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The binding of RGD peptides to integrins offers an excellent system to study the multivalent mediated
changes in affinity that arise when peptides, displayed on the surface of a nanoparticle carrier, bind to
integrins displayed on the cell membrane. The IC50 of an RGD nanopatrticle for endothelial adhesion was
1.0 nM nanoparticle or 20 nM peptide (20 peptide/nanoparticle) and was associated with strong multivalent
effects, defined as a multivalent enhancement factor (MVE) of 38 (MVEC50 (peptide)/IC50 (peptide

when displayed by nanopatrticle)). The attachment of RGD peptides to nanoparticles resulted in an extension
of the peptide blood half-life from 13 to 180 min. Based on the multivalent enhancement of affinity and
extension of blood half-life, multivalent RGD nanoparticle-sized materials should be potent inhibitors of
the alpha(V)beta(3) function on endothelial cells in vivo.

Introduction cell or the extracellular matrix (e.g., RGD motif and sialyl
LewisX), to regulate cell migration and inflammatory processes.

therapeutic agents and widespread interest in nanotechnolog),Surface-to-surfage/ ligand-to-receptor multivalent interactions are
have led to recent proposals that targeted nanoparticle-based)ne of many Q'St'nCt types of multivalent interactions f.°“’.‘d n

pharmaceuticals might be designed to fit this need, see http://,natur?' see Figure 2 ,Of ref 3 and refs 4 and 5. T,he, binding of
nano.cancer.gow/Compared to lower molecular weight phar- integrins to RGD motifs on the extracellular matrix is through

maceuticals, nanoparticles have both advantages (high detectconformational changes, which alters the binding of monomeric
ability per mole of nanoparticle and multivalent interactions) peptides, and by clustering, which alters multivalent interactions

and disadvantages (slow diffusion through tissues and with- sometimes termed avidity effe&s® The distribution of integrins

drawal by macrophages/short blood half-life). While there is a N the membrane changes in a dynamic manner, regulating

large amount of literature covering many types of nanoparticles Multipoint attachment with RGD motifs and the strength of
and their applications, few well-defined nanoparticles have been multivalent effects. When nanopatrticles are used as carriers for

studied in detail, both in vivo and in vitro, to provide an '.the attachment of integrin-bindipg peptides, silmultaneous bind-
understanding of the potential benefits and drawbacks of targeted"d Petween the multiple peptides and multiple extracellular
nanoparticle-based therapeutic or diagnostic drugs. Our long-Ntégrin domains over an extended area of membrane can occur
term goal has been to use a well-studied nanoparticle carrier@ Shown in Figure 1. (The RGD-CLIO nanoparticle and
and peptide/receptor system (aminated cross-linked iron oXidee_xtracellular integrin domain are considered to_be spheres with
(CLIO), amino-CLIO and the RGD peptide/integrin-binding diameters of 30 nm (Table 1) and 6 fmespectively, half of
system) to study the advantages and disadvantages of targeteH’h'Ch can interact in a surface-to-surf_ace meqllated fashion.)
nanoparticles in vivo and in vitro. To that end, in vivo studies 1he display of peptides by nanoparticle carriers offers the
with a nanoparticle used in the current study, RGD-CLIO(med), potential to design molecularly targeted m'aterlals. that e>§pI0|t
have demonstrated the nanoparticle’s ability to visualize inte- surface-to-surface/ligand-to-receptor multivalent interactions.
grins expressed on BT-20 tumor cells, that is, integrins expressed We employed two types of assays to examine the interaction
on tumor cells beyond the endothelial barrier by fluorescent or between RGD nanoparticles and cell-surface integrins. The first
magnetic resonance based imaging. The ability to image was an assay for cell-associated nanoparticles, which is useful
integrins was a result of a high integrin expression on BT-20 in understanding the fate of a nanoparticle in the cell-based
tumor cells, a high tumor capillary density, and the ability of assay, and potentially in vivo, but gives no information on a
the nanoparticle to extravasat@&he goals of the current study  material’s pharmacological activity. However, because RGD
were to use in vitro systems to determine the magnitude of nanoparticles can be used to image integtithegir fate in vivo
multivalent effects resulting from the display of RGD peptides and correspondence between their fate in vivo and in vitro is
on nanoparticles with different cells and different types of of some interest. The second was an anti-adhesion assay, which
assays. is an often-used method of assessing the potency of RGD-based,

In nature, multivalent interactions are often employed between anti-angiogenic pharmaceuticafs!* The anti-adhesion assay
the proteins displayed on the surface of one cell (e.g., integrins,was employed not only to understand nanoparticle-based
selectins, cadherins, and intercellular adhesion moleculesmultivalent interactions, but also to evaluate the potential of
(ICAMs)) and small structures on the surface of an adjacent RGD nanoparticles to serve as a class of integrin-targeted
therapeutic agents.

* To whom correspondence should be addressed. Tel.: (617) 726-6478. The uptake and anti-adhesion assays were then performed
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tions. A peptide-nanoparticle conjugate bearing cRGD peptides
provides a surface for simultaneous, multiple interactions with the cell
surface, giving rise to multivalent effects. Functions of the components
of the nanoparticle are given.

Table 1. Summary of Physical Properties of Nanoparticles

RGD per size Cy5.5 per
nanopatrticle nanopatrticle (nm) nanoparticle
RGD-CLIO(lo) 4.1 29+ 5 7.2
RGD-CLIO(med) 20.0 3&3 7.2
RGD-CLIO(hi) 52.0 394 7.2

and a variety of cells that are not endothelial or epithelial in
naturet*1> While the alpha(V)beta(3) integrin of endothelial
cells is involved with adhesion to RGD motifs in the extracel-
lular matrix (basement membrané)he function of the same
integrin on tumor cells could well be different from that of

endothelial cells. Therefore, assays were performed on both

alpha(V)beta(3) expressing endothelial and tumor cells.
The display of RGD peptides by nanoparticles resulted in

Montet et al.

RGD nanoparticles is shown in Figure 2, with the procedure for
the synthesis of the cyclic RGD (cRGD)-CLIO(med) given. To 100
uL of 100 mM suberic acid bi$-hydroxysuccinimide ester) or
DSS (Pierce Chemical, Rockford, IL; l@moles) in DMF was
added 5uL of diisopropylethylamine (0.3@&moles). Then 1 mM

1 cRGD peptide in 4L of DMF (40 nmoles) was added in/g-
portions. The mixture was incubated (1 h, 26), and NHS-
activated cRGD peptide2, was precipitated with 80QiL of
m-terbutyl ether. To the precipitate was added amino-CIB8|@100

uL, 5 mg of Fe/mL, (1.1 nmole particles, 72 nmoles amine at 160
amines/8000 Fe and 8000 Fe/nanoparticle), and the mixture was
allowed to sit overnight. Unreacted peptide was removed using a
PD-10 column. To synthesize RGD-CLIO(hi) or RGD-CLIO(lo),

1 mM cRGD peptide was added in a volume of 120 (120
nmoles) or 1%L (15 nmoles), respectively.

Nanoparticle Characterization: The average number of pep-
tides attached per nanoparticle was determined spectrophotometri-
cally from fluorescein absorbané®&.Numbers of peptides per
nanoparticle were expressed based on 8000 iron atoms per amino-
CLIO nanoparticle, obtained by the viscosity/light scattering method
for nanoparticle core weigh#8 Size was determined by laser light
scattering (Zetasizer, Malvern Instruments, Malvern, PA). Relax-
ivities were determined at 20 mHz and 4Q using a Bruker
Minispec 20 (Bruker Instruments, Billerica, MA). The physical
properties of the cRGD-CLIO(lo4, cRGD-CLIO(med),5, and
cRGD-CLIO(hi), 6, are summarized in Table 1.

The BT-20 cells were from the American Tissue Culture
Collection (Manassas, VA) and cultured according to the manu-
facturer’'s instructions. Human umbilical vein endothelial cells
(HUVECS, Clonetics, Baltimore, MD) were cultured in endothelial
growth medium (Clonetics, Baltimore, MD). Values of EC50 and
IC50 were determined from four parameter fits using GraphPad
Prism (GraphPad Software, San Diego, CA).

Peptide and Nanoparticle Uptake AssaysTo determine cell
associated RGD peptide or peptide-nanoparticle, BT-20 cells were
incubated with various peptide or peptide-nanoparticle concentra-
tions in the media above (30 min, 3T, 5% CQ) in six well
plates at about 1 million cells per well. Cells were then washed
three times with Hank’s Balanced Salt Solution (HBSS; Mediatech,

strong multivalent interactions and low EC50s and IC50s that |nc., Herndon, VA) and lysed with phosphate-buffered saline
depended on the cell type and assay. In addition, the conjugationcontaining 0.1% Triton-X100 and 1 mM 8-anilino-1-naphthalene-
of RGD peptides to nanoparticles extended peptide blood half- sulfonic acid. Because the fluorescein is covalently attached to the
life. Due to multivalent effects and blood half-extension, the CRGD peptide, see Figure 2, the same assay for cell-associated
display of integrin-binding pharmacophores by nanoparticles fluorescein can be used to quantitate either a cell-associated peptide
offers an approach to the design of pharmaceuticals that mayor a cell-associated nanoparticle. Fluorescein was measured by an

work at substantially lower doses in vivo than their monovalent 'mmunoassay using microtiter plates coated with fluoreseein
counterparts albumin and a horseradish peroxidase anti-fluorescein conjétate.

Anti-Adhesion Assay:Cells were grown to a subconfluent state
and harvested by 0.025% trypsin/EDTA. Cellsx210* cells/100
uL/well) were incubated with various concentrations of cRGD,

Peptide SynthesisFluoresceinated and nonfluoresceinated RGD cRGDfV, or nanoparticle on ice for 15 min and then placed into a
peptides were synthesized as GSSK(FI)\GGGCRGDC and GSSK-96-well microtiter plate, which was coated with vitronectin (500
GGGCRGDC with C-terminal amides by the Tufts Peptide Core ng/well). CLIO was also added to cells as controls. Afiel h
Facility (Boston, MA). Fluorescein was attached to the peptide incubation at 37°C and 5% CGQ, unattached cells were gently
through the use di-a-FmocN-e-(5-carboxyfluorescein)-lysine removed by rinsing the wells with HBSS. Attached cells were fixed
(Anaspec, San Jose, CA) during synthesis. Both peptides werein 4% paraformaldehyde and stained with 3% crystal violet. The
cyclized at the cysteines (for the linkage see Figure 2) by oxidation optical density at 562 nm was read on an Emax microtiter plate
(bubbling air, room temperature, 24 h) at less than 0.5 mg/mL reader (Molecular Devices, Sunnyvale, CA). Data points for the
peptide in 0.1 M ammonium bicarbonate. Cyclization was con- anti-adhesion and uptake assays were obtained in triplicate. Values
firmed by mass spectrometry. The fluoresceinated, cyclized peptideof EC50 or IC50 are the average of at least two determinations,
was conjugated to nanopatrticles, while the cyclic, unfluoresceinated with uncertainty recorded as the standard error. EC50 is the effective
GSSKGGGCRGDC peptide was used in Figure 6. The head-to- concentration for 50% of maximum uptake. IC50 is the concentra-
tail cyclic RGDfV peptide was from Bachem (Bachem, Torrance, tion for 50% inhibition of cell adhesion.

Materials and Methods

CA). This peptide differs from cilengitide (EMD 121974 or cyclo-
Arg-Gly-Asp-d-Phe-(N-methyl)-Val) by the addition of a methyl
group?® Cilengitide is in clinical trials as an anti-angiogenic, anti-
cancer agent’

Nanoparticle Synthesis:Superparamagnetic iron oxide nano-
particles with an aminated, cross-linked dextran coating were
synthesized as descridéd®and used to synthesize the three RGD

For determination of blood half-life by intravital microscopy,
10 nmoles of fluorescein as peptide or nanoparticle were injected
by tail vein into nude mice. After median laparotomy, a section of
sigmoid colon was exposed and imaged using a multichannel
Radiance 2100 system (Bio-Rad, Richmond, CA). The fluorescence
inside the vessel was recorded over time by operator-defined regions
of blood vessel intensity, which were distinguishable from interstitial

nanoparticles at three different valencies. The general synthesis offluorescence by clearly defined anatomical margins. The blood half-
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Figure 2. Synthesis of cRGD-CLIO nanoparticles with different numbers of peptides attached. The primary amine of the cRGD peptide is reacted
with DSS, precipitated wittm-terbutyl ether, and reacted with the amino-CLIO nanoparticle. Different amounts of peptide are reacted with the
nanoparticle to obtain nanoparticles with different numbers of peptides attached. Fluorescein attached to the epsilon amine of lysine is denoted
K(FI).

52

3507 for the synthesis of peptide-nanoparticle conjugates is that it
permits a demonstration of the specificity of the interaction
E 30077 between nanoparticles and cells through the peptide by the
g 250 . increase in EC50 or IC50 accompanying the conversion of a
s amino-CLIO cRGD peptide to a linear RGD peptide. For example, dithio-
g 2004 threitol treatment of cRGD-CLIO(med) caused a 38-fold
§ 1501 increase in the EC50 for nanoparticle uptake with BT-20 cells
i (0.011uM to 0.40 uM, see Figure 2B of ref 3. The RGD
S 1001 sequence is found in the loops of protethand cRGD peptides
& cRGD ¢RGD-CLIO(med) have roughly 16-100 higher affinities for their receptors than
507 corresponding linear fornts:24
0 . . . Differential Binding to Cell Lines (in vitro): We measured
0 100 200 300 the binding of the cRGD peptide to BT-20 and 9L cell lines in

vitro (Figure 2C of ref 2); the BT-20 tumor bound 0.82

picomoles of cRGD peptide (1 million cells) compared to the
Figure 3. Blood half-lives of the cRGD peptide, amino-CLIO (.16 pico molecules for the 9L tumor. The presence of alpha-
nanoparticle. and cRGD-CLIO(med) nanoparticle. Time-dependence (V)beta(3) integrin on BT-20 tumor cells was established by

of blood vessel fluorescence was determined by intravital microscopy. P . . :
Attaching the peptide to amino-CLIO results in a decrease in blood the binding of fluorescein-labeled cRGD peptide and Cy5.5

half-life, but the cRGD-CLIO(med) nanoparticle has a far longer blood 2beled anti-alpha(V)beta(3) antibody using dual wavelength
half-life than the cRGD peptide. FACSZ? The antibody binds alpha(V)beta(3) integrin on BT-20

tumors.
life was determined by fitting the data to a single-exponential ~ Lack of Effects of the Amino-CLIO Precursor Nanopar-
equation using GraphPad Prism (GraphPad Software, San Diegoticle on Uptake and Cell Adhesion Assays (in vitro):The
CA). Uncertainties, that is, standard errors, were given by the fitting amino-CLIO nanopatrticles, the nanoparticle used for peptide
procedure. attachment, had no effect on the anti-adhesion assay and were
not internalized by cells at 100g Fe/mL, which exceeds the
concentrations of the RGD nanoparticles employed.

The utility of peptide-nanoparticles as molecularly targeted  Targeting of cRGD-CLIO(med) to the Integrin Expressing
agents depends in large measure on the ability of the attached3T-20 Tumor (in vivo): We measured the uptake of intrave-
peptide to bind a molecular target and govern the interaction nously injected cRGD-CLIO nanoparticles with implanted BT-
between the nanoparticle and the cells. In vitro and in vivo 20 and 9L tumors (Figure 3 of rePR RGD-peptide mediated
experiments indicate the cRGD-CLIO(med) nanoparticle inter- nanoparticle uptake was seen with the BT-20 tumor and not
acts with cells through the cRGD peptide and not via nonspecific with the 9L tumor or with other normal tissues.
nanoparticle/cell interactions. Long Blood Half-Life of the Amino-CLIO Precursor

Affinity Shift with Change of Peptide Conformation (in Nanoparticles (in vivo): The amino-CLIO nanoparticle used
vitro): An advantage of using the disulfide-linked cRGD peptide for peptide attachment has a blood half-life of 508 min (Figure

Time (min})

Results
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Figure 4. Uptake and anti-adhesion assays with the cRGD peptide and cRGD-CLIO(med) nanoparticle. Two types of assays with two cell types
are shown: (A) uptake assay with HUVECSs; (B) uptake assay with BT-20 tumor cells; (C) anti-adhesion assay with HUVECs; and (D) anti-

adhesion assay with BT-20 tumor cells.

Table 2. Multivalent Enhancement (MVE) of cRGD-CLIO Nanoparticles with HUVECs and BT-20 €ells

HUVEC

cRGD peptide (uM) cRGDfV peptide cRGD-CLIO(lo) cRGD-CLIO(med) cRGD-CLIO(hi)
uptake EC50 6.6c2.1 NAP 59+2.2 1.58+ 0.26 5.63+ 3.0
uptake MVE 1.0 NA 0.98 3.8 1.07
anti-adhesion IC50 0.76: 0.34 0.125+0.04 0.030+ 0.012 0.02Gt 0.002 0.12+ 0.09
anti-adhesion MVE 1.0 NA 25.3 38.0 6.3

BT-20

peptide (cRGD) peptide cRGDfV cRGD-CLIO(lo) cRGD-CLIO(med) cRGD-CLIO(hi)
uptake EC50 1.26:0.3 NAP 0.047+ 0.021 0.011-0.005 0.068t0.029
uptake MVE 1.0 NAR 25.5 109 17.6
anti-adhesion 1C50 138 21 41+ 22 7.43+2.53 1.82+0.4 5.34+2.87
anti-adhesion MVE 1.0 NA 17.4 71.4 24.3

aConcentrations are expressed as mg&dnSD in units of micromolar peptide, as shown in Figure 4, and MVE is the IC50 (or EC50) of the cRGD
peptide divided by the IC50 of the cRGD-CLIO nanoparti€l&lA, not available.

3) due to very poor recognition of the nanoparticle by mac- With both cell types and assays, the cRGD peptide, when
rophages of the reticuloendothelial system. Attachment of the displayed by the nanoparticle, was active at lower concentrations

RGD peptide reduced blood half-life, modestly, to 180 min.
The inability of cells to bind to amino-CLIO is due to the thick
hydrophilic coating of cross-linked dextran (Figure 1), which
gives the nanoparticle a “stealth-like capability,” that is, an
inability to be recognized by cells. Attachment of the cRGD

than the parent peptide. Data were fit to a four-parameter

equation to obtain EC50s for uptake and IC50s for the inhibition

of adhesion, with values, and those of the associated multivalent
enhancement ratios (MVESs), shown in Table 2. Values are
expressed as micromolar concentrations of peptide for both

peptide then causes the nanoparticle to be recognized bymonomeric peptide and multivalent nanoparticle.
To evaluate the strength of multivalent enhancement with the
Figure 4A,B shows typical uptake curves for the cRGD RGD/integrin system, we used the multivalent enhancement
peptide both in its monovalent state, that as a peptide, and inratio, which was obtained by dividing the IC50 (or EC50) for
its multivalent state, that is, as displayed on cRGD-CLIO(med), the monovalent cRGD peptide by the IC50 (or EC50) of the
by HUVECs and BT-20 cells, respectively. Figure 4C,D shows multivalent cRGD peptide-nanoparticle. The MVE expresses
multivalent interactions as the apparent dissociation constant
coated plates by the monovalent cRGD peptide and when thatin the multivalent state, divided by the apparent affinity constant
peptide was displayed by the multivalent cRGD-CLIO(med) in the monomeric state; it is the multivalent “affinity” normal-
nanopatrticle, again with HUVECs and BT-20 cells, respectively. ized to monovalent affinity. The MVE permits a comparison

integrins and blood half-life decreases.

typical curves for the inhibition of cell adhesion to vitronectin-
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Figure 6. Inability of a cRGD peptide to inhibit uptake of the cRGD-

CLIO(med) nanoparticle by BT20 cells. TheonaalentcRGD peptide
BT20 cannot inhibit uptake of thenultivalentcRGD-CLIO(med) nanoparticle

Figure 5. Interactions of cRGD-CLIO(med) nanoparticles with BT20 (triangles). Amonaalent nonfluoresceinated cRGD peptide inhibits

tumor cells and endothelial cells. HUVECs have a low IC50 in the the uptake of thenonaalentfluoresceinated monovalent peptide, cRGD

anti-adhesion assay and a high EC50 in the uptake assay, while the(squares).

opposite is true for BT-20 cells.

or EC50 to indicate that nanopartieteell interactions were

of strength of multivalent effects when RGD peptides are mediated by integrin binding. -
attached to nanoparticles at different densities. It can also be The possible rapid clearance of nanoparticles in vivo could
used to compare multivalent effects when different types of Substantially reduce the increased potency achieved by multi-
RGD peptide or peptidomimetics, with differing IC50s as yalent effects evident with in vitro assays. It was, therefore, of
monomeric materials, are attached to nanoparticles at a similarinterest to compare the blood half-life of the cRGD peptide and
density. cRGD-CLIO(med) nanc_)partlgle, whlch were determme_d using
As shown in Table 2, the cRGD-CLIO(med) nanoparticle had vessel fluorescence by intravital microscopy, as shown in Figure

: 3. The cRGD-CLIO(med) had a blood half-life of 180 min,
stronger multivalent effects than cRGD-CLIO(lo) or cRGD- . \ .
CLIO(hi) with both cell types and both types of assays. With Eg{??}f’giﬁc \t/;?;[eh zgen;'tn;r?]r.rﬁgegﬁg?};ﬁgtfﬁcﬁs aaco?grcalatz;a
HUVECS, the IC50 (anti-adhesion) was substantially lower than ! . parent amino- particie was fou
the EC50 (uptake). However, with BT-20 cells, the opposite t_>e 508 min, .Wh'Ch IS 1n good agreement W'.th the blood half-
pattern was obtained, with the EC50 (uptake) being substantially“fe of 640 min, determined using a radioactive nanopari¢le.
lower than the IC50 (anti-adhesion), a situation that is sum- piscussion

marized in Figure 5. HUVECSs required high concentrations of . . . .
: ) . With the RGD/integrin system, the MVE is a useful method
the cRGD peptide or the cRGD-CLIO nanoparticles for of denoting the strength of multivalent interactions. RGD/

internalization, but were quitsensitve to their anti-adhesie . LS o 21
effects On the other hand, BT-20 tumor ceilidernalizedcRGD mtegnn binding uses quest affinity constants%ln)q M)
but involves many integrins on the cell surface and simultaneous

peptides or cRGD nanoparticles at low concentrations but werebinding to RGD motifs displayed over a wide area of the

insensitve to their anti-adhesive effects. . . L
) ) . extracellular matriX82°® The regulation of the binding of

Multivalent effects can be expressed in two ways, either per jnieqrins to RGD motifs is by integrin conformational changes,
mole of attached peptide or per mole of nanoparticle. The MVE \hich alters the affinity of integrins for monomeric peptides,
of cRGD-CLIO(med) of 38.0 (Table 2) yields a value of 760 5nq by varying the distribution of integrins within the plane of
(38 at 20 peptides/nanoparticle) for the improved in Vitro {he membrané? The MVE defines the multivalent interactions
potency on a molar nanoparticle basis. Similarly, if the IC50 4 heptide-nanoparticles by using values normalized for changes
were expressed per_mole of nanoparticle, a 20-fold reduction , ‘the binding of monomeric peptides, thereby taking into
of th_e IC50 per peptide (from_0.0aﬂvI to 1.0 nM) would be account differences in the affinity for monomeric peptides
obtained. The latter value is comparable to some of the present with the integrin system.
dissociation constants obtained with optimized, low molecular Depending on the assay and cell type, cRGD-CLIO(med)
weight alpha(V)beta(3) antagonists®® nanoparticle had a wide range of EC50s, IC50s, and MVEs.

A feature of simultaneous interactions between multiple RGD HUVECs were sensitive to the anti-adhesive effects of cRGD-
motifs and multiple integrins is that monovalent ligands will CLIO(med) (IC50= 0.020uxM) but internalized the nanopar-
be poor inhibitors, because the monovalent ligand must simul- ticles poorly (EC50= 1.58uM), a difference associated with
taneously block all of the many RGD nanoparticle/integrin large differences in MVE (38 versus 3.8). On the other hand,
interactions to block nanoparticle/membrane associdfidim BT-20 tumor cells were insensitive to the anti-adhesive effects
test this prediction, we attempted to inhibit the uptake of cRGD- of cRGD-CLIO(med) (IC50= 1.82 uM), while internalizing
CLIO(med) by BT-20 cells, which had an MVE of 109 (Table the nanoparticle avidly (EC56 0.011uM). Here variations
2), with a monovalent cRGD peptide. As shown in Figure 6, a of nanoparticle EC50 reflected differences in the EC50 for the
cRGD peptide failed to block nanoparticle uptake, but clearly monomeric peptides because values of the MVE were high and
inhibited the uptake of the monovalent cRGD peptide with an similar (109 and 71, respectively). The relative EC50 values
IC50 of 0.47uM, which compared reasonably well to the EC50 we obtained were consistent with the behavior of cRGD-CLIO-
for uptake of 1.2Q:M. For this reason, we employed a disulfide- (med) after injection: the low EC50 of the BT-20 tumor cell
linked cyclic peptide, cRGD, in the synthesis of our nanopar- in vitro is consistent with the observed accumulation of cRGD-
ticles and relied on the dithiothreitol-induced increase in an IC50 CLIO(med) in a tumor rather than in endothelial cells in vivo
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Differences in the MVE likely reflect the ability of cells to alter
integrin affinity through changes in integrin affinity and
distribution within the membranfe8

The model of multivalency resulting from simultaneous
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