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Abstract

We investigated two types of generation 5 polyamidoamine (PAMAM) dendrimers, each
conjugated stochastically with a mean number of five or ten methotrexate (MTX) ligands per
dendrimer (G5-MTXs5, G5-MTX1g), for their binding to surface-immobilized folate binding
protein (FBP) as a function of receptor density. The binding study was performed under flow by
surface plasmon resonance spectroscopy. Two multivalent models were examined to simulate
binding of the dendrimer to the receptor surface, showing that at relatively high receptor density,
both dendrimer conjugates exhibit high avidity. However, upon reducing the receptor density by a
factor of three and thirteen relative to the high density level, the avidity of the lower-valent G5-
MTX;5 decreases by up to several orders of magnitude (Kp = nM to uM), whereas the avidity of
G5-MTXjp remains largely unaffected regardless of the density variation. Notably, on the 13-fold
reduced FBP surface, G5-MT Xs displays binding kinetics similar to that of monovalent
methotrexate, which is patently different from the still tight binding of the higher-valent G5-
MTXj. Thus, the binding analysis demonstrates that avidity displayed by multivalent MTX
conjugates varies in response to the receptor density, and it can be modulated for achieving tighter,
more specific binding to the higher receptor density by modulation of ligand valency. We believe
this study provides experimental evidence supportive of the mechanistic hypothesis of multivalent
NP uptake to a cancer cell over a healthy cell where the diseased cell expresses the folate receptor
at higher density.
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Cellular uptake of multivalent nanomaterial in drug deliveryl= depends on strong
nanomaterial-surface adhesion over a period sufficient to achieve endocytosis under laminar
and disturbed shear flows® through vascular endothelium. The central hypothesis of this
strategy is that the nanomaterial will adhere more tightly and selectively via multivalent
receptor-ligand interactions to a targeted cell surface with a higher receptor density (Figure
1). Although a large body of related studies suggests such a critical role played by the
multivalent mechanism,®-10 biophysical models that relate cell specificity of nanomaterial
adhesion and surface receptor density remain poorly defined for tumor-associated receptors.
In this article, we analyze binding avidity and kinetic models for the nanomaterial
adsorption to a folate receptor surface by using multivalent dendrimer nanoparticles (NPs),
and provide evidence supportive of the current hypothesis central to cancer cell-targeted
drug delivery.

Nanomaterial applications for cancer-targeted delivery of therapeutic molecules and imaging
agents have been explored by aiming a diverse array of tumor biomarkers found on the cell
surface that include folic acid receptor (FAR),11 12 riboflavin receptor,13: 14 o i3
integrin,1>-17 prostate-specific membrane antigen,8 and epidermal growth factor

receptor.® 12 Of those receptors, FAR has been studied most extensively for targeted
delivery,2 20 in part due to facile access to its high affinity ligand, folic acid (FA, Figure 2)
(Kp = 0.4 nM),21 and to its well-established ability to undergo receptor-mediated
endocytosis with bound FA-conjugated nanomaterials.? In addition, with wider implications
from cancers to inflammatory diseases, FAR remains an important route for targeted
delivery of diverse cytotoxic agents, which display otherwise low therapeutic indices.11: 20

We have been interested in examining the hypotheses of such cell-targeted multivalent
strategies for developing anticancer nanotherapeutics.22 23 In our earlier reports, we
investigated the strategy for FAR targeting by methotrexate (MTX, Figure 2) in lieu of folic
acid.?2 23 MTX belongs to the class of antifolate molecules, each having dual

activities.21: 24-26 First, it has cytotoxicity due to its ability to inhibit several metabolic
enzymes localized in cytosol, primarily, dihydrofolate reductase (DHFR; K; = 1.2 nM).26
Second, it has a high structural homology to FA, which confers the molecular capability to
bind FAR, though at a substantially lowered affinity (Kp = ~20-100 nM).21: 24,25 Thys,
MTX serves as a small molecule ligand for FAR targeting. Despite its lower affinity as a
targeting ligand for the nanomaterial delivery, we showed that its suboptimal affinity could
be enhanced by several orders of magnitude for tight adsorption to a surface of high receptor
density (diseased cell) via a multivalent mechanism (Figure 1b).22: 23 |n addition, its lower
affinity may help reduce the level of undesired monovalent adsorption to cell surfaces of
low receptor density (Figure 1a) as predicted by a theoretical analysis that multivalent
cooperativity can be kinetically limited if the binding of an individual receptor-ligand pair is
too tight.2” Therefore it is possible that the targeting specificity for a particular cell type can
be enhanced by making the affinity of each individual receptor-ligand pair weaker.27-2°

In the present study, we investigate the hypothesis that cancer cell-targeted selectivity is
primarily attributable to higher receptor density on the cancer cell surface.2-2° The
hypothetical notion that receptor density plays an essential role in modulating multivalent
avidity has been validated in numerous biological systems that include cell adhesion,® 10
cell signal transduction,”: 30 carbohydrate-lectin interaction,® 31-34 antibiotic-cell wall
recognition,3>-37 and phage display.38: 39 However, this mechanistic basis remains a subject
of significant interest in targeted drug delivery.: 7- 9. 22 Certain theoretical studies propose
models for specific adsorption of multivalent targeted NPs to the cancer cell that expresses
specific target receptors in higher density.2”-29 These theoretical analyses predict that cell
targeting specificity is primarily determined by binding avidity of a NP which increases in a
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non-linear, exponential manner in response to a linear increase in the number of
participating receptor-ligand pairs.

Despite the importance of such theoretical models, the claim to a single, unifying theory is
largely unmet by the paucity of experimental methods capable of controlling receptor
density on the cell surface and of studying the fast kinetics of multivalent binding in cell
based assays. Here, we employed a model surface for the FAR-expressing cell at various
receptor densities and studied binding kinetics of MTX-conjugated multivalent dendrimer
NPs to the model surfaces by surface plasmon resonance (SPR) spectroscopy. This study
aims to determine experimentally how the receptor density influences multivalent binding
avidity, and ligand valency relates to surface specificity. It provides clear experimental
evidence that receptor density plays a key role in modulation of NP avidity.

RESULTS AND DISCUSSION

Time dependence of dendrimer binding to cell surface receptors

In our earlier study,23 we investigated the FAR-specific binding/uptake of G5-MTXj in
FAR-expressing cells by using a fluorescently labeled G5-5T3-MTX1q (Figure 2). This
MTX-conjugated dendrimer is selectively bound to and taken up into FAR-positive KB
cancer cells but not by FAR-negative B16-F10 cells. Such cell binding occurs by a FAR-
specific mechanism such that it is competitively blocked by co-incubating with free folic
acid.22 However our earlier cell study lacks information on time dependent conjugate uptake
by cancer cells since it was performed under a prolonged incubation condition taking up to
three days. In the present study, we further extended such cell-based binding experiments
under shorter incubation periods to evaluate whether this modified condition can be used to
generate data for determining cellular binding kinetics of MTX-conjugated multivalent
dendrimers. With the same G5-5T3-MTXjq, we measured its cellular uptake in FAR-
overexpressing KB cells by two standard methods, flow cytometry and confocal
microscopy. First, the flow cytometric results (Figure 3a) confirm the dose- and time-
dependence of conjugate binding to KB cells. Second, confocal microscopic images (Figure
3b) provide qualitative evidence for the cellular internalization of the G5-5T3-MTXq (red
fluorescence) that occurs as a function of incubation time. However, results obtained by both
flow cytometry and confocal microscopy provide only poor time resolution and low
detection sensitivity that make these assays unsuitable for quantitative analysis of cellular
binding kinetics.

SPR spectroscopy

SPR spectroscopy enables the study of fast biomolecular events to elucidate kinetic
constants from such interactions as the binding of a free-flowing conjugate, subject to shear
flow, with a targeted cell immobilized on a neighboring surface. A model surface for the
mammalian cell that expresses folate receptors was prepared for surface plasmon resonance
experiments by immobilization of soluble folate binding protein (FBP, bovine) on the
surface of a CM5 sensor chip. The protein immobilization was carried out by an EDC-based
amide coupling method as described elsewhere,b and three FBP-presenting chips were
prepared by varying the protein density at 14.7, 4.8, or 1.1 FBP ng/mm? (Supplementary
Figure S2a; 1000 RU (response unit) = 1 ng protein/mm?2). These FBP densities are
equivalent to the number densities of ~3 x 1011, 1 x 1011, 2 x 1010 FBP molecules per mm?,
respectively, which vary over a 13-fold range. This magnitude of variation in protein density
is comparable to the overexpression ratio of folate receptors implicated in certain cancers
such as ovarian and endometrial cancers in which the receptor density is 10- to 20-fold
higher in the malignant cells than normal epithelial cells in the same tissue.*%: 41 In addition,
the high end of the FBP density on a current sensor chip closely approaches the surface
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density of folate receptors expressed on several malignant cell lines.*! According to a
radioligand (3H-labeled FA) binding assay, approximately =20 pmol folate receptors are
detected on average per 106 cells,*! a surface density which is translated to ~1010-1011
receptor molecules per mm? (~ 0.1-1 receptor molecule per 10 nm2) when calculated on an
assumption that a malignant cell has a radius (r) of 5-10 pm and its accessible surface area
is 2mtr2.40. 41 Thus, the range of FBP densities provided by those three sensor chips appears
to address the variation in surface density of folate receptors between normal cells and
malignant cells.41

Each sensor chip was first assessed for its binding specificity by injecting FA and MTX
ligands (Supplementary Figure S2b,c). Based on a 1:1 binding mode (monovalent) for free
FA or MTX, analysis by a Langmuir model® was applied to each sensorgram, and kinetic
parameters for the receptor-ligand interaction (on rate = kg, Off rate = ky¢f) were extracted
by global curve fittings according to BlAevaluation software (version 3). Equilibrium
dissociation constants (Kp = Aot/ kon) for FA and MTX were determined on average for
three FBP densities, confirming that MTX binds to bovine FBP with a lower affinity (Kp =
4 x 1075 M) than FA (Kp = 2 x 1078 M in this study; Kp =5 (x3) x 1078 M (lit.)®) primarily
as a result of its greater off rate.

Binding of G5-MTX,, to high receptor density

SPR binding studies were performed for G5-MTX,, (7=5, 10), each at three different
receptor densities (Figure 4, Supplementary Figure S3, S4). First, each MTX conjugate
binds to the FBP surface at (sub)micromolar concentrations as low as 0.1 uM, at which a
monovalent ligand, FA or MTX, shows no detectable response. Second, each conjugate has
a specific binding activity (Supplementary Figure S3). It shows a high level of adsorption to
the FBP surface (flow cell 1), with no specific binding to the reference surface (flow cell 2)
other than a slight positive bulk effect. In contrast, G5-MTXy—the parent cyclooctyne-
conjugated dendrimer not clicked with MTX—failed to show any meaningful level of
adsorption to the otherwise identical sensor chip (Figure 4C). Third, the adsorption level of
dendrimer conjugates, when injected at an identical concentration, is correlated with their
MTX valency () in a manner that greater adsorption occurs at higher multivalency (ARU (n
=10) > ARU (n=15)). The result is qualitatively indicative of tighter binding by G5-MTXjo
than G5-MT X5 to the high FBP surface.

Each sensorgram acquired by each MTX conjugate (Figure 4) shows binding kinetics
characterized by markedly slow dissociation (desorption) relative to the rapid dissociation
displayed by either free FA or MTX (Supplementary Figure S2). In our earlier study, we
also observed similar, slow dissociation profiles from G5-FA, (n= 3), a folate-presenting
multivalent PAMAM dendrimer.® Such slow dissociation is commonly responsible for tight
binding (low Kp), as associated in numerous other multivalent systems.35-37 In addition,
each conjugates’ dissociation appears to occur in more than one phase, initially at a rapid
off-rate (= A(ARU) + At), and subsequently at a slower off-rate. This dissociation feature is
illustrated by time-dependent fractional desorption (= RUp/RUp), which is defined as the
mass of the dendrimer desorbed (RUp) relative to the total mass of the dendrimer adsorbed
(RUp). For example, G5-MTX;q showed approximately 25% fractional desorption per
initial 25s in a dissociation phase and followed by only an additional 8% of fractional
desorption per following 25-50s while the dissociation appears to be still incomplete
(collectively ~50%) at the end of data collection time (300s).

Effect of receptor density

In order to determine how receptor density influences multivalent interaction with G5-
MTX, under a flow condition, we continued SPR studies using two other sensor chips, each
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immobilized with a different level of FBP. Each of these chips presents FBP on the surface
in ~3- or 13-fold lower density, respectively, than the high density chip. Dose-dependent
binding sensorgrams were acquired for each chip (Supplementary Figure S4), and selected
sensorgrams illustrate the effect of receptor density on the dendrimer interaction (Figure 4).
With injection concentration being constant, each conjugate is substantially different in both
adsorption level (RUp) and kinetic binding features, in particular, in the dissociation phase.
Values of RUp for G5-MT X4 decrease in response to the FBP density in a manner linearly
proportional to the ratio between the receptor densities ([FBP]high/[FBPjow ~ 10;
([FBP]high/[FBP]intermediate ~ 2)- However, the values of fractional desorption by this
conjugate remain almost unchanged regardless of the variation in receptor density (Figure
5). The latter observation suggests that G5-MTX1q binds to the surface in lower receptor
density as tightly as to the higher density surface, while its absolute mass of adsorption
(RUp) is smaller in the lower density, possibly, because of lower number of surface receptor
molecules available for interaction.

The other conjugate, G5-MT X35, showed a similar trend in values of adsorption (RUp) that
vary in response with respect to receptor density. However, in contrast to G5-MTX1, the
fractional desorption displayed by this lower-valency conjugate is largely determined by the
receptor density. It suggests that G5-MTXs, bound to the surface of lower receptor density,
dissociates faster than when it was bound to the higher density surface. As an illustration,
G5-MTX;5 showed approximately 90% of fractional desorption per initial 150s in the
dissociation phase, which is greater than ~65% and ~45% of fractional desorption, each
observed in the intermediate and high density surface, respectively (Figure 5). Thus, the
decrease in receptor density reduces not only the mass of dendrimer particles adsorbed to the
surface but the overall strength of dendrimer-surface interaction. We believe this is
qualitatively supportive of the mechanism in cell-targeted delivery by which certain
multivalent nanoparticles adhere more tightly, and therefore, more selectively, to the cell
surface with higher receptor density.

Two proposed models for surface adsorption of stochastic dendrimers

Qualitative analysis of SPR results points to FBP density as a primary parameter that
promotes adsorption of the multivalent MTX conjugate. In an effort to quantitatively
analyze this observation, we developed two potential models for interpreting the binding
kinetics of stochastic dendrimer species to a FBP model using the number of free FBP sites
as a dynamic variable.

Surface conversion model

This kinetic model is based on a series of reversible binding events that occur in a sequence
on the surface. As an illustration, an MTX-conjugated dendrimer G5-MTX,, comes down
under flow and adheres to the FBP surface, forming a monovalent species A as a result of
making a single receptor-ligand interaction with a certain rate constant (ky1; Figure 6). Once
adsorbed, species A can then desorb to an unbound state (kg1) or convert to a multivalent-
bound state, forming species B (ko). In this model, if the dendrimer has too few MTX
ligands, or if the density of receptors on the surface is too low, then it may not be possible
for all species A to convert to species B. In this continuum model, we assume that there is
no direct desorption of B to a free state (ky3) without following the microscopic reverse
pathway to A.

In order to fit this model, we introduced a set of coupled differential equations that describe
the evolution of the number of free receptor sites, and derived the rate of change of the mass
of species A, and B (for details, see the Materials and Methods section). The fitting was
performed by numerical integration of the model ( Supplementary Figure S5 and S6), and
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the best fits allowed us to extract two pairs of rate constants involved in this binding model
(Table 1). These kinetic parameters suggest a number of physical implications important for
understanding the dendrimer-surface interaction. First, in the analysis of on—rates as
illustrated by G5-MT X1, the solution—to—surface association constant (41) of the
dendrimer particle is much greater than the subsequent association constant on the surface
(ky2) at each receptor density. Second, in the analysis of off-rates, the surface—to—solution
dissociation constants of species A (kgy;) are ~30- to 80-fold greater than the dissociation
constants of species B (kgp) per receptor density.

For an equilibrium analysis of G5-MT X, each pair of opposite rate constants was used to
calculate an equilibrium dissociation constant (Kp1, monovalent = Ad1/4a1) for one
subpopulation of the bound conjugate (species A), and also a multivalent dissociation
constant (Kp multivatent = Kp1 X Kppz) for the other subpopulation (species B). Of those two
subpopulations, the multivalent species B constitutes a major fraction of the total conjugate
bound in each FBP surface, and binds tightly with the (sub)nanomolar Kp muitivatent Value.
In contrast, the monovalent species A, that constitutes a minor fraction, binds weakly at the
micromolar range of Kp; values. The variation in receptor density had only a minimal effect
on the binding kinetics of G5-MTX1, suggesting that the valency (7= 10) of MTX ligands
presented on the dendrimer surface provides a ligand density which is sufficiently high to
counterbalance the effect caused by the decrease in receptor density.

The same analysis was performed for the binding of G5-MT X5 to various FBP densities.
G5-MTX;5 showed slightly similar trends compared to those observed with G5-MTX;g
above, but its kinetic features were entirely distinct at the low FBP density. The species B,
determined from the adsorption of G5-MT X5 to a high or intermediate FBP surface, bound
as tightly as the species B from G5-MTX1q. However, its fractions were generally lower and
decreased in response to the decrease in FBP density. In addition, species A played a more
significant role in G5-MTXs, and it became a major population in adsorption to the FBP
surface even in the intermediate density. Compared to G5-MT X, the total mass of
adsorption, which is expressed as the sum of fractions A and B, is lowered with G5-MTXs.
All of these results suggest that the lower-valent conjugate binds less tightly than the higher-
valent conjugate when tested in an otherwise identical condition. It is highly remarkable to
see that species A is almost an exclusive species from G5-MTXs in a low FBP surface. This
analysis suggests that G5-MTXsg adsorbs to the low FBP surface in a monovalent manner
with a Kp value of 9 uM. Thus variation in receptor density made a more significant effect
for G5-MTXs, in particular, on a low receptor surface. It is clear that even 2-fold decrease in
ligand valency (G5-MT X5 vs G5-MTX1g) may be sufficient to cause different responses to
variation in receptor density.

Dual Langmuir model

In the earlier model based on surface conversion, we analyzed dendrimer adhesion under a
condition where there is no direct desorption of a multivalent B species to a free dendrimer.
In this model (Figure 6), we try to address the heterogeneity and physical barriers present on
the FBP surface that prevents conversion between species B and species A. Thus, we
hypothesize that each species A or B—bound either weakly or tightly respectively—adsorbs
independently, and can desorb to a free state without need for direct conversion from species
A to species B or the reverse. The solution for this dual dissociation model is just the sum of
two independent exponential decay functions for species A and B and was obtained
according to the Langmuir isotherm (see details in the Materials and Methods section).

In the analysis of the association phase, this model faces a limitation due to lack of
experimental data and/or a mathematical method that allows the determination of two on-
rate constants, independently, for species A and B. However, since the on-rate for dendrimer
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adsorption is largely governed by the first association event, the solution—-to—surface
association (4z1), which is much faster than those subsequent steps occurring on the surface
(Table 1), we assumed that on-rate constants for the formation of two independent species A
and B would be almost identical (k3 ~ Ag2). Accordingly, Kinetic rate constants, and
equilibrium dissociation constants were extracted for each bound species A and B
(Supplementary Table S1).

Binding features derived from this dual Langmuir model are highly consistent with those
associated with the surface conversion model. First, adsorption of G5-MTXyy generates
species B as a major fraction (~70%) in each of the FBP surfaces. The species B binds two
orders of magnitude more tightly (Kp » ~ 1078) than the other species A. Such tighter
binding is observed consistently and little affected by variation in receptor density. In
contrast, adsorption of G5-MTX5 showed different trends in response to variation in FBP
density. In this lower-valent conjugate, species B constitutes slightly a major fraction
(~60%) only in one surface (high FBP density), and binds one order of magnitude more
tightly (Kp 2 ~ 1077) than the other species A. However, species A constitutes a major
subpopulation in the intermediate as well as low FBP surface. Thus, this model is generally
consistent with the conversion model, and supportive of a trend that the lower-valent
conjugate binds less tightly than the higher-valent conjugate, and its surface adsorption
decreases significantly in response to decrease in receptor density.

Implications for cell targeting

Our SPR binding results combined with kinetic analysis performed with two biophysical
adsorption models provide unique insights that are strongly supportive of a multivalent
strategy for cancer cell targeting. First, we correlate the total mass of dendrimer adsorbed to
the surface with the density of FBP immobilized on the sensor chip surface (Figure 7). The
receptor density constitutes one of the critical biological indicators that distinguish between
a normal cell and a malignant cell. In this study, the receptor density varies approximately
13-fold from ~2.3 x 1010 (relatively low density) to 1.0 x 101! (intermediate) to 3.1 x 1011
(high), each expressed as number of FBP molecules per mm?2. G5-MTXs clearly shows a
positive correlation where its ARU value (normalized) increases from 3 (low density; density
ratio = 1) to 19 (intermediate; density ratio = 4.4) to 51 (high; density ratio = 13.4) in
response to receptor density (Figure 7). G5-MTX1g shows a lower adsorption at the low
density (ARU = 16), and reaches a saturation level at the intermediate and high density. We
believe that these differences in the saturation level are determined by fractions of both
species A and species B as well as by the affinity of species A (Table 1). For example, the
combined fraction is greater for G5-MT X1 (74%) than G5-MTX;5 (22%) at the intermediate
receptor density. In addition, the affinity of species A is greater for G5-MTX; (Kp1 = 2-8
MM) than G5-MTX5 (Kp = 7-17 uM), contributing to faster saturation by G5-MTX1.
Despite such differences observed between G5-MTXsg and G5-MT X, it is clear that the
surface that presents FBP in higher density allows for a greater level of dendrimer
adsorption. This could serve an important piece of evidence which points to a cancer cell-
directed selective adsorption by folate-targeted dendrimer nanoparticles.

Second, we performed fractional analysis for species B relative to a total mass of dendrimer
species adsorbed (A and B) at the end of each association phase as illustrated in a surface
conversion model (Figure 7), and in a dual Langmuir model (Supplementary Figure S7). In
each of the binding models, species B represents a group of those dendrimer nanoparticles
that bind more tightly than the nanoparticles of species A. The particles of species B are
characterized to be able to provide a longer duration of surface attachment due to their
slower desorption rates, and therefore might afford a greater probability of being taken up by
the cell via the FAR-mediated endocytosis.? We observed a remarkable distinction between
G5-MTX; and G5-MT X5 such that the former dendrimer binds to the FBP surface by
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forming mostly species B (58-72%) with little variation by the receptor density. However
the latter dendrimer adsorbs to the surface via species B (5-57%) formed in a manner
dependent on the receptor density. In addition, the mechanism of adsorption by G5-MTXg5 to
the low density surface occurs almost exclusively via formation of species A which
dissociate relatively fast.

This fractional analysis suggests that cancer cell targeting by a multivalent dendrimer might
be also accounted for by tighter adsorption that occurs at the surface at a higher receptor
density. G5-MTX; appears to be less desirable than G5-MTXs for cancer cell targeting due
to its still high fraction of species B to the low density surface (a model for a normal cell).
However, it should be noted that the normalized mass of G5-MTX;q adsorbed to the low
density (ARU = 16%; fraction of species B = 0.58) is still ~6-fold lower than the adsorption
to the high density surface (ARU = 100%; fraction of species B = 0.63; Figure 7). G5-MTXg
appears to provide a greater selectivity in cell targeting by showing both stronger adsorption
to the high density surface (ARU = 51%; fraction of species B = 0.51) and a weaker
adsorption to the low density chip (ARU = 3%; fraction of species A =0.95). However, G5-
MTX5 adsorbs less in mass to the higher density surface ~2—fold (high density) or ~6-fold
(intermediate density) than G5-MTX,. Clearly this is a disadvantage with respect to the
total amount of dendrimer nanoparticles that can be delivered to a broad range of cancer
cells, each presenting FAR in a variable density.

CONCLUSION

In summary, we studied SPR binding kinetics of two multivalent dendrimer NPs G5-
(MTX),, (n =5, 10) to the model surface of three receptor densities based on a FAR-
expressing cell. We considered two complimentary kinetic models to analyze the adsorption
of dendrimer NPs with the surface and extracted kinetic parameters to deduce rate constants
and distributions of adsorbed NP populations. First, the surface binding was greater for the
higher-valent G5-MTXyg, which is correlated with our earlier study23 showing its higher
uptake and cytotoxicity in FAR-positive KB cells /in vitro. Second, variation in the receptor
density substantially influences the binding avidity of dendrimer NPs as illustrated with G5-
MTXs, which shows enhancement in avidity over three orders of magnitude in response to
~13-fold variation in receptor density. Therefore, the present study provides experimental
evidence supportive of the hypothetical notion that receptor overexpression on the cancer
cell surface serves a key parameter in the multivalent design of nanomaterials for cancer
diagnostics and drug delivery.27-29 |t also supports a mechanistic hypothesis related to the
adsorption models raised in literature;27-2% multivalent mechanisms introduce non-linear
effects in the receptor density-avidity relationship that cannot be accounted for by additive
effects alone. Finally, the current work shows that avidity varies as a function of both
receptor density and ligand valency as demonstrated with a higher-valent G5-MT X, which
constitutively exhibits nanomolar binding avidity even to the surface at the lowest receptor
density. Thus cell targeting capability is modulated through specific features in the design of
multivalent nanomaterials. In consideration of these observations together, the current work
provides implications of significant importance to the continued development and better
understanding of multivalent nanomaterials for targeting those receptor biomarkers
overexpressed in cancers and other serious diseases.

METHODS

Full details for materials and methods (cell culture, flow cytometry, confocal microscopy,
SPR spectroscopy) are provided in the Supporting Information (Page S2-S5) and references
cited therein. Protein immobilization and data acquisition for SPR experiments (Page S3)
were performed as described elsewhere.® 22: 37 Analysis of SPR data was performed by
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fitting to two biophysical models, surface conversion and dual Langmuir, each analyzed
according to those assumptions and fitting parameters described in details (Page S5).
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Refer to Web version on PubMed Central for supplementary material.
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Central hypothesis for folate-targeted nanoparticle (NP) delivery in cancer. It is based on a
biophysical mechanism in which a folate-conjugated multivalent dendrimer NP adsorbs
more strongly to the malignant cell surface expressing folate receptor (FAR) in a higher

density (B) than to the normal cell (A).
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Figure2.
Structure of folic acid, and methotrexate, and a fifth generation (G5) PAMAM dendrimer
conjugates G5-MTX,and G5-5T3-MTX1.42
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Figure 3.
Time-dependent uptake of G5-5T3-MTXjq in FAR-positive KB cancer cells measured by

flow cytometry (A) and confocal fluorescence microscopy (B). The blue and the red
fluorescence represent the nuclei stained with DAPI and the cytoplasm with 5TAMRA (5T)
attached to dendrimer, respectively. Inset (bottom right; 20 hr)
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Representative dose-dependent SPR sensograms of G5-MTX, (7= 0, 5, 10) in high FBP
density. Each sensorgram is corrected against the reference sensorgram: ARU = RUq (Fcl) -

RU, (Fc2).
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Effect of receptor density on the binding kinetics of G5-MTX,, (n=5, 10). (A, B) Each plot
shows average traces of sensorgrams (n = 3) obtained from the dendrimer injection at the
variable level of FBP density. (C) A plot of fractional desorption of G5-MTX,, in response
to variation in FBP density (n = 3; mean = SD).
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Models for adsorption of G5-MTX, to surface immobilized folate binding protein (FBP) in

a flow cell: surface conversion (A), dual Langmuir (B).
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Figure7.

Normalized mass of G5-MTX , adsorbed to the folate binding protein (FBP) surface and
fraction of species B as a function of receptor density(A) Each ARU value (t = 175 s) was
normalized relative to the value of G5-MTXg at the high FBP surface per identical
concentration, which is arbitrarily taken as 100% (n = 3; mean % SD). (B) Fraction of
species B at the end of an association phase refers to the value extracted by the simulation in
a surface conversion model (Table 1): Fraction B = Mass B + (Mass A + Mass B).
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Kinetic parameters of G5-MTX, (7= 5, 10) binding to the FBP surface in a surface conversion model. Each

value corresponds to the mean value calculated from three different concentrations of dendrimer injection per
sensor chip ([G5-MTX,] = 1.3, 2.5, 5.0 yM).

Kb1 (= kg/ka1)
K2 (= kol ka2)

2.3(+0.85) x 107
2.4(+0.71) x 107

7.9(x 7.1) x 1078
2.3(x 0.86) x 1074

G5-MTXyq | High density | Intermediate density | L ow density
ka 2.4(+ 0.55) x 10* 1.0(x 0.44) x 10* | 2.5(x 0.86) x 10*
ka1 5.2(0.9) x 1072 2.9x1072 7.5(x3.1) x 1072
ko 6.7(x 1.8) 41(£1.2) 10(+ 5.9)
L) 1.5(x 0.58) x 1073 8.7(x1.1)x10™% | 9.3(x1.1)x10™*

3.2(£1.7) x 107
1.1(x 0.67) x 1074

Species A (%9) 27(x3) 21(x2) 26(+ 1)
Species B (%9) 46(+ 2) 53(x 1) 36(x 1)
G5-MTXs5 | High density Intermediate density 2| ow density
ka 9.9(x1.1) x 108 1.1(x0.1) x 10* 7x 108
ka1 6.8(x 0.76) x 1072 1.9(x0.5) x 107t 2x1072
ko 11( 4) 17(x 8.1) -
L) 3x1073 9.3(x1.2)x 1073 -
Koi (= knlka) | 6.9(1.5) x 107 1.7(x0.3) x 105 9x 1076
K2 (= kol ka2) 31(x1.1)x 10 6.2(+ 2.6) x 1074 -
Species A (%9) 20(% 5) 14( 8) 295 (£ 5)
Species B (%) 21(x3) 8(x1) 5

aBinding parameters derived from a single Langmuir fitting;

b . . . . . .
Refers to the number of receptor sites occupied by dendrimer NPs relative to total number of the sites, and each of these values is an average from
different injection concentrations
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