PBS, purified by ultracentrifugation on a
40% (v/v) sucrose cushion, and washed twice with 25 mL PBS to remove loosely-bound
proteins. The final pellet was resuspended in 0.1 mL gel loading buffer (62.5 mM Tris-HCI
pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.01% (w/v) bromophenol blue, 10% (v/v) 2-
mercaptoethanol) and denatured by boiling at 100°C for 7 min. Subsequently 10-15 pl (~40
ug) of each sample was analyzed by SDS-PAGE (see Supplementary Information and Figure
S3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Coating TMV surface with SA
A, schematic representation of the SA conjugation to TMV. Step one: Conjugation of

SAT(PEG)4 and SM(PEG), to the lysine residues of SA protein and TMV-lys respectively (-
NHS ester to -NH, reaction). Step two: conjugation of SA-PEG4-SH to TMV-PEG-
maleimide (-SH to -maleimide reaction). Human serum albumin (HSA) was used to prepare
the TMV-PEGg-SA particles. B, TEM images of VNPs before (TMV-lys, left) and after SA
conjugation (TMV-PEGg-SA, right). The morphology of TMV-lys surface changes from
smooth to ‘patchy’ upon SA conjugation. C, SDS-PAGE and Western Blot (WB) analysis of
TMV-lys particles before and after PEGylation and SA conjugation. Free SA was used as
reference. Successful conjugation of PEG is indicated by presence of bands with apparent
molecular weights (>17 kDa) higher in respect to TMVcp band (~17 kDa). SA conjugation
was also indicated by presence of multiple protein bands corresponding to SA-TMVcp
(multiple bands of apparent Mw > 64kDa; theoretical molecular weight of 1:1 SA:TMVcp
monomer = 83 kDa;) as shown by WB immune recognition. Additional WB images are
shown Supplementary Figure S2. D, SDS-PAGE analysis of TMV-PEGg-SA before and after
additional wash in PBS. Reduction of non-coupled SA band (apparent Mw of ~62 kDa) can
be observed. E, Size exclusion chromatography (SEC) analysis of TMV-PEGg-SA before
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and after additional washes. 100 pg of TMV conjugates were analyzed. No significant
amount of free SA has been detected thus the non-coupled SA (visible in panels C + D) is
expected to be physically adsorbed on the surface of TMV-PEGg-SA particles. SA was used
as reference.
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Figure 2. Immune recognition of TMV-PEGg-SA
A, Immune recognition of fluorescent ‘naked’ and ‘stealth” TMV particles by a-TMV and

a-SA antibodies using dot blots. The binding of particles to a-TMV antibody spotted on the
membrane is decreased with PEG coatings and was effectively prevented using SA coatings.
B, Quantitative densitometric analysis of the dot-blots (A). C, Schematic representation of
the antibody-recognition of the various TMV-based particles. D, TEM images of TMV
formulations after immunogold staining using a-TMV and gold-labeled secondary
antibodies. HSA was used to prepare the TMV-PEGg-SA particles.
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Figure 3. In vitro recognition of SA- and PEG-coated TMV vs. ‘naked” TMV by RAW264.7

macrophages

A, Quantitative FACS analysis of the interactions between ‘naked’” and ‘stealth” TMV

formulations and RAW264.7 cells. B, FACS histograms of the same. Mouse serum albumin
(MSA) was used to prepare the TMV-PEGg-SA particles (RAW264.7 is a mouse-derived

macrophage cell line).
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Figure 4. Pharmacokinetics of the TMV-PEG»4 and TMV-PEGg-SA particles in Balb/C mouse
model

The particles were administered intravenously at the amount of 400 pg/mouse. Blood was
collected before injection at t=0 and after injection at t=10 min, t=30 min, t=60 min, t=120
min, and t=360 min (the experiments were completed at an n=3 per group).
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