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Monovalent ligands J. AM. CHEM. SOC. 2002, 724, 14922—14933
a. Single site b. Heterodimerization

ﬁm

Multivalent ligands
a. Chelate effect b. Subsite binding c. Steric stabilization

e. Statistical effect

:
i

Figure 1. Mechanisms of ligand binding. Monovalent ligands typically (a) bind a single protein or (b) mediate heterodimerization. Multivalent ligands
possess multiple copies of a recognition element presented from the same scaffold. which allows a variety of additional mechanistic options: (a) Chelate
effect. Contacts between the multivalent ligand and multiple receptors decrease the off-rate and increase functional affinity. (b) Subsite binding. This is a
type of chelation that involves secondary binding inferactions in regions of the receptor other than the primary binding site. (c) Steric stabilization. The size
of the multivalent material sterically prevents further interactions with ligands. (d) Receptor clustering. The proximity or orientation of the clustered receptors
are altered by multivalent ligand binding, which can effect the signaling functions of the receptors. (e) Statistical effects. Rebinding of the multivalent ligand
is favored by the high local concentration of binding elements.
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Figure 2. General classes of multivalent ligands used in this study and
some of their general features.
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Figure 4. Results of solid-phase binding assays. (a) Nonlinear fits to a standard dose—response curve were used to determine the ICsp values based on data
generated from seven concentrations of ligand. The concenfrations of all ligands are based on their mannose concentration. The error bars represent the
standard deviation. Asterisks represent those compounds that were unable to inhibit Con A binding (ICs; > 1 mM). (b) The potency of each ligand is shown
relative to the canonical Con A ligand. methyl-ot-D-mannopyranoside (eMeMan). Asterisks represent those compounds with an ICsy value greater than that
of oMeMan. n.d. = not determined.
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Figure 5. Factors influencing receptor clustering. Factors such as (a) the number of clustered receptors. (b) the rate of clustering. and (c) the distance
between receptors might influence the productivity of and/or biological response elicited by receptor clustering.
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Figure 6. Results of quantitative precipitation experiments. Con A was titrated with ligands at concentrations between 0.01 and 300 uM (or 0.001—75 uM
for compounds 7—10). Each point is the average of at least two replicates performed in duplicate. (a) Nonlinear fits were used to determine the concentration
required for half-maximal precipitation. The error bars represent the standard deviation. Asterisks indicate that no precipitation was observed. (b) The
number of Con A tetramers bound per multivalent ligand is shown. These values were determined from the inflection point of the precipitation curves, as
described previously.**~! Asterisks indicate that no precipitation was observed or that the inflection point analysis could not be performed. The marked data’

are taken from ref 29,
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Figure 7. Results of turbidity experiments. Complexation was measured by monitoring 4429 for 10 min after the addition of ligand. (a) The initial linear
portion of the curve was fif to determine the initial rate of precipitation (k;). Each bar is the average of three replicates. The concentrations of all ligands are
based on their mannose concentration. Error bars represent the standard deviation. (b) The precipitation profiles were fit to determine the time required for
half-maximal precipitation (f1,2). Asterisks indicate that no precipitation was observed or that precipitation did not reach a maximal value during the 10 min

incubation. nd = not determined. The marked datal are taken from ref 20.
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Figure 3. Initial rates of Con A precipitation using neoglycopolymers.
Each point is the average of three replicates. and the error shown is the
standard deviation. Some error bars are smaller than the symbols. Inset:
Complexation is measurad by monitoring 449 for 10 min. The initial rate
1s determined by a linear fit to the steepest part of the curve.
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Figure 8. Schematic depicting the influence of multivalent ligand
architecture on the distance and orientation between clustered receptors.
(a) A linear scaffold imparts linear structure to a macromolecular cluster
of receptors. Likewise. choosing a (b) spherical or (¢) unstructured scaffold
will result in the formation of distinct macromolecular assemblies.
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Figure 9. Results of fluorescence quenching experiments. Fluorescein- and rthodamine-labeled Con A samples were mixed in solution to a final concentration
of 80 nM. Fluorescein emission was measured and is presented as a percentage of an untreated control. Individual titrations consist of 3 repetitions comprised
of 10—12 concentrations over the range of 0.001—50 uM. Error bars represent the standard deviation. The concentration of ligand required for (a) half-
maximal change in fluorescence and (b) the maximal percent change in fluorescence are shown. The concentrations of all ligands are based on their mannose
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concentrations. Asterisks indicate that no change in fluorescence was observed up to 50 uM. The marked data’ are taken from ref 29.
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Figure 4. FRET induced by neoglycopolymer-promoted clustering of Con
A. Fluorescein- and TMR-labeled Con A derivatives were mixed to afford
a final concentration of 80 nM. Individual titrations consist of 3 repetitions
in which 10 concentrations of polymer were tested over the concentration
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deviation. and some are smaller than the symbols.
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Figure 10. Summary of the activity of the different classes of scaffolds.
A number of pluses (+) were assigned to the activity of the different
architectures. Avidity: average relative potency from solid-phase binding
assay 1—200 (+). 200—1000 (++). and > 1000 (+++). Turbidity: average
ki < 0.1 (+) and 0.1-0.3 (++) and > 0.3 (+++) aw/min. Cluster size;
average number of receptors < 2 (+). 2—10 (++). and 10—100 (+++)
and = 100 (++-++). Proximity: average maximum change in fluorescence
emission < 10% (+) and 10—30% (++) and > 30% (+++). Compounds
that lacked any apparent activity were not included in these analyses.
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Figure 1. Schematic representation of Con A clustering by multivalent
ligands. (A) High-density polymers can recruit many receptors to a single
molecule: however, steric effects prevent binding of every residue. (B) Low-
density polymers bind fewer total receptors per molecule. Increased spacing
between residues allows for more efficient binding.
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ABSTRACT The targeted delivery of nanoparticles to solid tumors is one of the most important and challenging
problems in cancer nanomedicine, but the detailed delivery mechanisms and design principles are still not well
understood. Here we report quantitative tumor uptake studies for a class of elongated gold nanocrystals (called nanorods
that are covalently conjugated to tumor-targeting peptides. A major advantage in using gold as a “tracer” is that the
accumulated gold in tumors and other organs can be quantitatively determined by elemental mass spectrometry (gold
is not a natural element found in animals). Thus, colloidal gold nanorods are stabilized with a layer of polyethylene glycol
(PEGs) and are conjugated to three different ligands: (i) a single-chain variable fragment (ScFv) peptide that recognizes
the epidermal growth factor receptor (EGFR); (ii) an amino terminal fragment (ATF) peptide that recognizes the urokinasi
plasminogen activator receptor (uPAR); and (iii) a cyclic RGD peptide that recognizes the a,[3; integrin receptor.
Quantitative pharmacokinetic and biodistribution data show that these targeting ligands only marginally improve the
total gold accumulation in xenograft tumor models in comparison with nontargeted controls, but their use could greath
alter the intracellular and extracellular nanoparticle distributions. When the gold nanorods are administered via
intravenous injection, we also find that active molecular targeting of the tumor microenvironments (e.qg., fibroblasts,
macrophages, and vasculatures) does not significantly influence the tumor nanoparticle uptake. These results suggest
that for photothermal cancer therapy, the preferred route of gold nanorod administration is intratumoral injection

instead of intravenous injection.
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Figure 1. Structure and optical properties of as-synthesized Au NRs: (A) TEM micrograph showing that the NRs have an as-
pect ratio of 3; (B) dynamic light scattering data showing an average hydrodynamic size of 51 nm; and (C) optical absorp-
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Figure 2. Stabilization and bioconjugation of Au NRs for cellular and in vivo tumor targeting. Surfactant-capped nanorods
are first stabilizied by using methoxy-PEG-SH, followed by carboxy-PEG-SH. The functional carboxy (—COOH) groups are ac-

tivatetd by using EDC/Sulfo-NHS and are covalently conjugated to tumor-targeting peptides via stable amide bonds. Ap-
proximately 400—500 peptide molecules are conjugated to each Au NR. See text for discussion.
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Figure 3. (A) Dark-ficld imaging and (B} quantitative Au ICP-MS studies of NR binding to cultured A549 cancer cefls. The
data show specific binding of peptide-conjugated Au NRs to cultured A549 lung cancer cells, and negligible binding of non-
targeted particles to the same tumor cells. Cells were incubated with 1 nM Au MRs for 2 h at 37 °C in the culture medium

and were washed with 1 PBS buffer. After trypsin treatment, approximately one million cells were counted and analyzed
to minimize statistical errors.



AuMassin Per Gram of Blood (ppm) »=

10

receptor

, A / antibody
acrophageL

anngen

bacterlum

104

Blood Half-Life Time (h)
a1

nontargeted ScFv EGFR ATF c-RGD

Figure 4. Blood circulation and pharmacokinetic data ob-
tained for targeted and nontargeted Au NRs in healthy mice
models. Au NRs were injected via tail veins, and their blood
concentrations were measured by ICP-MS5S analysis of blood
samples at various time intervals (0 to 48 h). The measured
blood halftime (ty;) is 12.5 h for the control particles, 8.5 h
for the ScFv EGFR particles, 6.5 h for the ATF particles, and
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Figure 5. Quantitative organ [A) and tumor (B) uptake data ob-
tained from nontargeted and targeted Au NR conjugates meas-
ured by ICP-MS at 24 h postinjection in A549 xenografted mice
models. The nontargeted Au NRs showed similar tumor uptake to
EGFR- and uPAR-targeted, but 3 times higher than o33 integrin-
targeted Au NARs.

Au Mass Per Gram of Tissue (ppm) o

A %




&8 4
8 4
&) #

%

%

/ (%

)#



6B

% !B

6B

%
6B

2+

%

9)

% ;
C6B '9

B
*6B 2 +%
9 1

‘2

B

A

9 6B D2

%




Science 312, 1027 (2006)

- , 6B
# 1
Tetrathiol-Modified 0/0
Antisense
Oligonucleotides (1 "

— Antisense Particles A

(45-50 strands/particle)
13 nm Gold
Nanoparticle

Monothiol-Modified
Antisense
Oligonucleotides

Antisense Particles B
(110-120 strands/particle)

% =¥(DTPA),-A,-CTGCCGTCGCACGTCGAG® (DTPA = cyclic disulfide linker)

g ="HS-(C,Hy)-A,~CTGCCGTCGCACGTCGAG®

Fig 1. Preparation of antisense Au NPs. Citrate-stabilized gold nanoparticles (13 nm £ 1 nm) were
functionalized with ASODNs that were premodified with an A, , tether and either two cyclic disulfides (DTPA)
or an alkyl-thiol anchoring group to produce Antisense Particles A and B, respectively.
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Fig. 2. Experiments aimed at understanding the intracellular stability of antisense nanoparticles. (A)
Fluorescent microscopy images of C166-EGFP cells incubated 48 hours with antisense particle B
functionalized with dual-fluorophore labeled ASODNs (3" Cy3 and 5" Cy5.5) only reveal fluorescence
from Cy5.5 (706 to 717 nm, upper left). Negligible fluorescence is observed in the emission range of
Cy3 (565 to 615 nm, upper right). Transmission and composite overlay images are shown in the lower
left and lower right quadrants, respectively. The arrows indicate the location of the cell. Similar data
collected from experiments using particle A are included in fig. 53 (23). (B) Duplexes composed of
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collected from experiments using particle A are included in fig. S3 (23). (B) Duplexes composed of
either quencher-modified ASODN/fluorophore-modified complement or antisense particle/fluorophore-
modified complement were treated with DNase. (C) The ASODN duplex degraded much faster than the
antisense particle duplex, as calculated using fluorescence spectroscopy, where F_. is the fluorescence
of the mixture at its initial, fully hybridized state and F__ is the maximum fluorescence of the system at
80°C where all of the oligonucleotides are dehybridized.



Fig. 3. Confocal fluorescence microscopy images
showing EGFP knockdown. (A) Untreated control
(166-EGFP cells (upper left, Cy5.5 emission, 706 to
717 nm; upper right, EGFP emission, 500 to 550
nm; lower left, transmission image of cells; lower
right, composite overlay of all three channels)
showed a significant amount of emission throughout
the cell. (B) 1 1tm sectioning images of control celks.
(C and D) Cells treated with antisense particles A or
B showed a decrease in the amount of EGFP
emission.



Table 1. Performance characteristics of antisense nanoparticles.

Antisense Observed Approximate Percent decrease in

experiment toxicity binding constant EGFP expression

Antisense Particles A No 7.1 x 1020 1 s B 2
(0.024 nmol particles
1.08 nmol ASODN)

Antisense Particles A No 7-1 3¢ 1029 14 £ 0.4
(0.048 nmol particles
2.16 nmol ASODN)

Antisense Particles B No 2.6 > 1055 141
(0.024 nmol particles
2.64 nmol ASODN)

Antisense Particles B No 2.6 % 10F 20 £ 4
(0.048 nmol particles
5.28 nmol ASODN)

Nonsense Particles A No N/A 03
(0.048 nmol particles)

Nonsense Particles B No N/A 0+2
(0.048 nmol particles)

Lipofectamine 2000 No 6.7 x 1049 6 £0.2
(0.024 nmol ASODN)

Lipofectamine 2000 Yes 6.7 x 102° N/A
(2.64 nmol ASODN)

Cytofectin No 6.7 x 10%9 707
(0.024 nmol ASODN)

Cytofectin Yes 6.7 x 10%9 N/A

(2.64 nmol ASODN)
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