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Abstract

Nanoparticle-based technologies, including platforms derived from plant viruses, hold great 

promise for targeting and delivering cancer therapeutics to solid tumors by overcoming dose-

limiting toxicities associated with chemotherapies. A growing body of data indicates advantageous 

margination and penetration properties of high aspect-ratio nanoparticles, which enhance payload 

delivery, resulting in increased efficacy. Our lab has demonstrated that elongated rod-shaped and 

filamentous macromolecular nucleoprotein assemblies from plant viruses have higher tissue 

diffusion rates than spherical particles. In this study, we developed a mathematical model to 

quantify diffusion and uptake of tobacco mosaic virus (TMV) in a spheroid system approximating 

a capillary-free segment of a solid tumor. Model simulations predict TMV concentration 

distribution with time in a tumor spheroid for different sizes and cell densities. From simulations 

of TMV concentration distribution, we can quantify the effect of TMV aspect ratio (e.g., nanorod 

length-to-width) with and without cellular uptake by modulated surface chemistry. This theoretical 

analysis can be applied to other viral or nonviral delivery systems to complement the experimental 

development of the next generation of nanotherapeutics.
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Graphical Abstract

INTRODUCTION

Nanoparticle carriers are used for targeting chemotherapies and immunotherapies to tumors 

to increase tissue specificity and effective payload delivery with reduced systemic adverse 

effects. Most nanoparticle-encapsulated cancer therapeutics are delivered to the tumor site 

by exploiting the local tumor environment consisting of the combination of leaky 

vasculature and deficient lymphatic clearance, i.e., enhanced permeability and retention 

(EPR). Some strategies also exploit the targeting of disease-specific molecular signatures, as 

yet no targeted nanoparticle has been translated into clinical treatment. If a target site can be 

identified, then the carrier diffusion and distribution of the delivered payload are critical to 

treatment success. Nanoparticles injected in the systemic circulation target either the 

vasculature or the periphery of the tumor. Limited nanoparticle-carrier diffusion can prevent 

drug accumulation to a lethal concentration in the tumor tissue and therefore promote cancer 

cell survival. Surviving cancer cells often become more aggressive and develop a drug 

resistance phenotype.1 Here, we develop the basis for quantitative analysis of nanoparticle 

diffusion and uptake in a solid tumor.

Nanoparticle Shape

Nanoparticle size and shape as well as surface chemistry determine the fate of the carrier 

and its efficacy. A growing body of data shows increased tumor homing and tissue 

penetration with elongated, rather than spherical, nanomaterials.2–4 Elongated, rod-shaped 

or filamentous nanoparticles have enhanced margination (migration toward blood-vessel 

walls) and increased transport across tissue membranes. Geng et al.5 demonstrated that 

virus-like filomicelles with higher aspect ratios than spherical particles deliver the chemo-

therapeutic drug paclitaxel to human-derived tumor xenografts in mice more effectively and 

with increased efficacy. Chauhan et al.6 compared the intratumoral diffusion of biostable 

colloidal quantum dots as nanorods and nanospheres with identical charge and surface 

coating. Nanorods penetrated tumors 4.1 times faster than nanospheres of the same 

hydrodynamic radius and occupied a tumor volume 1.7 times greater. Correspondingly, we 

found that filamentous potato virus X (PVX) compared to spherical cowpea mosaic virus 

(CPMV) has enhanced tumor homing and tissue penetration, particularly in the core of the 
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tumor.7 Contradictory results were obtained by Reuter et al.,8 who compared sphere-like and 

rod-shaped nanogels using PRINT technology. They observed that smaller nanospheres had 

5-fold greater tumor accumulation compared to higher aspect-ratio nanorods. We 

hypothesize that this difference may be due to the different tumor model used. It has been 

previously shown that differences in tumor vasculature (e.g., density and leakiness) affect 

shape-dependent nanoparticle extravasation.9 In addition, other factors may have influenced 

the results, such as the differences in surface charge (CPMV has a negatively charged 

surface while the nanogels have a positively charged surface) and aspect ratio (PVX has an 

aspect ratio of 40 while the rod-shaped nanogel only has an aspect ratio of 4). Therefore, 

there is a need to investigate the mechanics of diffusion and accumulation of high aspect-

ratio nanoparticles within the tumor microenvironment.

Mathematical Modeling

To complement experimental work in nanoparticle therapies, mechanistic mathematical 

modeling and computer simulation can be used to better understand experimental results and 

provide quantitative guidance for more efficient design of nanotherapeutics. Optimizing 

carrier and drug penetration into the tumor tissue is critical to maximize the therapeutic 

effect. Toward this goal, we developed a mathematical model of nanoparticle diffusion and 

uptake in a spheroid approximation of a solid tumor segment without capillaries. Our model 

differs from other models that can be found in the literature10,11 by taking into account the 

effect of shape and size on the diffusion constant of nanoparticles. Our model also builds on 

the previous models by incorporating the rate of endocytosis and how it is affected by size, 

shape, and surface modification (e.g., shielding vs targeting) of nanoparticles. As the model 

nanoparticle, we used the nucleoprotein components of the tobacco mosaic virus (TMV). 

Virus-based plant nanoparticles, such as TMV, provide a unique platform for nanomedical 

engineering because their dimensions are known and tunable on the molecular level, which 

cannot readily be accomplished with synthetic nanoparticles.

TMV Nanoparticles

Native TMV particles form a cylindrical structure measuring 300 × 18 nm with a 4 nm-wide 

hollow interior channel. TMV is composed of single-stranded RNA wrapped inside a hollow 

nanotube formed by 2130 identical coat proteins. TMV offers a programmable scaffold for 

both genetic engineering and chemical bioconjugation to impart new functionalities, e.g., 

therapeutic payloads.12,13 TMV virion formation can be initiated by self-assembly of coat 

proteins from an RNA hairpin forming sequence. This origin of assembly site (OAS) is the 

only sequence required to promote a bidirectional coat protein self-assembly along the 

template RNA. This principle has been exploited to produce TMV nanotubes with diverse 

shapes such as kinked nanoboomerangs or branched tetrapods.14 This RNA-templated self-

assembly principle has also been used to produce TMV-like nanotubes with distinct 

longitudinal domains15 as well as materials of defined aspect ratio.16 In previous studies, we 

have shown that biodistribution and tumor homing is a function of the carrier’s aspect ratio. 

With higher aspect ratio, particles avoid clearance by the mononuclear phagocyte system, 

resulting in increased tumor homing.16 Nevertheless, a balance must be established between 

immune evasion, tumor homing, and tissue penetration. While higher aspect-ratio materials 

have enhanced tumor homing, the higher molecular weight particles have slower diffusion 
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rates. The TMV platform technology provides a high precision platform with which to 

specify aspect ratio and surface chemistries that affect tissue penetration in tumor spheroids.

Diffusion in Tumor Spheroid System

We chose to study TMV diffusion in a spheroidal cell-culture system with different sizes and 

cell densities. This 3D cellular system mimics a small segment of a solid tumor between 

capillaries and bridges the gap between 2D tissue culture and in vivo mouse models for 

screening therapeutics.10,11,17–19 In tumor tissue, the combination of leaky vasculature and 

deficient lymphatic clearance leads to diffusion as the driving mode of nanoparticle transport 

and penetration into the tumor tissue.20 For this study, we focused on “stealth” TMV 

formulations with reduced cell uptake rates produced by coating the particle surface with 

polyethylene glycol (PEG). Targeted TMV formulations with molecular specificity and 

increased cellular uptake rates were simulated by displaying the integrin specific peptide 

ligand RGD on their surface. PEG and RGD are surface modifiers frequently used in 

nanoparticle engineering to promote immune invasion and targeted endocytosis, 

respectively. These coatings serve as good model systems whose results can be translated to 

other nanoparticle formulations.

THEORETICAL METHODS

We developed a mathematical model of TMV diffusion and uptake in a spheroid tumor 

model to evaluate the effect of particle aspect ratio (maximum to minimum principal axis 

lengths). The input to this model was a bolus injection of a known TMV mass in the medium 

surrounding the tumor (Figure 1A). TMV diffuses from the surrounding medium into the 

spheroid interstitial space. The rate of diffusion in the interstitial space is much slower than 

in the surrounding medium so that the distribution of TMV in the surrounding medium is 

uniform (Supporting Information S1). In addition, the volume of the surrounding medium is 

much greater than the volume of the spheroid so that the changes in TMV concentration in 

the surrounding medium are negligible (Supporting Information S1). The tumor cell density 

within the spheroid segment is uniform and considered as a continuum. The rates of cell 

proliferation and death are assumed negligible relative to the other TMV rate processes so 

that the viable cell volume remains constant. From the interstitial space, we assume that 

TMV is taken up irreversibly by tumor cells at a constant rate that is dependent on the aspect 

ratio and surface chemistry of TMV nanorods (Figure 1B). Furthermore, the TMV does not 

interact with extracellular matrix (ECM) components and cannot bind to them.

TMV Dynamics

The dynamic mass concentration distribution of TMV within the interstitial space of a 

spheroid segment of radius R can be described as

(1)

where CS is the concentration of TMV in the interstitial space at any location in the 

spheroid, D is the constant TMV diffusion coefficient, and k is the constant rate at which 
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TMV is irreversibly taken up by cells. At the interface of the surrounding medium with the 

spheroid, the TMV concentration is continuous with the interstitial fluid of the spheroid:

(2)

where CM is the concentration of TMV in the surrounding medium. After a bolus injection 

of TMV into the surrounding medium, CM equals the ratio of the injected mass of TMV 

(mTMV) to the volume of the surrounding medium (VM). At the center of the spheroid, by 

spherical symmetry there is no net diffusion flux so that the concentration gradient is zero:

(3)

Initially, there is no TMV in the interstitial space of the spheroid:

(4)

Model Transformation

As described in the Supporting Information (S2), we can transform the governing equation 

of the spheroid into rectangular coordinates with constant coefficients by defining g(r, t) = 

rCS(r, t). Consequently, we obtain

(5)

with the initial condition:

(6)

and the boundary conditions:

(7)

(8)

As described in the Supporting Information (S3), we solve these model equations by the 

numerical method of lines in which the spatial derivatives are discretized; consequently, the 

problem is expressed as an initial-value problem involving a set of differential-difference 

equations. For the numerical solution, we used the MATLAB code “ode15s”.
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Model Parameter Values

The model parameter values known from direct measurement are the mass of TMV (mTMV) 

injected, the volume of the surrounding medium (VM), and the radius of the spheroid (R). 

The parameters that must be estimated indirectly are the cellular uptake rate coefficient (k) 

and the diffusion coefficient (D). For each experiment, these coefficients are constants. This 

implies that free receptors are always available at the cell surface so that k is constant in any 

experiment. For different experiments, however, their values change depending on their 

surface area, shape (i.e., aspect ratio), and cell density within the spheroid (ϕ). The uptake 

rate coefficient is directly proportional to the total cell surface area as indicated by the cell 

density, where k = k0ϕ. The diffusion coefficient is a complex function of the cell shape and 

cell density.

Diffusion Coefficients

The diffusion of spherical nanomaterials can be estimated using the Stokes–Einstein 

equation:

(9)

where kB is the Boltzmann constant, T is the temperature of the system, η is the solvent 

viscosity, and RH is the hydrodynamic radius of the particle. For cylindrical TMV 

nanoparticles, we consider the diffusion coefficients for axial (νt) and transverse (νr) 

motions:21

(10)

where L and d are the length and the diameter of TMV respectively, νt is the characteristic 

axial velocity of TMV, and νr is the characteristic transverse velocity of TMV. As presented 

in the Supporting Information (S4), the values of νt and νr for TMV were established on the 

basis of literature.22 For random diffusion (Drt) of an elongated cylindrical nanoparticle in 

the surrounding medium:21

(11)

Furthermore, to evaluate the diffusion coefficient of TMV within the tumor spheroid space 

(Dint), we take into account the presence of matrix proteins, mostly collagen:23

(12)
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where ε is the volume fraction of the tumor interstitial matrix (0.06 for spheroids),11 rp is the 

effective radius of TMV (70 nm),24 and rf is the effective radius of tumor matrix proteins (20 

nm for collagen).25 Finally, the diffusion coefficient of TMV in the porous spheroid 

containing cells (D) takes into account the presence of immobilized cells:11,26

(13)

where ϕ is the cell density. The effects of the aspect ratio on diffusion coefficients in the 

surrounding medium and in the spheroid are presented in the Supporting Information (S5).

EXPERIMENTAL METHODS

Rate of Cellular Uptake

The rate of cellular uptake of RGD-modified or PEGylated TMV in cancer cells expressing 

αvβ3 integrins was characterized experimentally. First, the rate of cellular uptake of TMV-

RGD with a length of 300 nm was quantified in vitro. MDA-MB-231 cells (triple negative 

breast cancer) were cultured in high glucose Dulbecco’s modified Eagle medium (DMEM) 

with L-glutamine (Fisher), and supplemented with 10% (v/v) FBS and 1% (v/v) penicillin– 

streptomycin. Cells were grown to confluency at 37 °C and 5% CO2. MDA-MB-231 cells 

were collected using enzyme-free Hank’s-based cell dissociation buffer (Invitrogen). To an 

untreated 96-well v-bottom plate, 500,000 cells/200 µL media/well were added. Triplicates 

of sulfo-Cyanine5 azide (Cy5)-labeled TMV-RGD (300 nm long) were added at a 

concentration of 100,000 particles/cell and incubated for 3, 1.5, and 0.5 h at 37 °C, 5% CO2. 

The Cy5-TMV-RGD particles were synthesized and characterized as described by Pitek et 

al.27 Control experiments were conducted, in triplicate, with no particles present. Post 

incubation with TMV nanoparticles, cells were spun down at 500g for 4 min. Supernatant 

was discarded, cells were washed twice in FACS buffer (0.1 mL 0.5MEDTA, 0.5 mL FBS, 

and 1.25 mL 1MHEPES pH 7.0 in Ca2+ and Mg2+ free PBS (50 mL total volume)), and 

fixed in 2% (v/v) paraformaldehyde in FACS buffer at room temperature for 10 min. Cells 

were washed twice after fixing and resuspended in PBS. Samples were transferred to a 384 

flat bottom black polystyrene plate (Corning) for fluorescence analysis. The resulting 

fluorescence intensity (ex/em 600/665 nm) was quantified using an Infinite 200 plate reader 

and the software Tecan i-control (version 1.10.4.0). The number of Cy5-TMV-RGD particles 

internalized per cell was calculated using a standard curve. The rate of cellular uptake of 

PEGylated or RGD targeted TMV of various aspect ratios (L/d) of constant diameter (d = 18 

nm) but distinct length (L = 300 nm, L = 135 nm, and L = 59 nm) was then extrapolated 

from data published by our lab16 by comparing the rate of cellular uptake of TMV-RGD (L 
= 300 nm) calculated above to the relative rate of cellular uptake of PEGylated or RGD 

targeted TMV.

RESULTS AND DISCUSSION

Our tumor microenvironment system consists of a spheroidal cancer cell-culture whose 

diameter can vary between a few hundred micrometers to 1 mm, which corresponds to the 

heterogeneous spacing of capillary distribution within the tumor (Figure 1). Modeling the 
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diffusion of nanoparticles in the tumor tissue and quantifying the time scales as a function of 

capillary and cell density could inform dosing and administration schedules. The 

physiological barriers and diffusion rates of nanoparticles also depend on nanoparticle 

shape, size, and surface chemistry. The simulated effects of spheroid radius, cell density, and 

aspect ratio on the TMV concentration distributions without cellular uptake are shown in 

Figures 2, 3 and 4, respectively. The parameters used in each of these figures are 

summarized in Table 1. These results and their significance are discussed in the following 

sections.

Effect of Tumor Spheroid Radius on TMV Diffusion (without Cellular Uptake)

The spheroid segment radius represents the distance between capillaries. The intercapillary 

distance is highly regulated by a fine balance between angiogenic factors that promote or 

inhibit vessel growth, as well as the oxygen and nutrient consumption by the surrounding 

cells.28 In healthy tissue, particle diffusion from the vessels to the cytoplasmic membrane of 

surrounding cells does not exceed 100 µm.29 In the tumor microenvironment, however, the 

oxygen consumption is lowered and the tolerance of cancer cells to hypoxic conditions is 

increased. Tumors with a high rate of oxygen consumption have a higher microvascular 

density and, therefore, a smaller intercapillary distance. On the other hand, tumors with a 

low rate of oxygen consumption have a lower microvascular density and, therefore, a higher 

intercapillary distance.30 This phenomenon is currently being investigated for nanoparticle-

based antiangiogenic tumor therapy.31 By reducing the oxygen supply to the tumor site, 

antiangiogenic tumor therapies aim to prevent the growth and aggressiveness of the tumor.

To quantify the effect of different intercapillary distances within the tumor 

microenvironment, we simulated the diffusion of TMV in a spheroid system without cellular 

uptake for a range of radii in the absence of cellular uptake (Figure 2). Within the tumor cell 

spheroid, the simulated concentration distributions at various times of TMV with different 

spheroid radii are shown in two and three dimensions. The TMV concentration is highest at 

the interface with the surrounding medium (r = R) and decreases as TMV diffused to the 

center of the tumor spheroid (r = 0). A spheroid of radius R = 100 µm corresponds to 

relatively low intercapillary distance as in healthy tissue, whereas R = 500 µm corresponds 

to higher intercapillary distance as with tumors. For R = 100 µm, the steady-state 

concentration, which is equal to the concentration of TMV in the surrounding medium (0.1 

mg/mL), is reached at the spheroid center in less than 6 h, whereas for R = 200 µmit takes 18 

h (Figure 2). For R = 500 µmonly 68% of the initial TMV concentration reaches the 

spheroid center within 24 h. This poor tumor penetration correlates with increasing risks of 

survival of cancer cells and promotes drug resistance.1

Effect of Cell Density on TMV Diffusion (without Cellular Uptake)

When the tumor cell density increases, the cytotoxicity of chemotherapeutic drugs such as 

vincristine, bleomycin, and doxorubicin is impaired.32 Increasing the cancer cell density 

within the spheroid decreases the void volume through which nanoparticles can diffuse as 

represented by a smaller diffusion coefficient. With high cell density, the limitation of TMV 

nanoparticle penetration is a major barrier to chemotherapeutic drug delivery in the deep 

Chariou et al. Page 8

J Phys Chem B. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissue, which also correlates with increasing risks of survival of cancer cells and promotes 

drug resistance.1

The effect of cell density ϕ on the diffusion coefficient of TMV nanorods (as expressed by 

eq 13) is computed in Supporting Information (S5). For a spheroid radius of 200 µmin the 

absence of cell uptake, the simulations shown in Figure 3 quantify the effect of cell density ϕ 
on the time required for the TMV to reach the spheroid center. When ϕ = 0.9, the 

concentration at the center of the spheroid reaches 3.3% of the initial TMV concentration 

within 24 h. For ϕ = 0.7, there is a 30-fold increase of TMV concentration at the center 

within the same time interval. A further decrease to ϕ = 0.5 allows TMV to reach the steady-

state concentration at the center of the spheroid within 18 h.

Effect of TMV Aspect Ratio on Diffusion (without Cellular Uptake)

In the spheroid cell system, we investigated diffusion of TMV with different nanorod aspect 

ratios indicated by L/d: TL-long (300/18–16.5), TM-medium (135/18–7.5), and TS-short 

(59/18–3.5). The model parameters were set as follows: cell density ϕ = 0.5, spheroid radius 

R = 200 µm, and cell uptake k = 0. As observed from Figure 4, the time necessary for TMV 

to reach the spheroid center was reduced when the aspect ratio was decreased: TL, TM, and 

TS require 18, 10, and 7 h, respectively, to reach steady-state concentration.

While smaller aspect-ratio rod-shaped nanoparticles have higher diffusion and accumulate 

more easily in the deep tumor tissue, the higher aspect-ratio nanoparticles have enhanced 

margination toward blood-vessel walls, increased transport across tissue membranes, and 

reduced clearance by phagocytosis.2–4,16,33 In other words, a “one-size-fits-all” nanoparticle 

does not exist and a compromise must be made to optimize the diffusion and accumulation 

of nanoparticles within the tumor without impairing their ability to extravasate (i.e., move 

from blood to extravascular space), cross tissue membranes, and evade the immune system. 

With complementary data, this model can provide a basis for predicting the aspect ratio that 

promotes optimal accumulation of nanoparticles injected intravenously.5–7 Perhaps, a better 

approach would be to intravenously inject a cocktail of TMV nanoparticles with various 

aspect ratios. In this scenario, the lowest aspect-ratio TMV are less likely to reach the tumor 

site, but the fraction that do penetrate the tumor can diffuse more readily than the higher 

aspect-ratio TMV in the deep tumor tissue. In the meantime, the higher aspect-ratio 

nanoparticles can reach the tumor site more readily, but only accumulate in the peripheral 

tissue of the tumor. The net result would be to improve overall drug distribution and 

maximize efficacy.

Effects of TMV Characteristics on the Rate of Cell Uptake

The simulations presented above do not include TMV uptake by cells so that the effects on 

diffusion are not obfuscated. While targeted nanoparticle formulations can increase delivery, 

endocytotic clearance of targeted nanoparticle can reduce drug distribution and tumor cell 

access.34 To assess the effect of cell uptake on TMV distribution throughout the spheroid, 

we evaluated the cell uptake rates of TMV in cancer cells experimentally: fluorescently 

labeled, RGD-targeted TMV formulations were obtained as described by Pitek et al.27 A 

fluorescence assay was developed to quantify TMV particle uptake cancer cells over time 
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(Figures 5A,B). We chose triple negative breast cancer cells (MDA-MB-231) as our model 

cell line for their relatively high expression of αvβ3 integrins.35 We determined that the 

targeted TMV formulation exhibits a cell uptake rate of 130 particles/hour/cell. With this 

experimental value, we can extrapolate cell uptake rates of PEGylated and RGD-targeted 

TL, TM, and TS particles (Figure 5C).16 These data and resulting cell uptake rates are 

summarized in Table 2.

While RGD-targeted formulations are readily taken up by the cells, PEGylated formulations 

show negligible cell interactions. The PEGylated formulations with TS and TM aspect ratios 

have comparable effects on uptake. The targeted formulations with TL and TM have 

comparable effects on uptake, but the uptake with TS increases significantly (Table 2). The 

experimental data (Figure 5C)16 shows that TMV-PEG formulations exhibit low uptake with 

time. The TMV-RGD formulations, however, display a biphasic behavior: rapid cell uptake 

within the first 3 h followed by a plateau region with little to no cellular uptake, most likely 

indicating saturation. This behavior is typical of particle internalization mediated by cell 

surface receptors.36

The rate of cellular uptake of TMV reported in this study is much smaller than the rates 

reported for synthetic nanoparticles. Doiron et al.37 reported that spherical polystyrene 

nanoparticles with diameters ranging from 20 to 500 nm had uptake rates ranging from 6.6 × 

107 particles/hour/cell to 12 000 particles/hour/cell respectively within the first 3 h of 

incubation. In addition Huang et al.34 reported rod-shaped gold nanocrystals (aspect ratio = 

3) displaying RGD peptides on their surface had a rate of internalization in A549 lung 

carcinoma cells equivalent to 4500 particles/cell/hour within the first 2 h of incubation at 

37°C. However, the same nanoparticles coated with single-chain variable fragment peptide 

to target the epidermal growth factor receptor were internalized at a slower rate of 1250 

particles/cell/hour. This demonstrates that the rate of cellular uptake is dependent on 

nanoparticle shape, surface chemistry, and the nature of the molecular receptor targeted.

Model Simulated Uptake of TMV

Using the evaluated cellular uptake (k) of TMV formulations (Table 2), we simulated TMV 

diffusion in a spheroid cell system with different rate coefficients of cell uptake (Figure 6) 

and aspect ratios (Figure 7). Figure 6 shows the 2D and 3D responses with no uptake (k = 0), 

low uptake as observed for TMV-PEG, and enhanced uptake as achieved for the TMV-RGD 

formulation. For these simulations, we set L/d = 300/18, R = 200 µm, and ϕ = 0.5. The TMV 

concentration decreases significantly with distance into the spheroid even at low cell uptake 

rate (k = 7) associated with PEGylated particles. As characterized by the dimensionless 

parameter group (D/kR2), the cellular uptake of TMV-PEG was 1000-fold greater than its 

rate of diffusion (Supporting Information S1). This prevents deep tissue penetration because 

cell uptake occurs at a rate much higher than diffusion. Coating TMV with RGD peptides to 

target integrin receptors further decreases the TMV concentration within the spheroid. 

Active targeting of receptors overexpressed on cancer cells (e.g., TMV-RGD targets αvβ3 

integrin receptors overexpressed on cancer cells) is commonly used to promote tissue 

specificity and accumulation. However, it is counterproductive for tissue penetration.38,39
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The effect of TMV aspect ratio on its concentration distribution in the spheroid with cellular 

uptake is shown in Figure 7. Here, we assume a TMV-PEG formulation with R = 200 µm, 

and ϕ = 0.5. In 24 h, the concentration of TMV with the highest aspect ratio (L/d = 300/18) 

penetrated only 140 µm within the spheroid. For TM (L/d = 135/18), the TMV concentration 

reached the center of the tumor within 3 h. At steady state, its concentration at the center 

was 4% of the concentration in the surrounding medium. For TS (L/d = 59/ 18), the TMV 

concentration reached the center of the tumor within 3 h, but its steady-state concentration at 

the center was 12% of the concentration in the surrounding medium.

CONCLUSIONS

We developed a mechanistic, mathematical model to describe the intratumoral diffusion 

properties and cellular interactions of PEGylated and RGD-targeted TMV nanoparticles with 

distinct aspect ratios. Simulations of our model quantify the effects of spheroid size, cell 

density aspect ratio, and cellular uptake on TMV diffusion in a spheroid tumor system. 

Specifically, an increase in cell density decreased the constant rate of diffusion of 

nanoparticles, while increasing the cellular uptake rate of TMV that prevented deep 

penetration. Simulations show that PEGylated TMV formulations with the lower aspect ratio 

accumulate further within the spheroid tumor system because they can diffuse faster than 

those with a higher aspect ratio. In contrast, TMV nanorods with the targeting ligand RGD 

of any aspect ratio were rapidly taken up and therefore could not diffuse deeply in the 

spheroid tumor system. Nonetheless, higher aspect-ratio nanoparticles have enhanced 

margination toward blood-vessel walls, increased transport across tissue membranes, and 

reduced clearance by phagocytosis. In that regard, a balance must be established between 

immune evasion, tumor homing, and tissue penetration. Although our model takes into 

account only some factors of tumor pathophysiology and nanoparticles design, it can be 

enhanced to incorporate other important factors. Together with corresponding experimental 

data, this model can provide an important advance in nanomedical science and engineering.
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Acknowledgments

This work was supported in part by a grant from the National Science Foundation CAREER DMR 1452257 (to 
N.F.S.) and NIBIB T32 Training Grant T32 EB007509 (to K.L.L.). We thank Dr. Pitek for the gift of TMV-RGD 
particles used to determine the rate of cellular uptake.

REFERENCES

1. Tredan O, Galmarini CM, Patel K, Tannock IF. Drug Resistance and the Solid Tumor 
Microenvironment. J. Natl. Cancer Inst. 2007; 99:1441–1454. [PubMed: 17895480] 

2. Barua S, Mitragotri S. Challenges Associated with Penetration of Nanoparticles across Cell and 
Tissue Barriers: A Review of Current Status and Future Prospects. Nano Today. 2014; 9:223–243. 
[PubMed: 25132862] 

3. Truong NP, Whittaker MR, Mak CW, Davis TP. The Importance of Nanoparticle Shape in Cancer 
Drug Delivery. Expert Opin. Drug Delivery. 2015; 12:129–142.

Chariou et al. Page 11

J Phys Chem B. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Durymanov MO, Rosenkranz AA, Sobolev AS. Current Approaches for Improving Intratumoral 
Accumulation and Distribution of Nanomedicines. Theranostics. 2015; 5:1007–1020. [PubMed: 
26155316] 

5. Geng Y, Dalhaimer P, Cai S, Tsai R, Tewari M, Minko T, Discher DE. Shape Effects of Filaments 
Versus Spherical Particles in Flow and Drug Delivery. Nat. Nanotechnol. 2007; 2:249–255. 
[PubMed: 18654271] 

6. Chauhan VP, Popovic Z, Chen O, Cui J, Fukumura D, Bawendi MG, Jain RK. Fluorescent Nanorods 
and Nanospheres for Real-Time in Vivo Probing of Nanoparticle Shape-Dependent Tumor 
Penetration. Angew. Chem., Int. Ed. 2011; 50:11417–11420.

7. Shukla S, Ablack AL, Wen AM, Lee KL, Lewis JD, Steinmetz NF. Increased Tumor Homing and 
Tissue Penetration of the Filamentous Plant Viral Nanoparticle Potato Virus X. Mol. Pharmaceutics. 
2013; 10:33–42.

8. Reuter KG, Perry JL, Kim D, Luft JC, Liu R, DeSimone JM. Targeted Print Hydrogels: The Role of 
Nanoparticle Size and Ligand Density on Cell Association, Biodistribution, and Tumor 
Accumulation. Nano Lett. 2015; 15:6371–6378. [PubMed: 26389971] 

9. Smith BR, Kempen P, Bouley D, Xu A, Liu Z, Melosh N, Dai H, Sinclair R, Gambhir SS. Shape 
Matters: Intravital Microscopy Reveals Surprising Geometrical Dependence for Nanoparticles in 
Tumor Models of Extravasation. Nano Lett. 2012; 12:3369–3377. [PubMed: 22650417] 

10. Goodman TT, Chen J, Matveev K, Pun SH. Spatio-Temporal Modeling of Nanoparticle Delivery to 
Multicellular Tumor Spheroids. Biotechnol. Bioeng. 2008; 101:388–399. [PubMed: 18500767] 

11. Gao Y, Li M, Chen B, Shen Z, Guo P, Wientjes MG, Au JL. Predictive Models of Diffusive 
Nanoparticle Transport in 3-Dimensional Tumor Cell Spheroids. AAPS J. 2013; 15:816–831. 
[PubMed: 23605950] 

12. Bruckman MA, Kaur G, Lee LA, Xie F, Sepulveda J, Breitenkamp R, Zhang X, Joralemon M, 
Russell TP, Emrick T, Wang Q. Surface Modification of Tobacco Mosaic Virus with ″Click″ 
Chemistry. ChemBioChem. 2008; 9:519–523. [PubMed: 18213566] 

13. Schlick TL, Ding Z, Kovacs EW, Francis MB. Dual-Surface Modification of the Tobacco Mosaic 
Virus. J. Am. Chem. Soc. 2005; 127:3718–3723. [PubMed: 15771505] 

14. Eber FJ, Eiben S, Jeske H, Wege C. Rna-Controlled Assembly of Tobacco Mosaic Virus-Derived 
Complex Structures: From Nanoboomerangs to Tetrapods. Nanoscale. 2015; 7:344–355. [PubMed: 
25407780] 

15. Geiger FC, Eber FJ, Eiben S, Mueller A, Jeske H, Spatz JP, Wege C. Tmv Nanorods with 
Programmed Longitudinal Domains of Differently Addressable Coat Proteins. Nanoscale. 2013; 
5:3808–3816. [PubMed: 23519401] 

16. Shukla S, Eber FJ, Nagarajan AS, DiFranco NA, Schmidt N, Wen AM, Eiben S, Twyman RM, 
Wege C, Steinmetz NF. The Impact of Aspect Ratio on the Biodistribution and Tumor Homing of 
Rigid Soft-Matter Nanorods. Adv. Healthcare Mater. 2015; 4:874–882.

17. Dufau I, Frongia C, Sicard F, Dedieu L, Cordelier P, Ausseil F, Ducommun B, Valette A. 
Multicellular Tumor Spheroid Model to Evaluate Spatio-Temporal Dynamics Effect of 
Chemotherapeutics: Application to the Gemcitabine/Chk1 Inhibitor Combination in Pancreatic 
Cancer. BMC Cancer. 2012; 12:15. [PubMed: 22244109] 

18. Fayad W, Brnjic S, Berglind D, Blixt S, Shoshan MC, Berndtsson M, Olofsson MH, Linder S. 
Restriction of Cisplatin Induction of Acute Apoptosis to a Subpopulation of Cells in a Three-
Dimensional Carcinoma Culture Model. Int. J. Cancer. 2009; 125:2450–2455. [PubMed: 
19670329] 

19. Frankel A, Man SM, Elliott P, Adams J, Kerbel RS. Lack of Multicellular Drug Resistance 
Observed in Human Ovarian and Prostate Carcinoma Treated with the Proteasome Inhibitor 
Ps-341. Clin. Cancer. Res. 2000; 6:3719–3728. [PubMed: 10999766] 

20. Jain RK. Transport of Molecules, Particles, and Cells in Solid Tumors. Annu. Rev. Biomed. Eng. 
1999; 1:241–263. [PubMed: 11701489] 

21. Tirado MM, Martinez CL, de la Torre JG. Comparison of theories for the translational and 
rotational diffusion coefficients of rod-like macromolecules. Application to short DNA fragments. 
J. Chem. Phys. 1984; 81:2047–2052.

22. Broersma S. Viscous Force and Torque Constants for a Cylinder. J. Chem. Phys. 1981; 74:6989.

Chariou et al. Page 12

J Phys Chem B. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Pluen A, Netti P, Jain RK, Berk DA. Diffusion of Macromolecules in Agarose Gels: Comparison of 
Linear and Globular Configurations. Biophys. J. 1999; 77:542–552. [PubMed: 10388779] 

24. Lee KL, Hubbard LC, Hern S, Yildiz I, Gratzl M, Steinmetz NF. Shape Matters: The Diffusion 
Rates of Tmv Rods and Cpmv Icosahedrons in a Spheroid Model of Extracellular Matrix Are 
Distinct. Biomater. Sci. 2013; 1:581–588.

25. Levick J. Flow through Interstitium and Other Fibrous Matrices. Q. J. Exp. Physiol. 1987; 72:409–
437. [PubMed: 3321140] 

26. Westrin B, Axelsson A. Diffusion in Gels Containing Immobilized Cells: A Criticle Review. 
Biotechnol. Bioeng. 1991; 38:439–346. [PubMed: 18604802] 

27. Pitek AS, Wen AM, Shukla S, Steinmetz NF. The Protein Corona of Plant Virus Nanoparticles 
Influences Their Dispersion Properties, Cellular Interactions, and in Vivo Fates. Small. 2016; 
12:1758–1769. [PubMed: 26853911] 

28. Yoshi Y, Sugiyama K. Intercapillary Distance in the Proliferating Area of Human Glioma. Cancer 
Res. 1988; 48:2938–2941. [PubMed: 3359450] 

29. Baish JW, Stylianopoulos T, Lanning RM, Kamoun WS, Fukumura D, Munn LL, Jain RK. Scaling 
Rules for Diffusive Drug Delivery in Tumor and Normal Tissues. Proc. Natl. Acad. Sci. U. S. A. 
2011; 108:1799–1803. [PubMed: 21224417] 

30. Mabjeesh NJ, Amir S. Hypoxia-Inducible Factor (Hif) in Human Tumorigenesis. Histol. 
Histopathol. 2007; 22:559–572. [PubMed: 17330811] 

31. Banerjee D, Harfouche R, Sengupta S. Nanotechnology-Mediated Targeting of Tumor 
Angiogenesis. Vasc. Cell. 2011; 3:3. [PubMed: 21349160] 

32. Kobayashi H, Takemura Y, Ohnuma T. Relationship between Tumor Cell Density and Drug 
Concentration and the Cytotoxic Effect of Doxorubicin or Vincristine: Mechanism of Inoculum 
Effects. Cancer Chemother. Pharmacol. 1992; 31:6–10. [PubMed: 1458560] 

33. Champion JA, Mitragotri S. Role of Target Geometry in Phagocytosis. Proc. Natl. Acad. Sci. U. S. 
A. 2006; 103:4930–4934. [PubMed: 16549762] 

34. Huang XX, Wang Y, Wang Y, Shin DM, El-Sayed MA, Nie S, Peng X. A Reexamination of Active 
and Passive Tumor Targeting by Using Rod-Shaped Gold Nanocrystals and Covalently Conjugated 
Peptide Ligands. ACS Nano. 2010; 4:5887–5896. [PubMed: 20863096] 

35. Taherian A, Li X, Liu Y, Haas TA. Differences in Integrin Expression and Signaling within Human 
Breast Cancer Cells. BMC cancer. 2011; 11:1–15. [PubMed: 21194487] 

36. Krippendorff BF, Kuester K, Kloft C, Huisinga W. Nonlinear Pharmacokinetics of Therapeutic 
Proteins Resulting from Receptor Mediated Endocytosis. J. Pharmacokinet. Pharmacodyn. 2009; 
36:239–260. [PubMed: 19554432] 

37. Doiron AL, Clark B, Rinker KD. Endothelial Nanoparticle Binding Kinetics Are Matrix and Size 
Dependent. Biotechnol. Bioeng. 2011; 108:2988–2998. [PubMed: 21766288] 

38. Thurber GM, Schmidt MM, Wittrup KD. Antibody Tumor Penetration: Transport Opposed by 
Systemic and Antigen-Mediated Clearance. Adv. Drug Delivery Rev. 2008; 60:1421–1434.

39. Thurber GM, Wittrup KD. Quantitative Spatiotemporal Analysis of Antibody Fragment Diffusion 
and Endocytic Consumption in Tumor Spheroids. Cancer Res. 2008; 68:3334–3341. [PubMed: 
18451160] 

Chariou et al. Page 13

J Phys Chem B. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(A) 3D schematic of the diffusion of high aspect-ratio nanoparticles into the tumor half 

spheroid model. (B) Zoom-in schematic of the interior of the spheroid. Cells in green 

represent cancer cells that have taken up TMV particles, while cells in gray are cancer cells 

without TMV inside them.
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Figure 2. 
Simulation of the effect of spheroid radius (R = 100 µm, R= 200 µm, or R = 500 µm) on 

TMV concentration distribution within the spheroid in the absence of cellular uptake. Top 3 

panels are 2D plots of the concentration of TMV as a function of the radial distance within 

the spheroid for specific time interval (1 h, 2 h, 6 h, 12 h, 18 h, 24 h), and the bottom 3 

panels are the corresponding 3D plots of the concentration of TMV as a function of both 

time and radial distance. Cell density ϕ = 0.5, TMV concentration in the surrounding 

medium CM = 0.1 mg/mL, cell uptake k = 0, and TMV aspect ratio L/d = 300/18.
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Figure 3. 
Simulation of the effect of cell density (ϕ = 0.5, ϕ = 0.7, or ϕ = 0.9) on TMV concentration 

distribution within the spheroid in the absence of cellular uptake. Top 3 panels are 2D plots 

of the concentration of TMV as a function of the radial distance within the spheroid for 

specific time interval (1 h, 2 h, 6 h, 12 h, 18 h, 24 h), and the bottom 3 panels are the 

corresponding 3D plots of the concentration of TMV as a function of both time and radial 

distance. Spheroid radius R = 200 µm, TMV concentration in the surrounding medium CM = 

0.1 mg/mL, cell uptake k = 0, TMV aspect ratio L/d = 300/18.
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Figure 4. 
Simulation of the effect of the TMV aspect ratio (L/d = 300/18, L/d = 135/18, or L/d = 

59/18) on TMV concentration distribution within the spheroid in the absence of cellular 

uptake. Top 3 panels are 2D plots of the concentration of TMV as a function of the radial 

distance within the spheroid for specific time interval (1 h, 2 h, 6 h, 12 h, 18 h, 24 h), and the 

bottom 3 panels are the corresponding 3D plots of the concentration of TMV as a function 

of both time and radial distance. Cell density ϕ = 0.5, spheroid radius R = 200 µm, TMV 

concentration in the surrounding medium CM = 0.1 mg/mL, cell uptake k = 0.
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Figure 5. 
Experimental rate of cellular uptake. (A) Plate reader quantification of fluorescence intensity 

of Cy5-TMV-PEG (L/d = 300/18 nm) suspended in PBS solution to establish a calibration 

curve. (B) Resulting number of Cy5-TMV-PEG (L/d = 300/18 nm) internalized in MDA-

MB-231 cells after 30 min, 1.5 h, and 3 h incubation. The slope of the curve corresponds to 

the rate of cellular uptake. (C) Flow cytometry quantification data from a previous study of 

the mean fluorescence intensity of TMV-PEG and TMV-RGD formulations, with distinct 

aspect ratio, which were internalized in HT-29 cells.16
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Figure 6. 
Simulation of the effect of cellular uptake on the concentration distribution of high aspect 

ratio (L/d = 300/18) TMV within the spheroid. Top 3 panels are 2D plots of the 

concentration of TMV formulations as a function of the radial distance within the spheroid 

for specific time interval (1 h, 2 h, 6 h, 12 h, 18 h, 24 h), and the bottom 3 panels are the 

corresponding 3D plots of the concentration of TMV as a function of both time and radial 

distance. Cell density ϕ = 0.5, spheroid radius R = 200 µm, TMV concentration in the 

surrounding medium CM = 0.1 mg/mL.
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Figure 7. 
Simulation of the effect of aspect ratio (L/d = 300/18, L/d = 135/18, or L/d = 59/18) on 

TMV-PEG concentration distribution within the spheroid. Top 3 panels are 2D plots of the 

concentration of TMV formulations as a function of the radial distance within the spheroid 

for specific time interval (1 h, 2 h, 6 h, 12 h, 18 h, 24 h), and the bottom 3 panels are the 

corresponding 3D plots of the concentration of TMV as a function of both time and radial 

distance. Cell density ϕ = 0.5, spheroid radius R = 200 µm, TMV concentration in the 

surrounding medium CM = 0.1 mg/mL.
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Table 1

Summary of the Parameters Used for the Model Simulations in Figures 2, 3, and 4

spheroid radius (R) [nm] cell density aspect ratio (L/d) diffusion coefficient (D) [mm2/sec]

Figure 2 100

200 0.5 300/18 5.38×10−7

500

Figure 3 0.5

200 0.7 300/18 5.38 × 10−7

0.9

Figure 4 300/18 5.38 × 10−7

200 0.5 135/18 8.98 × 10−7

59/18 1.25 × 10−6
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Table 2

Quantification of the Rate of Cellular Uptake of Three Aspect Ratios of TMV-PEG and TMV-RGD

[TMV/hour/cell] (L = 300 nm) [TMV/hour/cell] (L = 135 nm) [TMV/hour/cell] (L = 59 nm)

TMV-RGD 130 139 178

TMV-PEG 7 5 4
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