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Abstract

Plant virus nanoparticles (VNPs) have multiple advantages over their synthetic counterparts
including the cost-effective large-scale manufacturing of uniform particles that are easy to
functionalize. Tobacco mosaic virus (TMV) is one of the most promising VNP scaffolds,
reflecting its high aspect ratio and ability to carry and/or display multivalent therapeutic ligands
and contrast agents. Here we investigated the circulation, protein corona, immunogenicity,

and organ distribution/clearance of TMV particles internally co-labeled with cyanine 5 (Cy5)
and chelated gadolinium (Gd) for dual tracking by fluorescence imaging and optical emission
spectrometry, with or without an external coating of polydopamine (PDA) to confer photothermal
and photoacoustic capabilities. The PDA-coated particles (Gd-Cy5-TMV-PDA) showed shorter
plasma circulation time and broader distribution to organs of the reticuloendothelial system
(liver, lungs, and spleen) than uncoated Gd-Cy5-TMV particles (liver and spleen only). The
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Gd-Cy5-TMV-PDA particles were surrounded by 2—10-fold greater protein corona (containing
mainly immunoglobulins) compared to Gd-Cy5-TMV particles. However, the enzyme-linked
immunosorbent assay (ELISA) revealed that PDA-coated particles bind 2-fold lesser to anti-TMV
antibodies elicited by particle injection than uncoated particles, suggesting that the PDA coat
enables evasion from systemic antibody surveillance. Gd-Cy5-TMV-PDA particles were cleared
from organs after 8 days compared to 5 days for the uncoated particles. The slower tissue
clearance of the coated particles makes them ideal for theranostic applications by facilitating
sustained local delivery in addition to multimodal imaging and photothermal capabilities. We have
demonstrated the potential of PDA-coated proteinaceous nanoparticles for multiple biomedical
applications.
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INTRODUCTION

Biomedical imaging is facilitated by contrast agents that enhance the visibility of anatomical
structures, enabling clinicians to distinguish lesions from healthy tissue. Paramagnetic ions
such as gadolinium (Gd3*) are used as contrast agents in magnetic resonance imaging
(MRI), and they work by affecting the relaxation rate (R = 1/T4) of the surrounding water
protons.2 Numerous Gd-based contrast agents have been approved for clinical use,2 but
small-molecule contrast enhancers achieve a lower sensitivity than predicted by theory.3
Theoretically, one Gd3* ion should enhance relaxivity by 80-100 mM~1 571 in a clinical-
strength magnetic field (1.5 T) but in practice the typical relaxivity is only 3-5 mM~1s71
per Gd3* ion.? This partly reflects the rapid molecular tumbling and low hydration states
of approved Gd3* complexes, increasing the dosage requirement to ~15 mg kg~ body
weight and thus raising safety concerns, 6 as well as restricting applications when high
concentrations are needed for enhanced local contrast.’-2

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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The engineering of nanoscale materials has facilitated the development of functional
nanoparticles (NPs) suitable for various biomedical applications, such as drug delivery,

gene therapy, immunotherapy, and diagnosis.1® The diagnostic potential of NPs reflects their
use for noninvasive imaging, which is facilitated by the ability to engineer the size, shape
and surface properties of particles to achieve the site-specific delivery and accumulation

of imaging agents.1! Gd-loaded NPs reduce the tumbling rate and improve sensitivity
compared to Gd3* complexes by increasing the local concentrations of Gd3* at the target
site, enhancing the total molar relaxivity and signal intensity.”-12 Accordingly, paramagnetic
Gd-based nanocrystals achieved ultrahigh relaxivity of ~80 mM~1s™1 per Gd3* at 1.41 T,
approximately 25-fold higher than typical Gd3* complexes.13 However, despite the clinical
advantages of nanoscale contrast enhancers, only a few have been approved and most of
these are based on iron oxide. For example, Ferumoxtran-10 Combidex Sinerem and Feridex
I V Endorem are dextran-coated iron oxide NPs used to image lymph node metastases

and liver lesions, respectively.1 The successful clinical development of nanoscale imaging
agents is hindered by batch-to-batch variation and scale-up issues during synthesis as well
as challenges with selective targeting, biocompatibility, and toxicity inherent to synthetic
NPs.15

Plant virus nanoparticles (VNPs) can overcome the disadvantages of synthetic particles
because they have a genetically encoded uniform structure, allowing cost-effective
manufacturing in plants with batch-to-batch reproducibility.16 VVNPs achieve good
biocompatibility because they are non-toxic, biodegradable and do not infect mammalian
cells,1” making them a safe platform technology for the delivery of contrast agents,18:19
including Gd3* complexes.29-22 One of the most versatile VNP scaffolds is tobacco mosaic
virus (TMV), which features 2130 identical coat protein subunits that form 300 x 18

nm rods with a 4-nm internal channel, allowing both internal and external modifications

by conjugation or genetic engineering. The high aspect ratio of TMV helps it evade the
immune system while achieving efficient margination toward blood vessel walls, which
enhances endothelial targeting and increases the possibility of interactions between the
molecular target and the imaging probe.23 We previously showed that the conjugation of
Gd(DOTA) to TMV leads to a remarkable increase in ionic relaxivity from 4.9 mM~1

s~1 for plain Gd(DOTA) to 18.4 mM~1 s71 for the TMV formulations at 60 MHz.24 The
utility of these TMV-based MR contrast agents was demonstrated in imaging studies in a
mouse model of atherosclerosis: the loading of Gd(DOTA) complexes in TMV particles
allowed for detection and imaging of atherosclerotic plaques at 400-folds reduced dose.2>
More recently, we coated Gd(DOTA)-conjugated TMV with polydopamine (PDA),26 a
mussel-inspired polymer with photothermal properties.2”-28 The PDA coating significantly
increased the relaxivity of Gd(DOTA)-conjugated TMV at 60 MHz: ~80 mM~1 s71 for PDA-
coated particles compared to 13.63 mM~1 s71 for uncoated particles.28 The PDA-coated
Gd(DOTA)-loaded TMV particles also achieved the effective photothermal killing of PC-3
prostate cancer cells as well as high photoacoustic contrast. In another study, Lemaster et al.
demonstrated that the loading of Gd3* ions in PDA-based NPs leads to 40-fold enhancement
in photoacoustic signal intensity relative to PDA-based NPs alone.2 These combined
characteristics make the Gd-TMV-PDA system a promising theranostic formulation capable
of multimodal MRI and photoacoustic imaging to guide photothermal therapy.

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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In order to advance PDA-coated Gd(DOTA)-loaded TMV particles to the clinic, it is
necessary to determine their /n vivo fate. We therefore investigated the plasma circulation,
biodistribution and clearance of these particles, and determined their potential interactions
with plasma proteins and anti-TMV antibodies. We labeled Gd-TMV-PDA particles with
fluorophore Cyanine 5 (sulfo-Cy5) to facilitate tracking using different modalities (i.e.,
detection of Gd3*, sulfo-Cy5 and PDA)), and to test the capacity of the particles for
additional functionalization.

EXPERIMENTAL SECTION

Particles manufacturing and characterization

TMV preparation.—Wild-type TMV was propagated in and purified from Nicotiana
benthamiana plants as previously described.30 Briefly, frozen infected leaves were
homogenized in 0.1 M potassium phosphate (KP) buffer containing 0.2% (v/v) 2-
mercaptoethanol (Thermo Fisher Scientific), filtered through two layers of cheesecloth, and
centrifuged (11,000 x g, 4°C, 20 min) to remove plant materials. The supernatant was mixed
with 1:1 (v/v) chloroform:butanol-1 and the aqueous phase was transferred to 0.2 M NaCl
and 8% polyethylene glycol (PEG) 8000 (Thermo Fisher Scientific) to precipitate the VNPs.
Following resuspension and removal of pelleted polymer aggregates, TMV particles were
purified by ultracentrifugation on a 40% (w/v) sucrose cushion (160,000 x g, 4°C, 3h).

The concentration of TMV was measured on a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific).

Synthesis of Gd-Cy5-TMV.—TMV particles were internally decorated with alkyne
handles, then conjugated to Gd(DOTA)-azide and sulfo-Cy5-azide using copper-mediated
azide—alkyne cycloaddition (CuAAc, also called click chemistry) as previously described.23
Briefly, the alkynes were grafted by mixing 2 mL of TMV (10 mg/mL in 0.01 M KP

buffer) with 5.74 mL 0.1 M HEPES (pH 7.4), 1.3 mL 0.1 M propargylamine and 30 mg
hydroxybenzotriale (Sigma-Aldrich). The reaction was stirred at room temperature before
adding 0.32 mL of 0.1 M aqueous A-(3-dimethylaminopropyl)- /A -ethylcarbodiimide (EDC,
Sigma-Aldrich) at 0, 6 and 18 h. Following complete EDC addition, the reaction was stirred
for another 24 h. The alkyne-labeled TMV was purified by ultracentrifugation on a 40%
(w/v) sucrose cushion (160,000 x g, 4 °C, 3 h).

For the click reaction, 0.056 mL of 0.1 M Gd(DOTA)-azide and 0.02 mL of 0.01 M
sulfo-Cy5-azide (Lumiprobe) were added to 9 mL of alkyne-labeled TMV (2.2 mg mL~1 in
0.01 M KP buffer) followed by the addition of 0.1 mL of 0.2 M aminoguanidine, 0.1 mL
of 0.2 M sodium ascorbate and 0.1 mL of 0.1 M CuSOg4 (Acros Organics). The mixture
was stirred for 30 min before stopping the reaction with 0.1 mL of 0.5 M EDTA (Sigma-
Aldrich). The resulting Gd-Cy5-TMV particles were purified by ultracentrifugation on a
40% (wi/v) sucrose cushion (133,000 x g, 4 °C, 1 h). The loading of sulfo-Cy5 and Gd3*
were confirmed by UV-Vis spectrometry and inductively coupled plasma optical emission
spectrometry (ICP-OES), respectively; the latter was accomplished using a 730-ES device
(Agilent Technologies). Particle integrity was confirmed by size exclusion chromatography
(SEC) using a Superose6 column on the AKTA Explorer chromatography system (GE

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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Healthcare). The TMV coat protein, genomic RNA and sulfo-Cy5 were detected at 260, 280
and 647 nm, respectively.

Preparation of Gd-Cy5-TMV-PDA.—We added 12 mg dopamine (Sigma-Aldrich) to

8 mg Gd-Cy5-TMV in 80 mL Tris buffer (pH 8.5), stirred at room temperature for 6

h, pelleted the particles by centrifugation (25,000 x g, 4 °C, 20 min) and washed them

in phosphate-buffered saline (PBS) and Millipore water.26 Wild-type TMV particles were
coated under the same conditions to produce a TMV-PDA control alternative to blank PDA
(also produced using the same protocol). Coating was assessed by electron microscopy prior
to further characterization by photothermal and photoacoustic analysis.

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).—
Wild-type and modified TMV particles were analyzed by SDS-PAGE as previously
described.3! Samples were mixed with the 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 heated for 5 min at 100 °C for denaturation. Denatured samples

were separated on 4-12% or 12% NuPAGE polyacrylamide gels in 1x (3-(A~morpholino)
propanesulfonic acid) running buffer (MOPS, Invitrogen) at 200 V for 40 min alongside
SeeBlue Plus2 pre-stained protein standards (Thermo Fisher Scientific). An Alphalmager
system (Protein Simple) was used to image the gels under red and white light before staining
with Coomassie Brilliant Blue. The gels were imaged again under white light after staining.

Transmission electron microscopy (TEM).—Samples (10 pL) were placed on carbon-
coated copper grids for 2 min before removing excess liquid with filter paper, rinsing the
grid with deionized water and staining with 2% (w/v) uranyl acetate. TEM images were
taken using a FEI Tecnai Spirit G2 BioTWIN TEM.

Dynamic light scattering (DLS).—Triplicate DLS measurements were taken at room
temperature on a Zetasizer Nano ZSP Zen5600 (Malvern Panalytical) with a scattering angle
of 90° and a total measurement time of 3-5 min. The particle size (hydrodynamic radius)
and polydispersity index (PDI) were automatically calculated using the manufacturer’s
software.

Photothermal measurements.—Gd-Cy5-TMV-PDA samples (1 mL) were placed in
quartz cuvettes and irradiated with an 808-nm near-infrared (NIR) laser (MDL-808-2W) at 1
W cm™2 for 10 min. Variations in temperature were recorded using an A300 forward-looking
infrared (FLIR) thermal camera.

Photoacoustic measurements.—Photoacoustic data were collected using a
VisualSonics Vevo 2100 LAZR imaging system. Samples were scanned in the wavelength
range of 680-970 nm using a 21-MHz centered LZ 250 transducer with a peak energy of
45 + 5 mJ at 20 Hz at the source. The specimens were aligned at a depth of 1 cm from the
transducer and the laser was optimized and calibrated before the measurement.32

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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Animal experiments

Ethical statement.—All animal experiments were carried out in accordance with the
guidelines of the Institutional Animal Care and Use Committee (IACUC) of the University
of California San Diego (UCSD) and approved by the Animal Ethics committee of UCSD.
We used BALB/c 8-week-old female mice (Jackson Laboratory) for all experiments and
housed them at the UCSD Moores Cancer Center with unlimited food and water.

Biodistribution.—Animals were maintained on an alfalfa-free diet (Teklad 2018S, Harlan
Laboratories) for 1 week before random assignment to different cages per time point for
each treatment. Animals were retro-orbitally injected with 0.15 mL of 1.333 mg mL™1
Gd-Cy5-TMV or Gd-Cy5-TMV-PDA particles (200 ug per mouse) or 0.15 mL of PBS

as a control. Mice were sacrificed on days 1, 3, 5, 8 and 10, and major organs (kidneys,
liver, lungs and spleen) were harvested for three ex vivotests: (1) Sulfo-Cy5 fluorescence
measurement using a Xenogen 1VIS 200 Optical Imaging System (Caliper Life Sciences):
organ samples were imaged side by side with controls to establish the baseline, and the
IVIS software was used to determine fluorescence intensity based on region of interest
(ROI) analysis. (2) Gd3* quantitation by ICP-OES using the equipment described above:
weighed pieces of wet organs (500 mg liver, 100 mg lung, 50 mg spleen, and one kidney)
were digested in concentrated nitric acid at 100 °C for 15 min and diluted to 5 mL with
de-ionized water; Gd ICP Standard (VWR PGD1KN-100) was used to prepare a calibration
curve (1-1000 ppb, R? = 1.0) for the automated calculation of Gd3* concentrations from
signal intensities. (3) Detection of PDA: organs were homogenized in 1 mL PBS, and the
homogenate was used for photoacoustic measurements as described above.

Pharmacokinetics (PK).—Gd-Cy5-TMV or Gd-Cy5-TMV-PDA (200 pg in 150 uL PBS)
were administered to mice via tail vein injections. Blood (100 pL) was collected by retro-
orbital bleeding after 0, 10, 30, 60, 90, 120, 240, 360, 480 and 1440 min. Blood from time
0 was spiked with 12.7 pg of the VNPs — which is expected in 100 L blood based on the
injected dose (200 pg for the estimated total mouse blood of 1.57 mL). Blood samples were
mixed with concentrated nitric acid (200 L), boiled for 10 min, and diluted to 5 mL with
de-ionized water for ICP-OES analysis as described above. Gd3* concentrations (ppb) were
calculated from a standard calibration curve and the recovered amounts were converted to
a percent injected dose (%1D) considering Gd3* amounts from time 0 as 100%. The %ID
values were plotted against time and fitted to half-life (t1/) calculations using GraphPad
Prism v9.0.2.

Anti-TMV antibody screening and recognition.—Mice were retro-orbitally injected
with 150 uL Gd-Cy5-TMV-PDA (TMV concentration = 1.333 mg mL1; 200 ug per mouse).
Four weeks later, blood was collected by retro-orbital bleeding using heparin-coated tubes
(Thermo Fisher Scientific). The blood was centrifuged (2000 x g, 4 °C, 10 min) and the
plasma was stored at —80 °C for subsequent screening.

Enzyme-linked immunosorbent assay (ELISA).—To determine the titers of TMV-
specific 1gG, 96-well Nunc Polysorb Immuno Plates (Thermo Fisher Scientific) were coated
with 10 pg mL1 wild-type TMV or Gd-Cy5-TMV-PDA (100 uL per well) in 0.01 M

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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KP buffer overnight at 4 °C. The coating solution was discarded, and plates were rinsed
three times (200 uL per well) with PBS containing 0.05% (v/v) Tween-20 (PBST). The
same washing protocol was used between all subsequent steps. We added 3% bovine serum
albumin faction V (Roche) in PBS as a blocking agent (100 uL per well) and plates were
incubated for 1 h at room temperature. After blocking, plasma from immunized mice was
added at 2x serial dilutions (starting at 1:200 and ending at 1:204,800) in PBS (100 pL
per well) and the plates were incubated at room temperature for 1 h. Next, washed plates
were incubated at room temperature with horseradish peroxidase (HRP)-conjugated goat
anti-mouse 1gG Fc secondary antibody (Invitrogen) diluted 1:5000 in PBST for 1 h. After
the washing step, plates were developed using 50 uL per well 1-Step Ultra TMB-ELISA
substrate (Thermo Fisher Scientific) for 5 min at room temperature, and 50 pL per well of
2 N H,SO,4 was added to stop the reaction. Absorbance was measured at 450 nm using a
Tecan microplate reader.

Protein corona preparation and analysis.—We diluted 50 pL of 0.5 mg mL™1
Gd-Cy5-TMV or Gd-Cy5-TMV-PDA with 430 pL of PBS and incubated with 10-40 uL
human plasma (Sigma-Aldrich) for 1 h at room temperature.33 Sample aliquots were then
analyzed by DLS and TEM as described above, while another aliquot was pelleted by
ultracentrifugation (160,000 x g, 4 °C, 45 min), washed three times with PBS and analyzed
by SDS-PAGE on 4-12% gels as described above.

Liquid chromatography mass spectrometry (LC-MS).—Following SDS-PAGE
analysis of the protein corona, the main bands from the Gd-Cy5-TMV-PDA + human
plasma gel lane were excised, washed with Millipore water, acetonitrile, 0.1 M ammonium
bicarbonate, and acetonitrile again, and then digested with trypsin for LC-MS analysis.
Peptides were separated on a nanoLC-Orbitrap XL with the following parameters. A fused
silica capillary nanoL.C column (pulled to a tip with a Sutter P-2000 laser capillary puller)
was packed with Agilent Zorbax C18 particles (5 pm). The capillary inner diameter was
100 pm and the stationary phase was packed with a pressure device to a length of 70 mm.
The column was equilibrated with solvent from the Agilent 1100 HPLC pump (solvent A =
0.1% formic acid in water and solvent B = 100% acetonitrile, with several step gradients of
10-90% solvent B). The trypsin-digested sample (3-5 L redissolved in 15 uL 5% formic
acid) was loaded onto the column using a pressure device. The LC gradient program was
1-30% solvent B in 65 min, to 58% solvent B at 77 min, followed by 5 min at 90%
solvent B and a return to 1% solvent B at 95 min. The capillary LC was positioned in the
nanoelectrospray interface with settings of 1.55 kV source voltage, 40 V capillary voltage,
140 V tube lens, and 165°C capillary temperature. Three microscans were averaged for
the ion trap and two for the Fourier transform. There were seven scan events per cycle

(6.5 s), one Fourier transform scan (resolution 30,000) from 250-1600 7/z, followed by
six data-dependent collision induced dissociation (CID) MS/MS scans in the ion trap.
Dynamic exclusion was enabled for 40 s with a repeat count of 2. The ion trap CID scans
had an isolation width of 2.0 /m/zand normalized collision energy of 35 eV. After data
acquisition, peptide sequence matches (PSM) were found using the OpenMS3* workflow
with the MSGFplus PSM search algorithm.3® The false discovery rate was set to 5%. Two

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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variable post-translational modifications per peptide were allowed: oxidation of methionine
and deamidation of asparagine.

Statistical analysis.—Data were plotted and statistically analyzed using GraphPad Prism
9.0.2. Comparative analysis was carried out with one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. Asterisks in the figures indicate significant
differences between a study group and the control (*p < 0.05; **p < 0.01; ***p < 0.001),
whereas hashtags represent significant differences between study groups (*p < 0.05; # p <
0.01; ##p < 0.001).

RESULTS AND DISCUSSION

Particle synthesis and characterization

Wild-type TMV was purified with yields of 11 mg per gram of N. benthamiana leaves using
an established purification protocol.3% We converted internal glutamate residues 97 and

106 into alkyne handles with a 100-fold molar excess of propargylamine per coat protein
subunit, then simultaneously conjugated them to Gd(DOTA)-azide and sulfo-Cy5-azide
using click chemistry (Scheme 1A). Particle concentrations and sulfo-Cy5 loading were
characterized by UV-Vis absorption spectrometry (based on the Beer—Lambert law) using
extinction coefficient (e7341) of 3.0 mL mg~1 cm™1 at 260 nm for TMV and the molar
extinction coefficient (esysf-cys) of 271,000 L mol~1 cm™1 at 647 nm for sulfo-Cy5. Using
0.2 equivalents of sulfo-Cy5-azide per coat protein, data indicated 158 molecules of sulfo-
Cy5 per TMV, which is an acceptable loading for bioimaging because fluorescence intensity
reaches a plateau at a loading of 222 dye molecules per internally labeled TMV.36 ICP-OES
analysis of samples digested in nitric acid revealed the presence of 1916 chelated Gd3* ions
per TMV particle, which is much greater than the sulfo-Cy5 loading due to the higher molar
excess of Gd(DOTA)-azide (5.2 Gd(DOTA)-azide equivalents per coat protein). The loading
of Gd3* ions was intentionally higher than that of sulfo-Cy5 to ensure the formulation

is suitable for MRI while avoiding concentration-dependent fluorescent quenching during
bioimaging.

The particulate nature of the Gd-Cy5-TMV formulation was initially characterized by SEC.
We simultaneously detected the viral coat protein at 260 nm, the viral RNA at 280 nm,

and sulfo-Cy5 dye at 647 nm. The highest absorbance values at all three wavelengths

were observed at an elution volume of 7.8 mL, confirming the co-elution of the three

TMV components and thus successful labeling while maintaining structural integrity (Figure
1A). The absence of absorbance at other elution volumes indicates that the particles were
intact without significant quantities of broken particles, free proteins, or dye molecules. The
260/280 absorbance ratio for Gd-Cy5-TMV (1.25) was almost the same as wild-type TMV
(1.22), which also eluted at 7.8 mL, indicating that labeling does not displace the viral
genomic RNA.

Following the protocol previously developed in our lab,26 Gd-Cy5-TMV particles were
coated using 12 mg dopamine per 8 mg particles in alkaline buffer (pH 8.5) for 6 h at

room temperature (Scheme 1B,C), purified by centrifugation (25,000 x g, 20 min) and
washed with PBS and Millipore water. The resulting Gd-Cy5-TMV-PDA as well as the

Biomater Sci. Author manuscript; available in PMC 2022 October 26.
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Gd-Cy5-TMV particles were then characterized by TEM, which revealed the presence of
intact rod-shaped nanoscale particles in both cases (Figure 1B). The surface of the uncoated
particles appeared smooth, whereas Gd-Cy5-TMV-PDA featured randomly-distributed knot-
like bumps similar to those observed when we coated GdTMV with dopamine under similar
conditions. This confirms the tendency for PDA to wrap around the particles and coat
them.26

SDS-PAGE analysis of the TMV, TMV-PDA, Gd-Cy5-TMV-PDA and Gd-Cy5-TMV
samples revealed a band corresponding to the anticipated size of the wild-type TMV coat
protein, at ~ 18 kDa (Figure 1C). The Gd- and Cy5-modified coat proteins appear thicker,
because it is a mixture of free coat protein and modified coat proteins, where the latter have
increased molecular weights and therefore lower mobility. A faint additional 39-kDa band
in the TMV-PDA, Gd-Cy5-TMV-PDA and Gd-Cy5-TMV lanes represented coat protein
dimers, which are typically observed after bioconjugation reactions.26:37-39 Imaging the gel
under the white or red light before Coomassie staining only revealed the coat protein bands
of the dye-labeled particles (Gd-Cy5-TMV-PDA and Gd-Cy5-TMV).

Gd-Cy5-TMV-PDA was characterized in more detail by UV-Vis absorption
spectrophotometry, photothermal imaging and photoacoustic analysis. The UV-Vis
absorption profile of Gd-Cy5-TMV-PDA was broad (similar to the control PDA) but
included spectral features unique to the TMV components (coat protein and RNA at 260-
280 nm) as well as the sulfo-Cy5 dye at 647 nm (Figure 2A). Given the photothermal
properties of PDA,*0-42 we recorded the temperature profile of Gd-Cy5-TMV-PDA with

an infrared camera during irradiation with an 808-nm NIR laser at 1 W/cm? (Figure

2B). The particles generated heat in a concentration-dependent manner. The samples

heated up continuously for the first 300 s followed by a plateau up to 600 s, which is
consistent with previous experiments with 300 s irradiation.26:2” Photoacoustic behavior was
investigated by testing the ability of the particles to emit signals following irradiation at
680-900 nm. Strong signals were observed depending on the wavelength of the pulsed

laser: the shortest wavelength (680 nm) yielded the most intense photoacoustic signal

for all concentrations tested (Figure 2C). The control (0.1 mg mL™! Gd-Cy5-TMV) did

not generate a photoacoustic signal. Like the photothermal effects discussed above, the
photoacoustic signal intensity was contingent on the concentration of Gd-Cy5-TMV-PDA,
as reported for other PDA-coated NPs.26:43 We observed a linear correlation (R? =

0.994) between Gd-Cy5-TMV-PDA concentrations (0.005-0.1 mg mL™1) and photoacoustic
intensities when particles were irradiated at 680 nm (Figures 2D,E). This supports the use of
photoacoustic imaging for the detection of PDA in this study.

Pharmacokinetics

We administered Gd-Cy5-TMV-PDA or Gd-Cy5-TMV by intravenous bolus injection at a
dose of 200 pg per mouse to investigate the half-life of the particles in the circulation. Blood
samples were taken at regular time points by retro-orbital bleeding and Gd3* was quantified
by ICP-OES. The %ID in each sample was determined against a calibration curve relative
to a time zero blood spiked with the equivalent of a 100% dose, allowing for half-life
calculations (Figures 3A and B). The plasma circulation profiles of Gd-Cy5-TMV and Gd-
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Cy5-TMV-PDA were distinct: Gd-Cy5-TMV underwent one-phase decay (t1/2 = 38.77 min)
whereas Gd-Cy5-TMV-PDA underwent two-phase decay (fast t1/> = 4.7 min and slow ty, =
626.2 min). One-phase decay describes an elimination profile where the body is considered
as one blood pool without organs, whereas two-phase decay indicates fast tissue distribution
(rapid plasma circulation, short ty;o) followed by active tissue clearance or elimination
(slower phase with longer t1/5).#* Our PK data thus suggest that PDA coating limits the
plasma circulation of Gd-Cy5-TMYV, probably reflecting protein corona-induced aggregation
that causes rapid organ accumulation (as discussed further below). The PK profile for
uncoated particles (Gd-Cy5-TMV) differed from previous experiments in which biphasic
decay was observed for Cy5-TMV (fast ty;, = 3.5 min, slow t1;» = 94.9 min) and PEG-Cy5-
TMV (fast ty» = 6.3 min, slow ty» = 44.4 min).*> The PK profile also differed from our
previous study with Alexa Fluor 647-labeled filamentous potato virus X (PVX) particles,
which showed one-phase decay (t1/> = 19 min) whereas PEG-PVX showed two-phase
decay (fast t1/» 11-27 min, slow t1;» = 231-1142 min, depending on the PEG molecular
weight).46 However, the present study cannot be compared directly with these earlier results
because we quantified Gd3* by ICP-OES rather than fluorescence measurements, which
were not reliable in this case due to potential quenching by PDA. The observed fast

plasma circulation for Gd-Cy5-TMV-PDA implies the need for surface modifications to
facilitate biomedical applications that require longer plasma circulation (e.g., passive tumor
targeting through enhanced permeability and retention). Indeed, the PDA surface is easily
modified to tailor pharmacological properties,*”:48 and stealth materials such as PEG*® and
serum albumin3! are suitable because they have already been shown to extend the plasma
circulation time of TMV. We therefore investigated the protein corona of Gd-Cy5-TMV-
PDA particles in the blood stream, which is responsible for fast plasma clearance.

Protein corona analysis

NPs in biological fluids adsorb biomolecules to form a surface layer known as the corona.
Loosely-bound biomolecules initially form a ‘soft corona’, which is relatively unstable

due to the rapid exchange of biomolecules based on their abundance in the medium.49:50
However, biomolecules with higher affinity for the particle surface ultimately form a *hard
corona’, which is more stable and defines the particle’s biological identity.>1:52 Depending
on the content of the protein corona, the size and surface characteristics of NPs can be
slightly or radically modified and can affect their fate /n vivo, including immune cell uptake,
plasma circulation/elimination, tissue distribution and clearance.>3

In this context, we investigated the protein corona of Gd-Cy5-TMV and Gd-Cy5-TMV-PDA
particles by incubating them with human plasma for 1 h. Immediately after incubation, the
complexes of particles and plasma proteins were characterized /n situby DLS (Figure 4A),
zeta potential measurements (Figure 4B) and TEM (Figure 4C). The particles were then
pelleted and washed extensively to remove weakly-bound proteins and excess plasma before
fractionation of the hard corona by SDS-PAGE and LC-MS (Figure 5).

DLS, zeta potential analysis and TEM revealed variations in particle size distribution,
polydispersity index (PDI) and average size. For Gd-Cy5-TMV-PDA, the PDI was 0.48
before incubation and the average size was 302 nm, but these values changed to 0.83 and
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1482 nm, respectively after incubation with 10 puL of human plasma. For Gd-Cy5-TMV, the
PDI was 0.29 before incubation and 0.73 afterwards, but the average size did not change
substantially (264 nm before incubation and 279 nm afterwards). Incubation with 20 puL of
human plasma led to more drastic variations in size distribution patterns, but the changes

in PDI and average sizes were inconsistent probably due to the increasing contribution of
plasma proteins, which actually compromised the analysis of samples incubated with 40
pL human plasma. In all cases, particle size data agreed with the TEM images, which
revealed the presence of aggregates only in Gd-Cy5-TMV-PDA + human plasma samples,
confirming the general biocompatibility of VNPs as we previously reported.#>:54 Similarly,
zeta potential measurements revealed a significant increase in the surface charge of Gd-Cy5-
TMV-PDA following incubation with 10 uL human plasma (from -46 to —15 mV) whereas
there was little change for Gd-Cy5-TMV (from —23 to —18 mV). The zeta potential of
human plasma was —17 mV (distribution graph not shown). The varying zeta potential
observed for Gd-Cy5-TMV-PDA may not solely reflect corona surface decoration, but also
particle agglomeration.®® Given the initial net charge of Gd-Cy5-TMV-PDA (-46 mV), the
induction of aggregation by incubation in plasma suggests some level of heterogeneity on
the particle surface, possibly uneven coating with both PDA and the corona, that favors
supramolecular interactions over charge-induced repulsion between particles.

Overall, the PDA-coated particles appeared to be much more affected by the protein corona
than uncoated particles. This probably reflects the adhesive properties of PDA, owing to

its reactivity toward substrates (such as proteins) with amine or thiol groups.>8->7 However,
the variation in zeta potential and particle size for Gd-Cy5-TMV-PDA is more likely to be
caused by corona-induced aggregation than the thickness of the plasma protein layer on
individual particles. Therefore, we envision the use of dispensing excipients (such as PEG)
to overcome the corona-induced agglomeration of Gd-Cy5-TMV-PDA.

Particles were incubated with human plasma, washed to remove loosely-bound proteins,

and analyzed with SDS-PAGE. The SDS-PAGE gels revealed multiple hard corona protein
bands adsorbed to the coated and uncoated particles (Figure 5A). Remarkably, we observed
a ~198-kDa band solely in the lane representing the coated particles (Figure 5A,B).
Quantitative analysis by densitometry revealed that the hard corona proteins surrounding

the Gd-Cy5-TMV-PDA particles were 2-10-fold more abundant than those on the uncoated
(Gd-Cy5-TMV) particles (Table 1). We previously detected fewer plasma proteins in

the TMV corona compared to synthetic SiO, particles.>* This can be explained by the
heterogeneous zwitterionic surface of proteinaceous VNPs, which leads to fewer interactions
with other zwitterionic biomolecules such as plasma proteins.>8:59

LC-MS analysis of protein bands in the Gd-Cy5-TMV-PDA hard corona revealed the
presence of more than 100 plasma proteins (the 21 most abundant are listed in Table 2).

The most abundant were immunoglobulins (55.6%), followed by complement factors (14%),
albumins (13%) and fibrinogens (2%). All of these proteins have been identified before in
the protein corona of synthetic NPs based on silica®® and iron oxide®?, but also in VNPs
such as TMV>4 and physalis mottle virus (PhMV).52 Immunoglobulins and complement
factors are opsonins, which tag NPs in plasma and facilitate their uptake by immune

cells (thus removing them from the bloodstream), as well as subsequent entrapment in the
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organs of the reticuloendothelial system (RES), such as the spleen, liver and lungs.63:64 In
contrast, albumins and coagulation proteins such as fibrinogens are classed as dysopsonins
because they confer stealth properties by preventing phagocytosis, thus extending the
plasma circulation time.6%.62 Gd-Cy5-TMV-PDA is predominantly covered by opsonins,
with dysopsonins representing a much smaller fraction, which may explain the decreased
plasma retention of Gd-Cy5-TMV-PDA.

The 198-kDa band found only on the Gd-Cy5-TMV-PDA particles contained
immunoglobulin kappa light chains (66.8%), the TMV coat protein (32.47%), and the
tyrosine protein kinase ABL1 (0.73%) (Table 2). The tyrosine protein kinase is the only
protein that has not yet been reported in the corona of NPs. However, considering its

low abundance in the Gd-Cy5-TMV-PDA corona (< 0.3%) and physiological activity (as

a cytoplasmic tyrosine kinase regulating cell growth and differentiation),5° this protein

is unlikely to affect the systemic trafficking of Gd-Cy5-TMV-PDA. It is also important

to note that the identified immunoglobulin kappa chains represented only 31.6% of all
immunoglobulins identified in the corona of Gd-Cy5-TMV-PDA. Gamma immunoglobulins
were the most abundant (64.5%) and lambda immunoglobulins were the least abundant
(3.6%). However, the affinity of kappa light chains for Gd-Cy5-TMV-PDA could be tailored
to target immune cells for epitope display or to target lymphoma and chronic lymphocytic
leukemia cells expressing monoclonal immunoglobulins with kappa light chains.56

Immunoglobulins are expected to be part of the VNP corona because plant viruses are
known to be immunogenic.#® On this basis, one would predict that the corona of uncoated
Gd-Cy5-TMV contains more immunoglobulins than PDA-coated particles, but the opposite
was revealed in our experiments, suggesting that the surface of Gd-Cy5-TMV-PDA still
displayed some proteinaceous features. This is supported by the fact that anti-TMV
antibodies can recognize and bind to Gd-Cy5-TMV-PDA although this is to a lesser extent
compared to uncoated Gd-Cy5-TMV (discussed below). Another important observation
was the presence of TMV coat proteins in the corona (~65 to ~198 kDa), confirming

this was indeed the hard corona strongly bound to the TMV surface, possibly via the
reactive PDA catechol backbone.5”:67 The easy decoration of the PDA coat with corona
proteins confirms the potential for PDA-primer coating to facilitate particle loading with
various cargo molecules including drugs,58 targeting ligands,% and antibodies.#8 Gd-Cy5-
TMV-PDA complexes with plasma proteins could be tailored further to minimize particle
aggregation and support important biomedical applications such as targeted delivery to RES
organs. Even so, the Gd-Cy5-TMV-PDA protein corona may be responsible for the quicker
plasma clearance compared to uncoated Gd-Cy5-TMV particles, indicating that further
surface modification is required for extended plasma circulation. We are optimistic that this
can be achieved because PDA surface modification has been reported in previous studies for
several biomedical applications.47:48:67-69

Production and recognition of anti-TMV antibodies

Having detected immunoglobulins in the Gd-Cy5-TMV-PDA protein corona, we
investigated the immune response to determine whether Gd-Cy5-TMV-PDA can elicit and
be recognized by TMV-specific antibodies. Gd-Cy5-TMV-PDA (200 pg) was administered
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to mice by retro-orbital injection, and blood samples were collected immediately (week 0)
and on week 4. Plasma was assessed for TMV-specific antibodies by ELISA using plates
coated with Gd-Cy5-TMV-PDA or wild-type TMV (Figure 6A). Regardless of the plate
coating, TMV-specific antibodies were significantly more abundant at week 4 compared to
week 0 (Figure 6B). This indicates the production of TMV-specific antibodies following the
administration of Gd-Cy5-TMV-PDA and confirms the uptake and intracellular processing
of Gd-Cy5-TMV-PDA by immune cells,”? in agreement with the presence of opsonins
among the identified corona proteins (Table 2). Although we observed a reactive antibody
response, the TMV-specific immunoglobulins recognized wild-type TMV much more
efficiently than Gd-Cy5-TMV-PDA (Figure 6C). This is consistent with our previous
analysis of PEG-TMV and TMV coated with serum albumin (SA-TMV), both of which
elicited an antibody response but with lower recognition compared to wild-type TMV.31.70
TMV is widespread in nature (e.g., the food chain, agriculture and tobacco products), so
pre-existing immunity against TMV is common, with TMV-specific antibodies detected in
plasma from healthy smokers, smokeless-tobacco users, and non-smokers.” Accordingly,
the ability of PDA to suppress recognition by TMV-specific antibodies is an asset for the
clinical application of Gd-Cy5-TMV-PDA particles, given the prevalence of such antibodies
in humans and their production following the repeated administration of VNPs.”0

Biodistribution and tissue clearance

The distribution of PDA-coated and uncoated Gd-Cy5-TMV particles to organs was
assessed following the retro-orbital injection of mice with a dose of 200 pg. Animals were
euthanized at different time points (days 1, 3, 5, 8 and 10) and major organs (kidneys, liver,
lungs and spleen) were harvested for particle localization ex vivo. Organs were analyzed
with VIS imaging for Cy5, ICP-OES for Gd3* following digestion in nitric acid, and

the photoacoustic detection of PDA in homogenates. Fluorescence imaging indicated that
Gd-Cy5-TMV was present in the liver, lungs and spleen for up to 3 days, and Gd-Cy5-TMV-
PDA was present solely in the lungs for up to 5 days (Figure S1). However, quantitative
fluorescence analysis using ROl measurements showed that Gd-Cy5-TMV was present in
the liver for up to 5 days and in the spleen for as long as 8 days (Figure 7A), whereas
Gd-Cy5-TMV-PDA was present only in the lungs for up to 5 days, in agreement with the
imaging data. The distribution of Gd-Cy5-TMV based on fluorescence data agreed with the
biodistribution previously reported for Cy5-TMYV, where particles were found mainly in the
liver and the spleen for up to 4 days.*®

The fluorescence signal for Gd-Cy5-TMV-PDA (in the lungs) was much weaker compared
to Gd-Cy5-TMV (in all organs), indicating fluorescence quenching by PDA’2, Given

this limitation, the quantitative analysis of Gd3* was considered more reliable for the
assessment of biodistribution. Unlike fluorescence detection, Gd3* from Gd-Cy5-TMV-PDA
was detected in the liver, lungs and spleen for more than 10 days (Figure 7B). The

Gd-based biodistribution of Gd-Cy5-TMV was consistent with the fluorescence data: high
concentrations of Gd3* were detected in the liver and spleen, but Gd3* from Gd-Cy5-TMV
persisted much longer in these organs (10 days) than suggested by the fluorescence data

(5 days) and, for unknown reasons, there was no Gd3* signal in the lungs (whereas
fluorescence from Gd-Cy5-TMV was apparent on day 1).
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Based on the localization of Cy5 and Gd3", it is evident that the distribution of PDA-coated
and uncoated particles differs mainly in terms of the lungs. This stands to reason because
the Gd-Cy5-TMV-PDA particles featured a more extensive protein corona, which promotes
aggregation and can explain accumulation in the lungs.”3 We previously observed the
presence of other surface-modified TMV particles in the lungs: Dy-TMV decorated with
integrin ayB; ligands and PEGylated Dy-TMV were both found to accumulate mainly in the
liver, lungs and spleen, but good tumor homing was still observed.23 The accumulation

of NPs in RES organs is often attributed to the ability of cells of the mononuclear
phagocytic system (e.g., macrophages) to take up such particles,%3:64 which is facilitated

by the presence of opsonins among the corona proteins, as observed for Gd-Cy5-TMV-PDA.
However, in addition to the potential impact of immune cell uptake on the distribution

of Gd-Cy5-TMV-PDA, increase in nanoparticle size due to protein corona formation and
corona-induced aggregation (as shown in Figure 4) need to be considered among the driving
forces for pulmonary distribution and clearance of Gd-Cy5-TMV-PDA.. Lung accumulation
of nanoparticle aggregates has been reported with other virus-based and synthetic NPs.23:73

Although the detection of Cy5 and Gd3* revealed similar organ distributions, the clearance
profiles were faster for Cy5 (5 days) than Gd3* (10 days). This discrepancy makes the
assessment of tissue clearance more complex, given that previous studies reported faster
tissue clearance for TMV-based particles (4 days).*® The detection of Gd3* at later time
points may reflect particle degradation, and should not be considered as evidence of long-
lasting particle residence within organs. To evaluate particle intactness and clearance, we
investigated the photoacoustic activity of homogenized lungs and liver as major organs to
track the fate of PDA (Figures 7C,D). We detected strong photoacoustic signals in both
organs up to day 8. Because PDA is biodegradable, no photoacoustic signal should be
detected when the coat is removed, so it is possible that the observed photoacoustic signals
may indicate that Gd-Cy5-TMV-PDA particles are present and intact. The co-localization
of Gd3* and PDA in the liver and lungs for up 8 days suggests that Gd-Cy5-TMV-PDA
particles remained stable over this time period.

The comparison of coated and uncoated particles revealed that Gd-Cy5-TMV-PDA particles
can be distinguished by their specific accumulation in the lung and their 8-day tissue
residence time, whereas Gd-Cy5-TMV only accumulated in the liver and spleen and the
residence time was 5 days for both the Cy5 and Gd3* tags. The PDA coat therefore extends
the tissue residence of TMV particles. To some degree, this prolonged tissue residence

may be attributed to the fact that the PDA-coated TMV particles aggregated due to more
intensive protein corona formation. In the form of aggregates, the surface-to-volume ratio of
VNPs is reduced and slower break-down of these larger aggregates may be the underlying
reason for this observation. The Gd-Cy5-TMV-PDA particles degraded over time, and by
day 10 the three tags no longer co-localized in the lungs and liver, suggesting particle
disintegration into separate components (Figure 8). Indeed, 8 days appears to be an ideal
tissue clearance time given the biocompatibility of VNPs,17 especially when compared to
inorganic particles’® and carbon nanotubes’® that can persist in tissues for more than a
month. The PDA coating can also prolong the tissue residence of gold NPs, which remained
stable in mouse liver and spleen for 42 days without overt toxicity.’® It is possible that

the intrinsic biodegradability of TMV facilitated the degradation of Gd-Cy5-TMV-PDA

Biomater Sci. Author manuscript; available in PMC 2022 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nkanga et al.

Page 15

particles within 8 days. The slow tissue degradation of PDA systems has been exploited
in biomedical applications such as tissue engineering.”’ Accordingly, we propose that
the longer tissue residence of PDA-coated vsuncoated Gd-Cy5-TMV particles would be
beneficial for theranostic applications by adding the potential for sustained local drug
delivery to the multimodal MRI, photoacoustic imaging and photothermal capabilities.

CONCLUSION

To investigate the /n7 vivo fate of PDA-coated Gd-Cy5-TMV particles, TMV particles were
internally co-labeled with Gd3* complexes and the fluorescent dye Cy5. The Gd-Cy5-TMV
particles were coated with the biopolymer PDA to yield Gd-Cy5-TMV-PDA particles,

and both coated and uncoated particles were characterized in vivo by profiling their

plasma circulation/PK, protein corona, immunoglobulin attachment, organ distribution and
clearance. We found that Gd-Cy5-TMV-PDA particles have a shorter plasma circulation and
broader biodistribution than uncoated Gd-Cy5-TMV particles. The uncoated particles were
mainly distributed to the liver and spleen, whereas the Gd-Cy5-TMV-PDA particles were
detected in the liver, lungs and spleen, one of the typical biodistribution profiles promoted
by corona-induced aggregation.23 We predict that the surface modification of Gd-Cy5-TMV-
PDA with stealth biomaterials (such as serum albumin or PEG)*’ would tune the interactions
with plasma proteins and enhance /n vivo performance for systemic applications. We

found that Gd-Cy5-TMV-PDA persists for longer than uncoated particles in tissues (8 vs

5 days) but is cleared at a typical rate for biodegradable protein-based NPs and much more
rapidly than PDA-coated synthetic counterparts such as gold NPs.”® The administration of
Gd-Cy5-TMV-PDA elicited anti-TMV antibodies, confirming the particles are processed by
immune cells, but the antibodies bind less efficiently to Gd-Cy5-TMV-PDA than wild-type
TMV. Given the prevalence of anti-TMV antibodies in the human population, the ability

of Gd-Cy5-TMV-PDA to evade immunosurveillance is an asset for effective systemic and
repeated administrations. The multifunctional features of Gd-Cy5-TMV-PDA (including its
high aspect ratio and suitability for MRI, photoacoustic imaging, and photothermal activity)
set the stage for the future engineering and efficacy testing of PDA-coated proteinaceous
NPs.
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Refer to Web version on PubMed Central for supplementary material.
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B) Gd-Cy5-TMV Gd-Cy5-TMV-PDA

N

C)
Gel under red light White light before staining  After staining

Dimer |

‘ Lanes: 1. TMV; 2. Gd-Cy5-TMV; 3. Gd-Cy5-TMV-PDA; 4. TMV-PDA; 5. PDA l

Characterization of the TMV-based particles. A) Size exclusion chromatography showing
similar elution profiles at 260 nm (protein) and 280 nm (RNA) for TMV, and the same for
Gd-Cy5-TMV as well at 647 nm (sulfo-Cy5). B) TEM showing the smooth surface of the
uncoated particles compared to the rough surface of the coated particles. The black scale bar
is 200 nm. C) SDS-PAGE analysis under white light, after staining with Coomassie Brilliant
Blue, and under red light to detect Cy5. The contents of each lane are listed in the figure
panel.
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The optical properties of PDA-coated Gd-Cy5-TMYV particles. A) UV-Vis absorption
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uncoated particles. B) The changing temperature profile of Gd-Cy5-TMV-PDA solutions

during irradiation with an 808-nm laser at 1 W/cm2. C) Photoacoustic spectra of Gd-
Cy5-TMV-PDA at different concentrations over the wavelength range 680-970 nm. D)

Calibration graph showing the correlation between Gd-Cy5-TMV-PDA concentrations and
the corresponding photoacoustic signal intensities. E) Photoacoustic imaging phantoms of
the solutions irradiated at 680 nm. The white scale bar is 2 mm.
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Pharmacokinetics (PK) of Gd-Cy5-TMV and Gd-Cy5-TMV-PDA in female BALB/c mice.
Particles were administered by tail vein injection (200 pg/mouse, n = 3) and blood samples

were taken by retro-orbital bleeding at 0, 10, 30, 60, 90, 120, 240, 360, 480 and 1440
min post-injection for Gd3* analysis by ICP-OES. The 1D% values were then used to

calculate the plasma circulation half-life. A) Full PK data showing logarithmic scale of
percent injected dose (ID%) over all time points (1440 mins). B) PK data excerpt showing
logarithmic 1D% over early time points (120 mins). ID% data are plotted using the log 10

scale.
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Characterization of PDA-coated and uncoated Gd-Cy5-TMYV particles before and after

incubation for 1 h in human plasma (HP). A) DLS data from triplicate particle size
measurements showing variation in hydrodynamic size distribution by percentage due
to protein corona formation on PDA-coated particles. B) Triplicate measurements of
zeta potential (ZP) showing variation in net surface charge due to the adsorption of

plasma proteins on PDA-coated particles. C) TEM images showing protein corona-induced
agglomeration of PDA-coated particles. The black scale bar is 200 nm.
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Figureb.

Hard corona protein profiles of PDA-coated and uncoated Gd-Cy5-TMV particles after
extensive washing following incubation in human plasma for 1 h. A) SDS-PAGE analysis
of protein corona shows additional bands on the coated particles. B) Densitometric analysis
of the bands from the main SDS-PAGE lanes in panel A, showing quantitative differences
in the corona proteins. The red arrow indicates the corona protein band that distinguishes
Gd-Cy5-TMV-PDA from Gd-Cy5-TMV.
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Figure 6.

Production and recognition of TMV-specific antibodies. A) Schematic representation of
ELISA experiments. B) Comparison of TMV antibody levels before (week 0) and 4 weeks
after the administration of Gd-Cy5-TMV-PDA (200 ug per female BALB/c mouse, n =

3), confirming the elicitation of antibodies. C) The recognition of wild-type TMV and
Gd-Cy5-TMV-PDA by TMV-specific antibodies, indicating the less efficient binding of the

antibodies to PDA-coated particles.
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Figure7.
Quantitative analysis of the distribution and clearance of Gd-Cy5-TMV and Gd-Cy5-TMV-

PDA at different time points following the retro-orbital injection of female BALB/c mice
(dose = 200 pug, n = 5). A) Cy5 fluorescence intensity based on IVIS imaging of harvested
organs. B) Gd concentrations based on ICP-OES analysis of organs digested in hot nitric
acid. C) Photoacoustic signal intensity (680 nm) in homogenized organs from Gd-Cy5-
TMV-PDA mice (n = 3). D) Photoacoustic imaging phantoms (680 nm) for homogenized
liver and lungs from Gd-Cy5-TMV-PDA mice. The white scale bar is 2 mm. *Significant
differences compared to control (*p < 0.05; **p < 0.01; ***p < 0.001). *Significant
differences between study groups (*p < 0.05; #p < 0.01; ##p < 0.001).

Biomater Sci. Author manuscript; available in PMC 2022 October 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nkanga et al.

Page 28

Liver Lung

2 2

S 1.8+ S 1.6+

:g: 1.6+ S 1.4

g ::‘ S 1.2

® 129 B 1.0

A E 1.0

= 2 0.8

@ 0.8+ 0

s 0.6 g 0.6

B 0.4+ o 0.4

N 0.2 & 0.2

E 0.0 ® 0.0

=) E T T T T 1

(=}

4 0 4 0 2 4 6 8 10

Time (day) Time (day)

Figure 8.
Variations in the signals from three different tags (Cy5 fluorescence, Gd3* concentration

and PDA photoacoustic intensity). Control signals were subtracted and the data normalized
in fractions. The co-localization (tag signal > 0) of the three tags up to day 8 suggests the
presence of intact Gd-Cy5-TMV-PDA particles, whereas the isolated Cy5 and Gd signals on
day 10 suggest the particles are starting to break down and release the different tags.
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Scheme 1.
Synthesis of Gd-Cy5-TMV-PDA particles: A) Dual decoration of internal glutamate residues

with Gd-complexes and sulfo-Cy5 dye molecules. B) Coating the internally labeled TMV
with polydopamine (PDA) by the oxidative polymerization of dopamine under alkaline
conditions. Structures were drawn using ChemDraw Professional v15.0. TMV structural
images were created using UCSF Chimera 1.15 (PDB ID: 2TMV). C) A picture of quartz
cuvette containing 0.5 mg mL1 solution of Gd-Cy5-TMV-PDA.
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Table 1.

Page 30

The densitometric quantitation of SDS-PAGE bands representing Gd-Cy5-TMV-PDA hard corona proteins in

conjunction with the TMV coat protein. Bands are designated according to Figure 5B.

Band arearatio of corona protein to CP

Coronaprotein band | Gd-Cy5-TMV-PDA Gd-Cy5-TMV
C 0.222 0.071

D 0.161 0.083

E 0.123 0.011

F 0.145 0.033

G 0.472 0.128

H 0.101 Not detected
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