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Abstract

Ovarian cancer is the foremost cause of gynecological cancer and a major cause of cancer death in 

women. Treatment for advanced stage is surgical debulking followed by chemotherapy; however, 

most patients relapse with more aggressive and therapy-resistant tumors. There is a need to 

develop drug delivery approaches to deliver platinum therapies to tumors to increase efficacy 

while maintaining safety. Toward this goal, we utilized the protein nanotubes from the plant 

virus, tobacco mosaic virus (TMV), as a drug carrier. Specifically, the nanochannel of TMV was 

loaded with the active dication form of cisplatin (cisPt2+), making use of the negatively charged 

Glu acid side chains that line the interior channel of TMV. We achieved a loading efficiency 

with ~2700 cisPt2+ per TMV; formulation stability was established with drug complexes stably 

loaded into the carrier for 2 months under refrigerated storage. TMV-cisPt maintained its efficacy 

against ovarian tumor cells with an IC50 of ~40 μM. TMV-cisPt exhibited superior efficacy vs 
free cisPt in ovarian tumor mouse models using intraperitoneal ID8-Defb29/Vegf-a-Luc (mouse) 

tumors and subcutaneous A2780 (human) xenografts. TMV-cisPt treatment led to reduced tumor 
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burden and increased survival. Using ID8-Defb29/Vegf-a-Luc-bearing C57BL/6 mice, we also 

noted reduced tumor growth when animals were treated with TMV alone, which may indicate 

antitumor immunity induced by the immunomodulatory nature of the plant virus nanoparticle. 

Biodistribution studies supported the efficacy data, showing increased cisPt accumulation within 

tumors when delivered via the TMV carrier vs free cisPt administration. Finally, good safety 

profiles were noted. The study highlights the potential of TMV as a drug carrier against cancer 

and points to the opportunity to explore plant viruses as chemo-immuno combination cancer 

therapeutics.

Graphical Abstract

INTRODUCTION

Ovarian cancer is one of the deadliest gynecological cancers in women, and it is also 

the fifth most frequent cause of cancer death in women.1,2 In 2022, it is estimated that 

19880 women will be diagnosed with ovarian cancer and 12810 women will die from 

ovarian cancer in the United States.1 Most cases are diagnosed at the advanced stage with 

metastatic disease; prognosis and survival rates are poor with a 5-year survival rate as low as 

~30%.3 Despite the recent advances and clinical trials with novel cancer therapies, surgical 

debulking and platinum-based chemotherapy are still the main strategies for ovarian cancer 

treatment. However, 80% of women with advanced-stage ovarian tumors will have tumor 

recurrence with drug resistance after surgical debulking and chemotherapy.3 The challenge 

is reflected clearly in the “surgical debulking” terminology, i.e., removing as much tumor as 

possible (along with the uterus and ovaries), but clearly not eliminating the disease.

Among the approved platinum drugs for ovarian cancer treatment, cis-

diamminedichloridoplatinum(II) (cisplatin, cisPt) is one of the most commonly used and 

most effective drugs.4 In fact, cisPt has been investigated in many clinical trials as a solo 

therapy or in combination.5 Its mechanism of action is through the formation of DNA 

adducts leading to cancer cell apoptosis.6 Despite its exceptional potency, free cisPt causes 

adverse effects, in particular nephrotoxicity, neurotoxicity, and myelosuppression.7 More 

importantly, sub-optimal dosing can induce drug resistance. Platinum drug-resistant tumors 
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are a result of multiple mechanisms, including increased cisPt efflux, adapted DNA repair 

mechanisms, and cytosolic inactivation preventing DNA binding—cumulatively this leads 

to reduced active cisPt in cancer cells.8-11 Drug delivery approaches could overcome these 

challenges because drug carriers have better safety profiles than free drugs and can enable 

tumor-specific accumulation. Here, we turned toward a plant virus nanoparticle platform 

technology for the delivery of cisPt.

Many different delivery systems have been developed for platinum-based drugs, 

including polymers, liposomes, gold nanoparticles, and virus-like particles, including plant 

viruses.12-15 Each system has its advantages and disadvantages. Specifically, cisPt-loaded 

liposomes enhanced the circulation, but no efficacy improvement was observed due to the 

retention of cisPt within the liposomes;16 cisPt conjugated to dendrimers and polymers 

increased the safety and reduced side effects, but often led to reduced efficacy;17-19 cisPt 

conjugated to gold nanoparticles increased tumor killing efficacy with reduced side effects, 

but gold nanoparticles could cause organ damage due to high accumulation and slow 

clearance.20 We chose the plant virus tobacco mosaic virus (TMV) as a drug carrier for 

the following reasons: TMV is proteinaceous and biodegradable; the unique shape of the 

nucleoprotein complex offers a 300 × 18 nm hollow nanotube that can accommodate 

cisPt and other chemotherapies in its 4 nm wide channel;21,22 the high-aspect-ratio shape 

contributes to favorable biodistribution and tumor homing;21,23 TMV can be produced 

with high yield through molecular farming in plants (15 mg/g infected leaf tissue);24 and 

TMV does not infect mammals, therefore offering a higher degree of safety compared to 

mammalian viral vectors. TMV can be functionalized through drug encapsulation or surface 

conjugation. The TMV coat protein possesses surface-exposed tyrosine residues (one per 

coat protein, 2130 per TMV nanoparticle), which can be utilized to conjugate functional 

moieties through bioconjugation.25 Additionally, TMV-Lys and TMV-Cys mutants have 

also been developed, offering surface-exposed lysine or cysteine residues for conjugation 

via N-hydroxysuccinimide (NHS) chemistry or maleimide chemistry.26 In previous work, 

we demonstrated loading of TMV with phenanthriplatin22 and mitoxantrone27 achieving 

exceptional efficacy against tumors in mouse models. We also developed strategies for cisPt 

loading into TMV and confirmed the TMV-cisPt delivery to ovarian tumor cells in vitro, 

achieving efficacy even in ovarian tumor cells resistant to platinum therapy.28 Building 

upon this work, in this study, we investigated the feasibility ofusing TMV as the delivery 

system for cisPt and the treatment efficacy of TMV-cisPt in vivo using two different ovarian 

tumor mouse models: an intraperitoneal (I.P.) ID8-Defb29/Vegf-a-Luc tumor model and a 

subcutaneous (S.C.) A2780 xenograft tumor model. Biodistribution and safety were also 

investigated.

MATERIALS AND METHODS

Production of TMV and TMV-cisPt.

TMV was propagated and purified fromNicotiana benthamianaplants,24 and TMV-cisPt 

was prepared similarly to the previously published protocol.28 In brief, cisPt and AgNO3 

were first dissolved in 50 mM HEPES, pH 7.5, then cisPt2+ was obtained by mixing 

cisPt and AgNO3 solutions with a 1:1.97 molar ratio overnight to precipitate AgCl.29 
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The next morning, AgCl was removed by two cycles of centrifugation at 14000g for 10 

min; cisPt2+ was recovered in the supernatant. TMV in 50 mM KP buffer, pH 7.4, was 

immediately added to the cisPt2+ solution with a 20k molar excess (cisPt2+ to TMV); 

TMV was maintained at a mixing concentration of 3.5 mg/mL. The mixture was incubated 

at room temperature for 2 h to achieve cisPt2+ loading via electrostatic interactions into 

the negatively charged interior TMV channel. cisPt2+-loaded TMV (referred to as TMV-

cisPt) was purified over a 40% (w/v) sucrose cushion with ultracentrifugation at 160000g 
(Beckman Coulter) for 1 h at 4 °C. Free cisPt2+ was removed using a two-step protocol: 

first, the TMV-cisPt pellet after sucrose cushion was rinsed twice using PBS (pH 7.4) 

and then resuspended in PBS; second, the resuspended TMV-cisPt solution was further 

purified over a PD-10 desalting column (Cytiva). The TMV concentration was determined 

by UV–vis spectrophotometry (NanoDrop 2000, Thermo Scientific) using the TMV-specific 

extinction coefficient TMV ε (260 nm) = 3 mL/(mg cm), and the cisPt2+ concentration 

was determined using inductively coupled plasma mass spectrometry (ICP-MS). To prepare 

samples for ICP-MS, 1 μL of TMV-cisPt was mixed with 499 μL of concentrated nitric 

acid (Fisher Scientific) and 500 μL of Milli-Q water and heated for 10 min at 95 °C. Then, 

the 1 mL solution was further diluted to 10 mL using Milli-Q water prior to analysis by 

ICP-MS (iCAP RQ, Thermo Fisher). The structural integrity of TMV-cisPt was confirmed 

by transmission electron microscopy (TEM). TMV-cisPt (4 μL, 0.5 mg/mL) was applied to 

a glow-discharged carbon film with a 300-mesh Cu grid for 30 s, blotted using filter paper, 

and then stained with 4 μL of 0.75% (w/v) uranyl formate (UF) for 30 s, blotted again 

using filter paper. After one-time washing using 4 μL of Milli-Q water, the grid was blotted 

again using filter paper and air-dried. Images were collected using a Thermo Fisher Talos 

Transmission Electron Microscope at a nominal magnification of ×120000.

Cell Lines and Cell Culture.

The murine ovarian cancer cell line ID8-Defb29/Vegf-a-Luc30 was cultured using RPMI 

1640 [+] L-glutamine medium (Corning) supplemented with 10% (v/v) fetal-bovine serum 

(FBS) (VWR), 1% (v/v) penicillin/streptomycin (Pen/Strep) (Cytiva), 1 mM sodium 

pyruvate (Thermo Fisher Scientific), and 0.05 mM 2-mercaptoethanol (Thermo Fisher 

Scientific). Human ovarian cancer cell line A2780 (ATCC) was cultured using RPMI 1640 

[+] L-glutamine medium (Corning) supplemented with 10% (v/v) FBS (VWR), and 1% (v/v) 

Pen/Strep (Cytiva). Both cell lines were maintained at 37 °C with 5% CO2.

Cytotoxicity Assay.

The cytotoxicity of the cisPt vs TMV-cisPt against ID8-Defb29/Vegf-a-Luc and A2780 cells 

was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay kit (Abcam). Each assay was performed in triplicate using 96-well plates; PBS 

and TMV served as negative controls. 5 × 103 ID8-Defb29/Vegf-a-Luc cells in 100 μL of 

media and 10 × 103 A2780 cells in 100 μL of media were plated in each well and incubated 

for 24 h prior to treatment. After removing media, the cells were treated with TMV-cisPt 

or cisPt in the range of 0.01–500 μM cisPt; PBS and TMV were used as negative controls. 

The concentration of TMV was normalized to the TMV-cisPt concentration; treatment was 

for 24 h at 37 °C with 5% CO2. As per the manufacturer’s recommendation, the media 

was then removed and MTT reagent plus serum-free media were added into each well for 
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3 h incubation at 37 °C with 5% CO2. Finally, MTT reagent and media were removed and 

MTT solvent was added into each well for 15 min with orbital shaking. Absorbance readings 

at 570 nm were recorded using a Tecan plate reader, and cell viability and inhibitory 

concentration 50% (IC50) were calculated based on the readings.

Mice.

All mouse studies 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 were approved by the Animal Ethics Committee of UCSD. All experiments 

were conducted using 6- to 8-week-old mice. Female C57BL/6 mice were purchased 

from Jackson Laboratories for I.P. ID8-Defb29/Vegf-a-Luc tumor studies, and female NCR 

nu/nu mice were purchased from the In-House Breeding Colony of UCSD for S.C. A2780 

xenograft tumor studies. Only female mice were used because ovarian cancer only afflicts 

women.

Tumor Inoculations and Treatments.

For the I.P. ID8-Defb29/Vegf-a-Luc tumor inoculations, cells were harvested and washed 

once using PBS and resuspended in PBS giving 10 × 106 cells per mL, then 2 × 106 cells 

in 200 μL were I.P. injected into each mouse on day 0. I.P. tumor burden was monitored 

three times per week by measuring mice body weights and circumferences. Seven days post 

tumor inoculation, four groups of mice (n = 5) were treated I.P. with 200 μL of PBS, 200 

μL of 5 mg/mL TMV, 200 μL of 0.1 μg/μL cisPt, and 200 μL of 0.1 μg/μL TMV-cisPt (cisPt 

concentration is listed); this equates to a dose of 20 μg cisPt per mouse or ~1 mg cisPt/kg 

body weight. All mice were treated twice per week for 6 weeks. The mice were euthanized 

when their body weight reached 35 g or circumference reached 9 cm. A2780 tumors were 

inoculated S.C. using female NCR nu/nu mice; the cells were harvested and resuspended 

in culture media with 40 × 106 cells/mL and then mixed with Matrigel (Corning) at a 1:1 

ratio. The mixed A2780 cells (2 × 106) in 100 μL were S.C. injected into the right flank of 

each mouse on day 0. Tumor growth was monitored closely by measuring the tumor volume. 

When tumors reached 200–300 mm3 on day 7, four groups of mice (n = 5) were treated 

with 100 μL of PBS, 100 μL of 10 mg/mL TMV, 100 μL of 0.2 μg/μL cisPt, and 100 μL 

of 0.2 μg/μL TMV-cisPt (cisPt concentration is listed) through intravenous (I.V.) injection. 

All of the mice were treated every 2 days until the endpoint was reached. The mice were 

euthanized when their tumor volumes reached 1500 mm3. Tumor volume was calculated 

using the formula v = l × w2
2 , where l is the length of the tumor and w is the width.

Biodistribution.

Tumor challenge was performed as described above. For the ID8-Defb29/Vegf-a-Luc I.P. 

tumor model, 2 × 106 cells in 200 μL were I.P. injected into each mouse on day 0. 40 

days post tumor inoculation, the mice were I.P. -treated with 200 μL of PBS, 200 μL of 

0.1 μg/μL cisPt, or 200 μL of 0.1 μg/μL TMV-cisPt (cisPt concentration is listed) (5 mice 

per group). For the A2780 S.C. tumor model, 2 × 106 of A2780 cells mixed with Matrigel 

in 100 μL were S.C. injected into the right flank of each mouse on day 0. Eleven days 

post tumor inoculation, the mice were I.V. treated with 100 μL of 0.2 μg/μL TMV-cisPt 
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(cisPt concentration is listed), 100 μL of 0.2 μg/μL cisPt, and 100 μL of PBS (7 mice 

per group). 24 h post treatment injections for both tumor models, the mice were sacrificed 

and organs (brain, heart, lung, kidney, spleen, and liver) and tumors were collected for 

cisPt quantification using ICP-MS. To prepare samples for ICP-MS analysis, tissues were 

weighed and digested in 500 μL of concentrated nitric acid (Fisher Scientific) by heating at 

95 °C for 20 min to dissolve all tissues. Milli-Q water (4.5 mL) was added into each sample 

to dilute the concentrated nitric acid. Leftover tissue debris was removed by centrifuging 

at 15000g for 7 min, and the supernatants were analyzed on ICP-MS. Four concentrations 

of ICP-MS platinum standards were prepared using the Platinum Standard for ICP (Sigma-

Aldrich).

Organ Toxicity.

Alanine Transaminase (ALT), Aspartate Aminotransferase (AST), and Kidney Injury 

Molecule 1 (KIM-1) assays were performed to assess organ toxicity. After the I.P. ID8-Defb/

Vegf-a-Luc tumor inoculation on day 0, C57BL/6 mice (n = 5) were treated three times 

on days 7,10, and 14 via I.P. injection with cisPt or TMV-cisPt (20 μg cisPt per mouse 

or ~1 mg cisPt/kg body weight for injection); PBS and TMV were injected as negative 

controls. The TMV dose was normalized to match the TMV-cisPt dose. One and five days 

after the third injection, blood was collected through retro-orbital bleeding using heparinized 

tubes (Fisher Scientific). The blood was centrifuged at 5283g for 10 min at 4 °C, and the 

plasma was collected and stored at −80 °C. Following the assay protocols, we used an 

Alanine Transaminase Activity Assay Kit, Aspartate Aminotransferase Activity Assay Kit, 

and Mouse KIM-1 ELISA Kit from Abcam to test the ALT, AST, and KIM-1 of the plasma. 

Briefly, the plasma was diluted 10 times using the corresponding assay buffer and the ALT 

activity, AST activity, and KIM-1 content were assayed and calculated based on the standard 

curves. Absorbance readings at 570 nm at 50 and 60 min were used to calculate the ALT 

activity, absorbance readings at 450 nm at 50 and 60 min were used to calculate the AST 

activity, and absorbance readings at 450 nm were used to calculate the KIM-1 content using 

a Tecan plate reader.

RESULTS AND DISCUSSION

Synthesis and Characterization of TMV-cisPt.

TMV was purified from N. benthamiana plants.24 Each TMV consists of 2130 copies of 

identical TMV coat protein (CP) units arranged into a hollow nanotube with a 4 nm wide 

channel31 (Figure 1A). Each CP has two glutamic acids, Glu 97 and Glu 106, located 

inside the nanochannel, giving a negatively charged interior with 4260 glutamic acids. The 

Glu residues can be deprotonated to coordinate and load positively charged therapeutic 

molecules through electrostatic interactions.27-29,32 Here, we utilized established protocols 

to load cisPt2+ into TMV.28 To achieve efficient TMV encapsulation, charged cisPt2+ was 

generated by mixing noncharged cisPt with AgNO3 in solution to remove the two Cl− 

ions from cisPt29 (Figure 1B); Ag+ reacts with Cl− to form a precipitate, leaving cisPt2+ 

in solution. The cisPt2+ cation was then mixed with TMV at pH 7.4 to yield TMV-cisPt. 

TMV-cisPt was purified through ultracentrifugation and gel filtration to remove excess 

cisPt2+, leading to pure TMV-cisPt. The loading efficiency of cisPt2+ was determined 
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using the molar ratio of cisPt to TMV (mol cisPt:mol TMV), where the Pt concentration 

was measured using ICP-MS and the TMV concentration was measured using UV–vis 

spectroscopy. To test the stability of purified TMV-cisPt at 4 °C for storage, the cisPt2+ 

concentration was tested using ICP-MS for about 2 months. Prior to each measurement, we 

performed buffer exchange to remove any cisPt2+ that may have leached from the TMV 

carrier through its open ends. We observed an initial drop of cisPt2+ concentration from 

~3500 cisPt per TMV on day 0 to ~2800 cisPt per TMV on day 2, which may be due 

to the loss of less-stably bound cisPt2+ during the gel filtration step as part of ICP-MS 

sample preparation after day 0. However, the cisPt2+ concentration then remained consistent 

at ~2700 cisPt per TMV throughout the 2-month span (Figure 1C), which indicates good 

stability and shelf-life of the TMV-cisPt complex. Using transmission electron microscopy 

(TEM) (Figure 1D), we confirmed structural integrity and observed the rod-shaped structure 

of TMV-cisPt was similar to wild-type TMV (Figure S1), indicating the loading process 

did not alter the structure of TMV. It is of note that in the present study, we observed 

relatively higher loading efficiency with 2500–3000 cisPt per TMV, compared to what we 

previously reported, i.e., ~2000 cisPt per TMV. This may be explained by differences in the 

protocols, as in the present study higher cisPt/TMV loading concentrations were used. Data 

may indicate that maximum loading capacity is achieved given each TMV particle offers 

4260 Glu acids. This means that there are 4260 negative charges to complex 2130 cisPt2+ 

molecules.

Free cisPt is required to undergo hydrolysis and removal of the two Cl− ions prior to binding 

to DNA to form DNA adducts and exert its toxicity.33 Unionized cisPt is the dominant 

form in blood because blood has high Cl anion concentrations (105 mM Cl− ions), which 

suppresses the formation of the cationic cisPt2+ form.34 While this confers safety, free 

cisPt can also be captured by blood plasma proteins, especially human serum albumin.35 

Soluble cisPt therefore may not confer the most potent efficacy. Our TMV-cisPt formulation 

may resolve these issues through “preactivation” of cisPt into its active cisPt2+ form and 

packaging and stabilizing cisPt2+ within TMV’s nanochannel, which not only increases 

its potency through delivery of the active form to cancer cells but also protects it from 

interaction with serum proteins.36

TMV-cisPt Cytotoxicity.

To test the cancer-killing ability of TMV-cisPt, we performed MTT assays by treating two 

ovarian cancer cell lines, ID8-Defb29/Vegf-a-Luc cells (mouse-derived) and A2780 cells 

(human-derived) with cisPt and TMV-cisPt; PBS and TMV were used as negative controls. 

Data indicate potent and matched efficacy of TMV-cisPt vs cisPt for both cell lines. As 

expected, there was no efficacy of the empty carrier: TMV-treated cells matched the PBS 

group, and there were no signs of toxicity from TMV (Figure 2A,B). We determined the 

IC50 and found that TMV-cisPt and cisPt have a similar IC50 in the range of 30–50 μM, 

independent of both tested cell lines (Figure 2C). We note that in previous studies, we 

observed improved efficacy of TMV-cisPt vs free cisPt in tissue culture experiments,28 

which may be due to differences in cell seeding and incubation times. Such changes could 

affect the overall cell killing. Nevertheless, overall these data are in good agreement with the 

literature and other reported cisPt nanocarrier systems.38,39
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TMV-cisPt Efficacy against Ovarian Tumors In Vivo.

Previous biodistribution and imaging studies indicate good tumor homing properties of 

TMV;21,22 therefore, we went on to assess the efficacy of TMV-cisPt in vivo. To evaluate 

the in vivo efficacy of TMV-cisPt for cancer treatment, we used two different ovarian tumor 

mouse models: an ID8-Defb29/Vegf-a-Luc tumor model using C57BL/6 mice where tumors 

are established as a disseminated metastatic disease in the I.P. space, and an S.C. A2780 

xenograft model using NCR nu/nu mice—the latter allows testing against cells derived from 

human ovarian tumors. The I.P. tumor model closely resembles the human ovarian cancer 

with metastasis occurring in the peritoneal cavity. The peritoneal cavity is isolated by the 

peritoneal wall; direct I.P. treatment is somewhat localized and increases tumor interactions 

of therapeutics (here as for TMV-cisPt) within the I.P. cavity, which can increase efficacy 

and decrease the off-target side effects observed by I.V. injections.40 I.P. administration 

of therapeutics is also feasible in patients with ovarian tumors.41 For the I.P. ID8-Defb29/

Vegf-a-Luc tumor model, we inoculated 2 × 106 cells and started I.P. treatments 7 days 

post tumor challenge for 6 weeks with two injections per week of TMV-cisPt, free cisPt, 

and two controls PBS and TMV in 200 μL (Figure 3A). The injection dose of TMV-cisPt 

and free cisPt was 20 μg cisPt per mouse or 1 mg/kg (cisPt/mouse) as established in our 

previous studies;15,22 the dose of free TMV (~1 mg) was normalized to TMV-cisPt. Tumor 

progression was monitored using the increase in body weight and circumference resulting 

from tumor burden and ascites development (Figure 3B,C). The mice were euthanized when 

the endpoint, defined as 35 g body weight or 9 cm circumference, was reached. Untreated 

mice (PBS group) showed a steep rise of body weight and circumference 35 days post tumor 

inoculation. cisPt treatment only marginally delayed the tumor onset until 49 days, but this 

was followed by aggressive tumor progression. Somewhat surprisingly for the TMV-treated 

group, other than one mouse that died on day 47 due to high tumor burden, the remainder of 

the group showed slower tumor progression than both the PBS control and cisPt treatment 

groups. In stark contrast, TMV-cisPt significantly delayed the tumor growth in all mice 

with no signs of tumor growth until day 63 (Figure 3B, see also Figure S2). These results 

were also reflected in the survival curves (Figure 3D). The TMV-cisPt group had a median 

survival of 90 days, with two mice surviving for longer than 100 days, while the cisPt group 

with 62 days, the TMV group with 71 days, and the PBS group with 47 days. These data 

consistently show improved efficacy of TMV-cisPt vs free cisPt in this ovarian tumor mouse 

model.

Next, efficacy was tested using the A2780 xenografts tumor model with S.C. tumor 

challenge using 2 × 106 cells in Matrigel. Treatment began on day 7 post tumor challenge, 

when tumors reached 200–300 mm3—here, the animals were treated I.V. every 2 days using 

the same dosage as reported above but with an injection volume of 100 μL (Figure 3E). 

Tumor burden was monitored by measuring the increase of the tumor volumes (Figure 3F). 

Body weight was also monitored as an indication of adverse effects (Figure 3G), but our 

measurements demonstrated no loss of body weight, thus contributing a sign of the safety 

of our formulations. The mice were euthanized when tumor volumes reached 1500 mm3. 

TMV-cisPt treatment significantly slowed tumor growth, indicating the successful delivery 

of cisPt2+ to tumors by TMV-cisPt (Figure S3). Potent efficacy of TMV-cisPt was also 
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reflected by the survival curves (Figure 3H). The TMV-cisPt-treated mice had a median 

survival of 39 days, while all other groups had a median survival below 29 days.

Overall data in the two mouse models consistently illustrate potency of the TMV-cisPt 

delivery system. However, one difference was apparent: while TMV slowed tumor growth in 

the ID8-Defb29/Vegf-a-Luc model in the C57BL/6 mice, this effect was not apparent in the 

A2780 model using immunodeficient NCR nu/nu nude mice. We have previously observed 

that plant viruses without payload can induce antitumor responses after in situ or systemic 

administration,42-45 and this is explained by their immunomodulatory nature. Noninfectious 

plant viruses are recognized as foreign materials and activate innate immunity, which can 

stimulate antitumor immune responses. This of course is more profound in the C57BL/6 

mice because, while the immunocompromised nude mice still have components of the innate 

immune system, they lack adaptive immunity.15,22,27 The immunomodulatory nature of the 

carrier system thus may add to the therapeutic efficacy of TMV-cisPt.

TMV-cisPt Biodistribution.

To validate that the improved tumor treatment efficacy of TMV-cisPt was indeed based on 

increased drug delivery to the tumor, we conducted biodistribution studies in both tumor 

models. For the ID8-Defb29/Vegf-a-Luc tumor model in C57BL/6 mice, we inoculated 

tumors I.P. using 2 × 106 cells on day 0. Biodistribution was studied on day 40, and tumor 

burden was apparent by increase in circumference. On day 40, 20 μg of TMV-cisPt or free 

cisPt in 200 μL of PBS was administered I.P.; 200 μL of PBS was injected as a negative 

control. 24 hours post injections, organs and tumors were harvested (Figure 4A). For the S.C 

A2780 tumor model in NCR nu/nu nude mice, we inoculated tumors S.C. using 2 × 106 

cells; at 11 days post-challenge when tumors reached over 300 mm3, 20 μg of TMV-cisPt or 

free cisPt in 100 μL of PBS, with 100 μL of PBS as a negative control, were I.V. injected. 

And 24 h post injection, organs and tumors were harvested (Figure 4D). All organs and 

tumors were processed for ICP-MS to determine the cisPt content in organs and tumors 

(normalized to weight).

We observed a higher platinum content in all organs and the tumors of the TMV-cisPt 

group compared to the free cisPt group (Figure 4B,E). The cisPt content was significantly 

increased in tumors of the TMV-cisPt group compared to the free cisPt group. For the I.P. 

ID8-Defb29/Vegf-a-Luc tumor model, ~0.45 μg of cisPt was accumulated in 1 g of tumor 

tissues, compared to ~0.09 μg cisPt per g tumor for the free cisPt group—a 5-fold increase. 

The S.C. A2780 xenograft tumor model showed a similar trend, albeit with a lower increase: 

~0.11 μg of cisPt per g tumor tissue for the TMV-cisPt vs ~0.07 μg of cisPt per g tumor for 

the free cisPt group. Greater tumor accumulation can be explained by the passive targeting 

of TMV nanoparticles to tumor based on the enhanced permeability and retention (EPR) 

effect.15,32,46

More cisPt from the TMV-cisPt formulation was observed in the liver and spleen, which 

agrees with our previous result47 that clearance of the TMV is mainly through the 

mononuclear phagocyte system (liver and spleen). TMV has a 300 nm × 18 nm size, which 

fits in the 10–200 nm range for both liver and spleen clearance.48 Significant amounts 

of cisPt from the TMV-cisPt treatment were also observed in the kidneys, indicating that 
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TMV-cisPt was also cleared through the renal system. Although TMV is over the size limit 

(15 nm) for renal filtration,48 different studies have shown that nanotube structures including 

carbon nanotubes (CNT)49 and potato virus X (PVX)50 may align in the glomerular 

filtration and therefore pass through the kidneys. Finally, we observed the elongated 

nanotube structure could also lead to accumulation in the lungs.51,52 The accumulation 

in the lungs will require further investigation. Lung accumulation may be a result of protein 

corona formation and/or aggregation, which may be mitigated through appropriate surface 

coatings, such as PEGylation. While organ accumulation of TMV-cisPt was apparent, we did 

not observe a loss of body weight, a measure of toxicity (see Figure 3C,G).

TMV-cisPt Toxicology.

Although toxicity was not apparent based on body weight measurements (see Figure 

3C,G), we further examined potential liver and kidney damages and compared TMV-cisPt 

vs free cisPt. Because both ID8-Defb29/Vegf-a-Luc tumor model and S.C. A2780 tumor 

model showed a similar biodistribution pattern, we chose the nonimmunocompromised ID8-

Defb29/Vegf-a-Luc-bearing C57BL/6 mice for this study. Similar to the treatment schedule 

(Figure 3A), 7 days after the tumor inoculation, the mice received three doses of 20 μg of 

TMV-cisPt and free cisPt in 200 μL of PBS I.P.; 1 mg of TMV in 200 μL of PBS and 

pure PBS were administered as controls (Figure 5A). One day and five days after the third 

injection, blood was collected by retro-orbital bleeding and plasma was prepared for ALT, 

AST, and KIM-1 assays. Both ALT and AST are indicators of liver damage, and KIM-1 is an 

indicator of kidney damage. For the ALT assay, ALT activities in all treated mice were in the 

normal range53 of healthy mice on day 1 and day 5 following the third injection (Figure 5B). 

TMV-cisPt-treated mice showed higher levels of AST activity on day 1; however, this then 

fell back into the normal range by day 5 (Figure 5C). Hence, data may indicate potential 

liver toxicity because chemotherapy regimens are often given repeatedly over extended time 

periods; this will require further follow-up investigation. Importantly, KIM-1 levels were 

found to be in the normal range54 independent of treatment, indicating that the dose range 

was safe and there was no evidence of kidney injury (Figure 5D).

CONCLUSIONS

We formulated TMV-cisPt by loading cisPt2+ into the nanochannel of TMV and achieved 

drug delivery and treatment of ovarian cancer in both in vitro and in vivo models. TMV-

cisPt maintained its cytotoxicity against ovarian cancer cells. Using two mouse models, 

an orthotopic mouse tumor model and human xenograft model, we confirmed in vivo 
efficacy of TMV-cisPt. TMV-cisPt demonstrated increased potency against ovarian tumors 

compared to free cisPt, which was evident by reduced tumor burden and increased survival. 

Biodistribution corroborated the data and indicated increased cisPt delivery by TMV with 

enhanced tumor accumulation. In addition to conferring efficacy as a drug delivery vehicle, 

the immunostimulatory nature of TMV also provided efficacy and reduced tumor growth. 

Therefore, this study also highlights the opportunity to explore immuno-chemo combination 

therapies making use of TMV or other plant viral nanocarriers. In summary, our data further 

validated the TMV-cisPt platform for ovarian cancer therapy. Of course, the principles 
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explored could also be adapted to the delivery of other small-molecule drugs targeting 

various tumor types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and characterization of TMV-cisPt. (A) Structures of TMV CP and TMV. TMV 

forms a 300 nm × 18 nm nanotube with a 4 nm wide channel. One TMV is composed of 

2130 identical copies of a CP, and each CP has two glutamic acids labeled in red (Glu 97 

and Glu 106) located inside of the 4 nm channel. The Glu side chains can interact with 

cisPt2+ electrostatically to yield TMV-cisPt. All images were produced using the UCSF 

Chimera.37 (B) Scheme of the reaction to produce cisPt2+ using cisPt and AgNO3. (C) 

cisPt2+ loading was calculated using the molar ratio of cisPt concentration determined 

by ICP-MS and TMV concentration determined by UV–vis spectroscopy; TMV-cisPt was 

stable over 53 days. (D) TEM image of TMV-cisPt (negatively stained with uranyl formate) 

showed the typical high-aspect-ratio nanostructures comparable to that of native TMV.
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Figure 2. 
Comparison of the cytotoxicity of cisPt and TMV-cisPt. (A) ID8-Defb29/Vegf-a-Luc and (B) 

A2780 cells were treated with cisPt and TMV-cisPt, using a concentration range of 0.01–500 

μM. PBS and TMV were used as negative controls. Treatment lasted 24 h, then the MTT 

assay was performed. (C) IC50 values of cisPt and TMV-cisPt were calculated from the MTT 

assay results; TMV and PBS have no cytotoxic effects on the cells.
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Figure 3. 
Treatment of I.P. disseminated ID8-Defb29/Vegf-a-Luc ovarian tumors in C57BL/6 mice 

(A–D) and S.C. A2780 ovarian tumor xenografts in NCR nu/nu mice (E–H). (A) 

Experimental protocol for the ID8-Defb29/Vegf-a-Luc tumor study; 2 × 106 ID8-Defb29/

Vegf-a-Luc cancer cells were I.P. injected into female C57BL/6 mice, n = 5. TMV-cisPt, 

cisPt, TMV, and PBS in 200 μL were administered I.P. twice per week starting 7 days post 

tumor inoculation for 6 weeks. The cisPt dose was 20 μg (which equates to ~1 mg TMV). 

Tumor progression was monitored by measuring the circumference (B), body weight (C), 

and overall survival (D). (E) Experimental protocol for S.C. A2780 tumor study; 2 × 106 

A2780 cancer cells mixed with Matrigel were S.C. injected into the right flank of female 

NCR nu/nu mice, n = 5. TMV-cisPt, cisPt, TMV, and PBS in 100 μL were administered I.V. 

every 2 days starting 7 days post tumor inoculation until the tumor volume reached 1500 

mm3. The cisPt dose was 20 μg (which equates to 1 mg TMV). Tumor progression was 

monitored by measuring the tumor volume (F), body weight (G), and overall survival (H). 

Statistical analysis was performed using two-way ANOVA for (B) and (H) (with **p < 0.01, 

****p < 0.0001) and Log-Rank Mantel-Cox test for (D) and (H) (with *p < 0.05, **p < 

0.01).
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Figure 4. 
Biodistribution of cisPt in organs and tumors comparing TMV-cisPt vs free cisPt. cisPt 

concentration was determined by ICP-MS 24 h after a single administration on day 40 for 

the I.P. ID8-Defb29/Vegf-a-Luc tumor model or on day 11 for the S.C. A2780 xenograft 

tumor model. (A, D) Experimental protocols. Biodistribution of cisPt in organs (B) and 

tumors (C) for the I.P. ID8-Defb29/Vegf-a-Luc tumor model (n = 5) and biodistribution of 

cisPt in organs (E) and tumors (F) for the S.C. A2780 tumor model (n = 7). Statistical 

analysis was performed using one-way ANOVA with Turkey’s test for (C) and (F) (with *p 
< 0.05, **p < 0.01).
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Figure 5. 
Toxicity of TMV-cisPt, cisPt, and TMV in treated mice. (A) Experimental protocol. ALT 

(B), AST (C), and KIM-1 (D) levels on day 1 or day 5 post treatment (all animals received 

three doses of PBS, TMV, cisPt, and cisPt-TMV). Dashed lines indicate the normal ranges 

for ALT, AST, and KIM-1 in mice.
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