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Abstract
The mechanisms governing the efficient tumor spheroid penetration and transport by
poly(amidoamine) (PAMAM) dendrimers displaying varying numbers of cyclic RGD targeting
peptides (2, 3, 7, or 10) were evaluated in this work. The cell-free binding affinities and cellular
internalization kinetics of PAMAM-RGD conjugates to malignant glioma cells were determined
experimentally, and the results were incorporated into a mathematical model to predict the
transport of these materials through a multicellular tumor spheroid. The theoretical analysis
demonstrated that greater RGD crosslinking may improve transport through tumor spheroids due
to their decreased integrin-binding affinity. This study provides evidence that altering the density
of tumor-targeting ligands from a drug delivery platform is a feasible way to optimize the tumor-
penetration efficiency of an anticancer agent, and provides insight into the physicochemical
mechanisms governing the relative effectiveness of these conjugates.
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INTRODUCTION
The inability of anticancer drug molecules to penetrate through solid tumors presents a
significant barrier to their efficacy. It is important that a drug molecule reaches all of the
malignant cells in a tumor at a concentration sufficient to elicit a therapeutic effect. The
distribution of both small molecule chemotherapy drugs and larger antibodies within tumors
in vivo is confined to regions adjacent to blood vessels, leaving some regions untouched by
the therapeutic compounds (Minchinton and Tannock 2006; Thurber et al. 2008).

Because of their tendency to accumulate in tumor beds due to the enhanced permeability and
retention effect, the development of nanoscale anticancer therapeutics has yielded a wealth
of promising results. Yet, it is important to improve the intratumoral distribution of these
particles, as their relatively large size considerably slows their diffusion within tumors.
Several studies have found that nanoscale drug and gene delivery systems comprised of
polymers (Han et al. 2007; Mellor et al. 2006; Oishi et al. 2007), peptides (Saleh et al.
2010), or liposomes (Kostarelos et al. 2004; Kostarelos et al. 2005) exhibit poor diffusion
into multicellular tumor spheroids, an in vitro solid tumor model. The penetration of these
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macromolecules into tumors can be improved, however, by tuning their properties such as
size and charge (Kostarelos et al. 2004; Kostarelos et al. 2005), or by the incorporation of
certain targeting ligands including glucosamine (Dhanikula et al. 2008), lactose (Oishi et al.
2007), or RGD peptides (Sugahara et al. 2009; Waite and Roth 2009).

Several studies have addressed the mechanisms governing the distribution of small molecule
drugs (Tzafriri et al. 2009) or antibody therapeutics (Graff and Wittrup 2003; Saga et al.
1995; Thurber et al. 2008; Thurber and Wittrup 2008) in solid tumors, but significantly less
work has been done to extend this understanding to nanoscale drug delivery systems. Some
mechanisms governing nanoparticle transport through solid tumors are depicted in Figure 1.
Reaction transport modeling has identified several important parameters that control the
distribution of antibodies into solid tumors including binding affinity, cell internalization
kinetics, and rate of free diffusion (Thurber et al. 2008). A similar approach has been
applied to describe the penetration of nanoparticles into tumor spheroids (Goodman et al.
2008).

One benefit of utilizing synthetic drug delivery vehicles is the ability to chemically tune
their structure to control properties such as particle size, charge, and the presentation of
targeting groups. As these physical properties of a nanoparticle can alter their interactions
with tumor tissue by changing their effective diffusion coefficient, cellular affinity, or rate of
internalization, it is possible to exploit these properties to impart favorable penetration and
distribution throughout solid tumors. Our previous work showed that conjugating cyclic
RGD to a poly(amidoamine) (PAMAM) dendrimer enhances the penetration and delivery of
short-interfering RNA (siRNA) through tumors in a manner that depends on the targeting
ligand density (Waite and Roth 2009). In this work, we derive insights into how the density
of RGD targeting ligands affects penetration into tumor spheroids via a biophysical
approach. The effects of targeting ligand density on integrin binding affinity and cell
internalization kinetics were measured, and the experimentally determined parameters were
used in a reaction-transport model to estimate the distribution of these materials through a
solid tumor spheroid model, which is compared with experimental data.

MATERIALS AND METHODS
Materials

All reagents, buffers, and sensor chips used in surface plasmon resonance experiments were
purchased from GE Healthcare (Piscataway, NJ). Unless otherwise stated, all chemicals
were purchased from Sigma, and all cell culture products were obtained from Invitrogen
(Carlsbad, CA).

Mathematical Model of Tumor Transport
A mathematical model similar to one previously developed (Goodman et al. 2008) to
describe the cell binding, internalization, and diffusion of nanoparticles in a three-
dimensional tumor spheroid model was utilized in this work. A key distinction for this work
is that PAMAM-RGD conjugates were assumed to enter cells additively via two pathways:
(1) non-specific electrostatic interactions with cells, and (2) by receptor-mediated
interactions between RGD targeting peptides and cell-surface integrin proteins. The
subscripts 1 and 2 indicate these respective pathways. Entry from both pathways is by
endocytosis but with distinct rates and numbers of binding sites. A system of partial
differential equations (Equations 1-4) was utilized to describe the diffusion of PAMAM-
RGD/siRNA complexes into a tumor spheroid model of malignant glioma:
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(1)

(2)

(3)

(4)

In these equations, t is the time variable, r is the radial coordinate, C(t,r) is the concentration
of free particles in the spheroid volume, D is the effective diffusion coefficient of particles
through the spheroid, ε is the average spheroid porosity, Cbj(t,r) is the concentration of
particles bound to pathway j (where j=1 denotes non-specific sites and j= 2 denotes
integrins), Csj(t,r) is the concentration of available sites of type j per cell, Ci(t,r) is the
concentration of internalized particles (summed over both pathways), and ka1, kd1, and ki1
are the non-specific and ka2, kd2, and ki2 are the integrin-specific association, dissociation,
and internalization rate constants, respectively.

The following initial and boundary conditions were applied:

The effective diffusion coefficient of particles through the spheroid, D, was estimated by
comparing the model output to experimental data, an approach that has been taken by others
to estimate the effective diffusion coefficients of particles through biological
tissues(Goodman et al. 2008; Saltzman 2001). The value was fixed at one-sixth of the free
diffusivity, with the latter calculated using the Stokes-Einstein relationship. The average
spheroid porosity, ε, was estimated from image analysis of the spheroid architecture, and
was set to ε = 0.09 (See Supplementary Data). The porosity estimation was used to account
for the limited space available for free, unbound polymer, C, to exist within spheroids due to
their complex architecture. The concentration of integrin proteins per cell (Cintegrins) was
estimated from a study reporting that ~1.1×104 β3 integrin receptors per cell are expressed
on the U87 cell line (Benedetto et al. 2006). The number of non-specific binding sites per
cell was assumed to be similar to one previously reported(Goodman et al. 2008).

Equations 1-4 were solved numerically using the pdepe function within the MATLAB
R2007b software package (The Math Works, Natick, MA).

Cell Culture and Spheroid Formation
U-87 MG cells were maintained in D-MEM medium supplemented with 10% FBS, L-
glutamine, and penicillin-streptomycin. Cells were cultivated in an environmental chamber
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at 37°C and 5% CO2. Multicellular tumor spheroids were generated using the U87 cell line
by the hanging drop method as described previously (Waite and Roth 2009).

Surface Plasmon Resonance Spectroscopy
The binding kinetics between PAMAM-RGD conjugates and the purified human integrin
protein αvβ3 (Millipore, Billerica, MA) were determined using a Biacore 3000 surface
plasmon resonance (SPR) instrument (GE Healthcare Life Sciences, Piscataway, NJ). The
running buffer for all SPR experiments was HBS-EP (150 mM NaCl, 3 mM EDTA, 10 mM
HEPES, 0.005% P20 surfactant, pH 7.4). Prior to immobilization onto a sensor chip, the
integrin protein was desalted into Hepes buffered saline (HBS) using Amicon Ultra 30K
MWCO centrifugal filters (Millipore, Billerica, MA) to remove the Tris-containing salts in
the formulation provided by the manufacturer. Integrin protein was immobilized onto a
channel of the sensor chip surface (CM4 sensor chip) by amine coupling using a similar
method as described previously (Shukla et al. 2005). The carboxyl groups on the sensor chip
surface were activated by injecting 70 μl of a 1:1 v/v mixture of 0.2 M EDC and 0.05 M
NHS. Protein coupling was achieved by injection of 70 μl of integrin protein (44.9 μg/mL in
10 mM acetate buffer at pH 4) across the activated surface. Ethylenediamine at 1 M in water
was then injected to deactivate residual NHS-esters on the sensor chip. The process yielded
~1.1 ng/mm2 (~1100 RU) of integrin protein immobilized to the sensor chip surface. A
reference surface was created by activating the carboxyl groups of a blank surface with
EDC/NHS followed by blocking with ethylenediamine. PAMAM-RGD conjugates were
diluted in running buffer at concentrations ranging from 20-200 nM. Carboxymethyl dextran
sodium salt, 10 mg/mL in 0.015 M NaCl containing 0.02% NaN3, was added at a
concentration of 1 mg/mL to minimize non-specific binding of cationic dendrimers to the
anionic dextran substrate on the sensor chip surface. The dendrimer conjugates were injected
at a flowrate of 10 μL/min for 3 minutes across the integrin-conjugated active surface and
the reference surface. Dissociation was monitored for 90 seconds following dendrimer
injection.

Due to differences in size and affinity as compared to the dendrimers, it was necessary to
acquire binding sensorgrams for the free cyclic RGD peptide (cRGDfC) using a protein
surface with a higher level of integrin protein immobilization (~5 ng/mm2) on a CM5 sensor
chip, which contains a higher density of dextran substrate than the CM4 chip. The cyclic
RGD peptide was dissolved in HBS-EP running buffer at concentrations of 0.125 mM and
0.25 mM and was injected over the protein and reference surfaces at 10 μL/min for 3
minutes.

The final sensorgrams were obtained by subtracting the reference surface signal from the
protein-conjugated surface signal. Regeneration of the surfaces was achieved by injection of
10 mM glycine-HCl, pH 2.5 at 100 μL/min for 30 seconds after each analyte injection. The
data for all analytes were analyzed by simultaneously fitting all concentrations of analyte to
a 1:1 Langmuir binding model using the BIAevaluation 4.1 software package.

Fluorescent Labeling of PAMAM and PAMAM-RGD Conjugates
Generation 5 PAMAM dendrimers, and the PAMAM-RGD conjugates (G5-2RGD and
G5-10RGD) previously synthesized(Waite and Roth 2009) were fluorescently labeled with a
green dye, DyLight488 using the manufacturer's protocol (Pierce Rockford, IL).
Approximately 1 dye molecule was conjugated per dendrimers, as quantified by absorbance
at 493 nm.
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Cellular Internalization Kinetic Measurements and Rate Constant Determination
The dynamics of cellular internalization by PAMAM dendrimers and by PAMAM- RGD
conjugates were studied in a cellular internalization assay using a protocol similar to one
described previously (Dhanikula et al. 2008). U87 cells were seeded at a density of 105 cells/
mL (400 μL/well) onto 24-well tissue culture plates and were allowed to adhere overnight.
Fluorescently labeled dendrimers (500 nM in culture media) were added to the cells and
were harvested at various time points (4, 10, 24, or 48 hours). the cells were washed three
times with PBS prior to cell lysis with 200 μL of Triton-X in 0.1N NaOH. Cell lysates were
stored frozen at -20°C until analysis of lysates from all time points was performed
simultaneously. The dendrimer concentrations detected at each time point were determined
by measuring the DyLight fluorescence of each sample with a DTX800 Multimode Detector
instrument (Beckman Coulter, CA, USA). The fluorescence values were converted to
polymer concentrations using a standard curve of fluorescently-labeled dendrimers.

Equations describing a single cell that binds and internalizes nanoparticles were utilized in
this work to parameterize the rate of cellular internalization of PAMAM-RGD conjugates
(Equations 5-10) (Lauffenburger and Linderman 1993; Wilhelm et al. 2002). Experimental
cell internalization data were fit to Equation 8 to determine the rates of internalization of
PAMAM-RGDs.

(5)

(6)

(7)

The solution of Equations 5-7 yields:

(8)

(9)

(10)

where Nbj(t) is the number of bound particles, C0 is the initial concentration of particles,
Nsj(t) is the number of available binding sites on the cells, Rj0 is the initial number of
available binding sites on the cells, and Nij(t) is the number of internalized particles for
pathway j.
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The magnitude of non-specific cell interactions by PAMAM-RGDs was assumed to be equal
to that of unmodified PAMAM dendrimers (ka1, kd1, and ki1), and was determined by fitting
the cell internalization data of unmodified PAMAM to Equation 8 with α2 = 0. PAMAM-
RGDs were then assigned additional integrin-specific rate constants (ka2, kd2, and ki2). The
integrin-specific association and dissociation rate constants for PAMAM-RGDs (ka2 and
kd2) were determined from surface plasmon resonance (SPR) biosensor experiments which
measured the binding kinetics between PAMAM-RGDs and αvβ3 integrin proteins
immobilized on a sensor chip. The rate of cellular internalization (ki2) of PAMAM-RGD
conjugates was determined by fitting cellular internalization data to Equation 8 using the
curve fitting toolbox in the MATLAB R2007b software package (The Math Works, Natick,
MA).

Statistics
Statistical comparisons within the SPR biosensor data, for the cellular internalization
kinetics, and for the experimental spheroid uptake data were performed using a one-way
ANOVA test with Tukey's all-pairs post hoc comparison test.

Model Assumptions and Limitations
The following assumptions were made when using the theoretical transport model employed
in this work:

1. The transport model was employed approximating the shape of the tumor spheroids
as being strictly spherical. While the spheroids generated in this work were not
perfect spheres, spherical coordinates have been utilized in several previous studies
describing drug transport in tumor spheroids (Goodman et al. 2008; Thurber and
Wittrup 2008), and have provided a reasonable shape estimate of the spheroids to
describe drug penetration in this model.

2. The modes of cell association and internalization were characterized as strictly
integrin-mediated and non-specific; furthermore, they were assumed to be additive
and independent. While additional distinctions might also be made (e.g. according
to internalization pathway as clathrin mediated vs. caveolin-mediated), only the
given terms were used to avoid overfitting.

3. The mathematical expressions utilized to evaluate the cell internalization and SPR
kinetic data assumed saturable binding between RGD peptides and integrin
receptors based on constant total number of receptors (Mammen et al. 1998). The
turnover rates of cellular receptors, especially adhesion receptors such as integrins,
are typically low enough to support this assumption.

4. Constant spheroid porosity was assumed. While it is well known that tumors and
tumor spheroids are complex, heterogeneous structures, our measurements did not
reveal a consistent trend in porosity as a function of radial distance for the
spheroids utilized in this work (Supplementary Data). Hence, we elected to assume
a constant, average porosity value (ε = 0.09) rather than to utilize a complex
mathematical function which may confound or skew the model predictions.

RESULTS
Binding affinity and kinetic measurements

The binding interactions between PAMAM-RGD conjugates and αvβ3 human integrin
proteins were studied using a surface plasmon resonance (SPR) biosensor instrument.
Sensorgrams were generated to compare the monovalent interactions between the free cyclic
RGD peptide and the human integrin protein to the multivalent interactions observed when
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displaying multiple copies of the RGD peptide from a PAMAM dendrimer scaffold. As
expected, PAMAM-RGD conjugates exhibited a greater extent of binding and a slower rate
of dissociation from the integrin protein surface as compared to the monovalent RGD
peptide (Figure 2). Similar trends have been observed by others studying multivalent
presentation of small ligands from PAMAM dendrimer scaffolds (Hong et al. 2007; Shukla
et al. 2005).

Further, the differences in binding affinities and kinetics between the multivalent PAMAM-
RGD constructs displaying various numbers of the cRGD peptide (2, 3, 7, or 10) were
compared. Kinetic association and dissociation rate constants (ka and kd) and the ratio of
these constants, KD, were determined for each polymer-peptide conjugate by fitting the SPR
sensorgram data to a Langmuir binding model (Figure 3). PAMAM-RGD conjugates
displaying a low number of RGD peptides (2 or 3) were found to have a significantly higher
binding affinity (lower KD value) to the integrin protein than those displaying a high number
of peptides (7 or 10) (Figure 3A). This trend is reflected in the more rapid rate of association
(ka) to the integrin protein surface for dendrimers with a low number of RGD peptides (2 or
3) than for dendrimers with a high number of peptides (7 or 10), which exhibit a slower rate
of association to the protein surface (Figure 3B). Further, the KD measured for PAMAM-
RGD conjugates was lower than was measured for the free cRGD peptide, indicating a
multivalent enhancement in affinity when conjugating cRGD onto a dendrimer scaffold
(Figure 3A). This is consistent with previous reports demonstrating multivalent
enhancement in the affinity of small molecules when they are displayed from the surface of
PAMAM dendrimers (Hong et al. 2007; Shukla et al. 2005). On the other hand, the
decreased rate of association for PAMAM with higher numbers of RGD functionalized (7 or
10) suggests an interplay between avidity enhancement via multivalent binding and steric
hindrance. Others have observed decreased association rates for multivalent ligands
presented on nanoparticles(Tassa et al. 2010) in SPR studies or decreased affinities in other
binding assays (Garanger et al. 2006; Montet et al. 2006).

Unmodified G5 PAMAM dendrimers were used as a control material to evaluate non-
specific binding interactions between dendrimers and the SPR sensor chip. Electrostatic
interactions were observed between cationic PAMAM and the anionic dextran on the sensor
chip surface. However, we were able to distinguish this non-specific response from the
desired integrin-RGD interaction present with PAMAM-RGD materials. A discussion of the
studies performed to understand the electrostatic binding interactions between PAMAM and
the sensor ship is provided in Supplementary Data.

Cellular Internalization Dynamics
The dynamics of cellular internalization of PAMAM and PAMAM-RGDs were evaluated by
measuring the concentration of fluorescently labeled polymers internalized into U87 cells at
various times over a 48 hour period. The uptake dynamics of unmodified PAMAM (G5)
were compared to those of dendrimers displaying a low number (2) and high number (10) of
RGD peptides. For all dendrimers studied, increasing concentration was detected within U87
cells over time, indicating cellular internalization of the polymers (Figure 4). Polymers
displaying RGD targeting peptides (either 2 or 10) had significantly higher concentrations
internalized into U87 cells (p < 0.05) than the unmodified parent polymer, with the polymer
displaying 10 copies of the RGD peptide having the highest amount internalized after 48
hours (Figure 4).

The cellular internalization rates (ki1 and ki2) for each polymer were determined by fitting
internalization data to Equation 8 (Figure 4). The integrin-mediated rates of cellular
internalization were about 2.5 (PAMAM-2RGD) to 5-fold (PAMAM-10RGD) more rapid
than the non-specific rate (Table I).
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Mathematical Model Results
The experimentally determined parameters that represent the interactions between PAMAM-
RGDs and U87 cells (ka, kd, and ki) as well as those representing spheroid architecture (ε)
were incorporated into a mathematical model of tumor transport and cell interaction to
estimate the concentration profile of PAMAM-RGD particles throughout a 3-dimensional
tumor spheroid. Concentration profiles calculated from the transport model predict that
increasing the number of RGD peptides per PAMAM dendrimer (from 2 to 10) will result in
a more homogeneous concentration profile of polymer particles across the cross-section of a
spheroid (Figure 5). Polymers containing a low number of RGD peptides (2 or 3) show
limited penetration throughout the spheroid according to the model, with a high
concentration of material confined to the peripheral region of the spheroid. By increasing the
number of RGD peptides to 7 or 10, a more homogeneous profile may be achieved, with a
higher concentration of material being delivered to regions farther from the spheroid surface.

Upon comparing the predicted concentrations of bound polymers to internalized ones, it is
the differential binding to integrin receptors that likely causes the overall differences in
polymer diffusion through the spheroid (Figure 6). As polymers with a low degree of RGD
crosslinking (2RGD and 3RGD) exhibit a significantly higher integrin binding affinity than
those with a high degree (7RGD and 10RGD), a higher concentration of the low
crosslinking, high-affinity polymers binds to integrins, leaving less polymer free to diffuse
through the spheroid (Figure 6A and B). As a result, free polymers with high RGD
crosslinking are present at higher concentrations near the spheroid center (Figure 6B), and a
higher concentration is internalized into tumor cells (Figure 6C). Further, in all simulations
run, the predicted concentration of material increased in all regions of the spheroid as a
function of time, as expected. These theoretical results are in good agreement with our
previous experimental results that showed a significantly higher concentration of siRNA
present in tumor spheroids when delivered by a PAMAM dendrimer displaying a high
number (10) of RGD targeting peptides compared to one with a low number (3) of peptides
(Figure 7).

DISCUSSION
The inability of anticancer drugs and drug delivery systems to penetrate and distribute
throughout solid tumors represents a major barrier to drug delivery. Mathematical modeling
and scaling analyses have proven to be useful tools in describing the distribution of drugs or
antibodies throughout solid tumors. Multicellular tumor spheroids (MCTS) have been a
particularly useful experimental model for drug penetration studies, and their simple
geometry lends itself well to use in theoretical models. Several previous studies have
developed accurate and descriptive mathematical models describing the penetration of
antibodies or nanoparticles through tumor spheroids (Goodman et al. 2008; Graff and
Wittrup 2003). In this work, we employed a similar methodology, and extended it to
evaluate the effect of targeting ligand density on distribution of PAMAM-RGD conjugates
through MCTS of malignant glioma cells.

As the binding affinity of molecules is known to be an important parameter dictating their
extent of tumor penetration, the binding affinities of a panel of PAMAM-RGD conjugates
displaying between 2 and 10 RGD peptides to the immobilized human integrin αvβ3 protein
were measured using a surface plasmon resonance (SPR) biosensor. Interestingly,
dendrimers displaying a low number of RGD peptides (2 or 3) were found to have a
significantly higher binding affinity to the immobilized integrin protein than dendrimers
displaying a high number of peptides (7 or 10). This is in contrast to some previous studies
where using a PAMAM dendrimer scaffold was found to promote multivalent interactions
between folic acid and the folate receptor, resulting in an increased binding avidity when
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numerous copies of folic acid were displayed (Hong et al. 2007). These contrasting trends
are likely due to the inherent differences between the ligand-receptor systems studied. The
spacing between RGD peptides has proven to be a critically important parameter in
achieving or hindering multivalent binding to integrin proteins or integrin-expressing cells
(Koo et al. 2002; Liu 2009; Maheshwari et al. 2000; Wang et al. 2009). In some other
studies, an optimal presentation of RGD peptides from a multivalent array was observed,
where having too high a density of RGD peptides decreased the affinity to integrin-
expressing cells, presumably due to steric hindrance (Garanger et al. 2006; Montet et al.
2006). Taken together, the results suggest that an optimal presentation is strongly context-
dependent and hence that new ligand-bearing conjugates should be evaluated experimentally
and in a setting that corresponds to the desired application.

In addition to binding affinity, rate of cellular internalization is another important parameter
governing tumor penetration. Here, cellular internalization rates for fluorescently labeled
PAMAM-RGD conjugates were evaluated quantitatively. The addition of RGD peptides to
PAMAM dendrimers significantly increased the amount of polymer that was internalized
into U87 cells over a period of 48 hours, as expected. Presumably, this is due to the
additional mode of cellular internalization (receptor-mediated) afforded by the introduction
of RGD targeting peptides in addition to the non-specific electrostatic interactions known to
exist between cationic PAMAM dendrimers and cells (Perumal et al. 2008). Increasing the
extent of RGD crosslinking also increased the rate of cellular internalization somewhat, with
dendrimers displaying 10 peptides internalizing twice as rapidly than those displaying 2
peptides.

It is notable that the effect of increasing RGD functionalization is different between the cell
internalization and SPR binding measurements. There are several fundamental differences
between the experimental conditions that may explain this apparent discrepancy. It is
important to note the difference in time scales between the binding kinetics and cell
internalization experiments; the binding kinetic SPR studies were evaluated on the order of
~5 minutes, whereas the cell internalization experiments were performed over a period of 48
hours. It is possible that steric hindrance might impede the initial attachment of dendrimers
displaying many RGD peptides (which is detected by the SPR instrument) and that a longer
period of time (on the order of hours) may be required for multivalency to influence binding
and cellular accumulation of these materials. Furthermore, SPR measurements utilize
integrins rigidly immobilized on a sensor chip, which may restrict multivalent cooperativity.
Cellular membranes, in contrast, are fluid, allowing dynamic clustering of receptors and
facilitating multivalent interactions.

Previously, we developed a competitive binding cell adhesion assay to compare the abilities
of PAMAM-RGD conjugates to inhibit the adhesion of U87 cells to the ECM protein,
fibrinogen (Waite and Roth 2009). The results of this assay showed the same trends
observed in the SPR experiments in this work, where dendrimers displaying low numbers of
RGD peptides were more efficient at inhibiting adhesion of U87 cells to fibrinogen protein
than were dendrimers displaying a high number of RGDs. This complementary assay
provides further support for the trends observed in the SPR experiments in this work. Taken
together, the combination of the binding kinetic and cell internalization experiments
demonstrate that altering RGD ligand density has a pronounced impact on integrin binding
kinetics on malignant glioma cells and impacts cell internalization dynamics to a lesser
extent.

These experimentally determined binding affinity and cell internalization kinetic constants
were incorporated into a reaction/transport model to describe polymer distribution through a
tumor spheroid. The predicted concentration profiles for PAMAM-RGD conjugates showed
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that dendrimers with a high level of RGD modification (7 or 10) had a more homogeneous
distribution throughout tumor spheroids than did polymers with a low level of RGD
modification (2 or 3). These results are in good agreement with our previous study showing
that PAMAM dendrimers with 10 RGD peptides were able to deliver significantly higher
concentrations of siRNA to malignant glioma spheroids than were PAMAM dendrimers
displaying just 3 RGD peptides(Waite and Roth 2009). Our previous work also indicated
that PAMAM-RGD conjugates can interfere with the interactions between tumor cells and
ECM proteins(Waite and Roth 2009). While not directly incorporated into the mathematical
model developed here, the ability of PAMAM-RGD to disrupt cell-ECM contacts may be
another important mechanism involved in the efficient tumoral transport of these
bioconjugates.

The present study provides insight into the mechanisms governing the efficient tumor
penetration by PAMAM-RGD conjugates. Somewhat surprisingly, this work demonstrated
that the addition of more than 2-3 RGD peptides to a dendrimer platform enhanced
penetration through a tumor spheroid in spite of, or possibly due to, decreasing the binding
affinity to cell-surface integrin proteins. It has been reported that low affinity antibodies
have more homogeneous distributions through solid tumors than their high-affinity
counterparts (Graff and Wittrup 2003), and this study provides complementary evidence for
similar behavior with tumor-targeted nanoscale materials. These results are promising for
researchers working with synthetic drug delivery systems, demonstrating that a relatively
minor architectural change such as varying targeting ligand density can significantly impact
tumor penetration in a predictable manner. The methodology presented here can be applied
by researchers working with a diverse set of targeting systems to predict and optimize the
penetration of anticancer agents through solid tumors. This sort of quantitative approach can
guide the rational design of effective nanotherapeutics for the treatment of human cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transport mechanisms governing nanoparticle penetration through solid tumors.
Nanoparticles are transported through tumors by (A) free diffusion in extracellular space,
and can be inhibited by (B) cell binding and/or by (C) cell internalization. The structure of
nanoparticles can be tuned to alter their interactions with cells and the tumor bed, thus
optimizing their transport through solid tumors.
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Figure 2.
Representative SPR sensorgrams of binding interactions between monovalent cyclic RGD
peptide (A) and multivalent PAMAM-RGD conjugates (B) with immobilized human
integrin protein. The free RGD peptide was used at concentrations of 0.5 mM and 1 mM
(A), and the PAMAM-RGD conjugates are shown at a concentration of 50 nM. The
sensorgrams acquired for PAMAM-RGD and free RGD peptide were done on separate chip
surfaces with differing amounts of immobilized integrin protein.
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Figure 3.
Dissociation constants (KD) (A) and kinetic rate constants (ka and kd) (B) for PAMAM-RGD
conjugates as determined from fitting SPR sensorgram data. Data represent average fitted
values from 3 independent SPR experiments for 3 concentrations of each analyte, and error
bars represent SEM. Statistically similar KD values within the PAMAM-RGD conjugates are
denoted with asterisks (p<0.05).
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Figure 4.
Polymer concentration detected within U87 cells after constant polymer exposure for up to
48 hours, and corresponding model fits for cell internalization. U87 cells were treated with
500 nM of fluorescently labeled dendrimers in culture medium, and cells were lysed at
various time points to detect the concentration of polymers associated with the cells.
Asterisks denote that all polymers were significantly different from one another by 48 h (p <
0.05). Data represent mean±SD (n=6).
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Figure 5.
Model concentration profiles of PAMAM-RGD polymers as a function of distance from the
spheroid center (r/rmax) and time (hours). Concentration profiles were calculated for
PAMAM-RGD conjugates displaying 2, 3, 7, and 10 RGD peptides and are reported as
unbound concentrations, C, normalized by the initial polymer concentration exposed to the
spheroids, Cmax, of 100 nM.
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Figure 6.
Model concentration profiles of PAMAM-RGD polymers as a function of time at the
spheroid center. Concentration profiles showing the predicted concentrations of integrin-
bound polymers (A), free polymers (B), and internalized polymers (C) are shown.
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Figure 7.
Comparison of time-dependent concentration profiles of PAMAM-RGD conjugates (A)
predicted in the theoretical diffusion model with (B) average overall siRNA fluorescence
intensity observed experimentally in U87 tumor spheroids (experimental data adapted from
(Waite and Roth 2009)). Asterisks in (B) indicate time points at which there was a
statistically significant difference in fluorescence intensity between the 3RGD and 10RGD
materials (p<0.05).

Waite and Roth Page 19

Biotechnol Bioeng. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Waite and Roth Page 20

Ta
bl

e 
I

K
in

et
ic

 b
in

di
ng

 a
nd

 in
te

rn
al

iz
at

io
n 

ra
te

 c
on

st
an

ts
.

N
on

-S
pe

ci
fic

 T
er

m
s

Sp
ec

ifi
c 

in
te

gr
in

-m
ed

ia
te

d 
te

rm
s

k a
1 (

(n
M

*h
r)

-1
)

k d
1 (

hr
-1

)
k i

1 (
hr

-1
)

k a
2 (

(n
M

*h
r)

-1
)

k d
2 (

hr
-1

)
k i

2 (
hr

-1
)

G
5

0.
18

4
8.

93
0.

01
26

N
/A

N
/A

N
/A

G
5-

2R
G

D
0.

18
4

8.
93

0.
01

26
0.

68
4±

0.
31

 (S
PR

)
4.

77
±1

.4
2 

(S
PR

)
0.

02
97

±0
.0

19

G
5-

3R
G

D
0.

18
4

8.
93

0.
01

26
0.

46
5±

0.
26

 (S
PR

)
4.

91
±2

.2
7 

(S
PR

)
0.

02
97

±0
.0

19

G
5-

7R
G

D
0.

18
4

8.
93

0.
01

26
0.

08
6±

0.
02

4 
(S

PR
)

5.
57

±1
.0

4 
(S

PR
)

0.
06

08
±0

.0
11

G
5-

10
R

G
D

0.
18

4
8.

93
0.

01
26

0.
12

7±
0.

06
2 

(S
PR

)
9.

13
±1

.1
1 

(S
PR

)
0.

06
08

±0
.0

11

V
al

ue
s f

or
 P

A
M

A
M

 a
nd

 P
A

M
A

M
-R

G
D

 c
on

ju
ga

te
s d

et
er

m
in

ed
 fr

om
 fi

tti
ng

 e
ith

er
 S

PR
 se

ns
or

gr
am

 c
ur

ve
s o

r c
el

l i
nt

er
na

liz
at

io
n 

da
ta

. N
on

-s
pe

ci
fic

 te
rm

s (
k a

1,
 k

d1
, a

nd
 k

i1
) a

re
 fr

om
 fi

tti
ng

 th
e 

U
87

in
te

rn
al

iz
at

io
n 

da
ta

 fo
r u

nm
od

ifi
ed

 G
5 

de
nd

rim
er

, a
nd

 in
te

gr
in

-s
pe

ci
fic

 k
a2

 a
nd

 k
d2

 te
rm

s a
re

 fr
om

 S
PR

 e
xp

er
im

en
ts

 (e
rr

or
 is

 S
EM

). 
Th

e 
in

te
gr

in
-s

pe
ci

fic
 in

te
rn

al
iz

at
io

n 
te

rm
s (

k i
2)

 a
re

 fr
om

 th
e 

U
87

 c
el

l
in

te
rn

al
iz

at
io

n 
da

ta
 o

f P
A

M
A

M
-R

G
D

s (
er

ro
r i

s t
he

 9
5%

 c
on

fid
en

ce
 in

te
rv

al
 ).

Biotechnol Bioeng. Author manuscript; available in PMC 2012 December 1.


