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Abstract

Monodisperse dendrimer-entrapped gold nanoparticles (diameter = 3.0 nm) were prepared using
G5 poly(amidoamine) (PAMAM) dendrimer functionalized with fluorescein isothiocyanate (FI)
and Arg-Gly-Asp (RGD) peptide as template; in vitro targeting efficacy to integrin receptor
expressing cells was confirmed by flow cytometry, confocal microscopy, and ICP-MS.

Synthesis of metal nanoparticles has recently gained considerable attention due to the
potential for these particles in applications such as catalysis,}* optics,>8 sensing,-11 drug
delivery,12-17 and imaging.18-20 Dendrimer-entrapped metal nanoparticles (DENPs) are a
unique class of organic—inorganic hybrid materials where zerovalent metal is entrapped
within the interior of a dendrimer.2! The terminal groups of DENPs can be modified with
biologically active molecules to create functional nanoparticles. Dendrimer-entrapped gold
nanoparticles (Au DENPs) with targeting ligands on their surface have potential for cancer
drug targeting and imaging applications. However, the synthesis of multifunctional Au
DENPs is a significant challenge as synthetic manipulations of the dendrimer particles often
lead to aggregation or precipitation. Despite this, tumor targeted Au DENPs (<5 nm in
diameter) remain very attractive for biomedical applications as they are likely to pass
through large blood vessels or connective tissue matrices to target cancer cells and their
vasculature, while at the same time remaining below the renal filtration threshold allowing
excretion through the kidney.21:22

The identification of molecular markers that can differentiate newly formed capillaries from
mature counterparts has provided a basis for the delivery of therapeutic agents to tumor neo-
vasculature.23-2% The aVB3 integrin is a specific marker of the neo-vasculature, which is
normally found on the luminal surface of endothelial cells during angiogenesis.2® Arg-Gly-
Asp (RGD) peptide motifs have been identified by phage display studies as high affinity
aVP3 selective ligands,2” and have been used to deliver doxorubicin?3 and proapoptotic
peptides?® to tumor vasculature. RGD peptides have also been utilized to target iron oxide
nanoparticles to tumor vasculature for imaging applications.29:30 Thus, these molecules
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appear to be an excellent ligand for targeting and treatment of cancer cells through
interaction with o33 integrin that is present on numerous cell types associated with cancer.

We have previously reported that we can couple RGD peptides to generation 5
poly(amidoamine) (PAMAM) dendrimers (G5 PAMAM) to achieve targeting of the
dendrimer conjugates to integrin over-expressing cancer cell lines.31:32 |n this study we
describe the templated synthesis and characterization of monodisperse multifunctional Au-
DENPs from a partially acetylated fluorescein isothiocyanate (FI)-labeled G5 PAMAM
conjugated with -cRGDyK peptides (G5-FI-RGD). The specific targeting and internalization
of the Au DENPs was demonstrated by flow cytometric analysis and confocal microscopy.
In addition, preincubation with excess peptide completely blocked the binding and uptake of
either the dendrimer conjugate or gold. This observation suggests that the Au DENPs are
stable and specifically taken up by aVB3 integrin over-expressing cell lines.

Au DENPs were prepared using G5-FI-RGD as template, which was synthesized as
previously reported (see Scheme 1).31 The complexation of aqueous AuCl,~ into the
dendrimer interior was followed by reduction with NaBH, in water. Specifically, 74 equiv.
of HAuCIy per dendrimer were mixed with an aqueous solution of G5-FI-RGD. The solution
was vigorously stirred for 30 min to provide enough time for HAuCl, to be complexed
within the dendrimer. Next, a 4-fold molar excess of NaBH, in water was added to the
above solution while stirring to reduce the complexed gold salt to zerovalent Au. This
resulted in conversion of the pale yellow solution to the characteristic deep red color of gold
nanoparticles (Fig. 1, inset).

The Au DENPs show characteristic absorption peaks at 500 and 280 nm for FI and RGD
peptide, respectively (Fig. 1). An overlap of the surface plasmon resonance band of Au
DENPs (510 nm) with the absorption of Fl is also observed. A shoulder resulting from light
scattering induced by nanoparticles (900-550 nm) is also observed. The functionalized Au-
DENPs are stable in both water solution and cell culture medium, and no precipitation of the
solution was observed even after storage for 2 months (a photomicrograph of the aqueous
solution of the Au DENPs is shown in the inset of Fig. 1).

Transmission electron microscopy (TEM) shows that the synthesized Au DENPs are
relatively monodisperse with a mean diameter of 3.0 nm (Fig. 2b). It is noteworthy that
these gold particles are larger than those reported in literature (Fig. 2a).33:34 This is possibly
due to the different reaction conditions employed to prepare the nanoparticles. For instance,
Kim et al. used partially quaternized dendrimers to prepare entrapped Au nanoparticles with
varying molar ratios of Au atom and dendrimer.33 The positive charge of the used partially
quaternized dendrimers led to formation of smaller Au particles possibly by reducing the
particle aggregation. The synthesized Au-DENPs are highly polycrystalline as shown by
both the high-resolution TEM images and selected area electron diffraction (SAED)
patterns. In Fig. 2c, typical crystal lattices for both single crystals and twin crystals of Au are
observed. In order to confirm the composition of the synthesized Au-DENPs, energy
dispersive spectroscopy (EDS) was performed on Au DENP samples, which clearly
indicates the existence of Au elements (Fig. 2d).

To examine specific binding of Au DENPs to integrin over-expressing human dermal
microvessel endothelial cells (HDMEC) and human vascular endothelial cells (HUVEC), the
cells were incubated with Au DENPs and examined via flow cytometry (Fig. 3). The Au
DENPs were shown to bind the integrin-expressing cell lines in a dose-dependent fashion,
whereas it failed to bind to a control cell line (L1210) known to lack the integrin receptor at
all concentrations tested.3! Saturation binding for this conjugate was obtained with both
integrin expressing cell lines (Fig. 4). The Au DENP conjugate was also shown to
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internalize in both integrin expressing cell lines by confocal microscopic analysis (Fig. 5)
and is primarily localized in the cytosolic compartment. Quantitative analysis of gold in Au-
DENP treated cells by inductively coupled plasma mass spectroscopy (ICP-MS) further
confirmed the specific internalization of gold in the cells (Table 1). Maximum gold uptake
was observed in HDMEC cells whereas control cell lines did not have any gold content. The
uptake of gold was inhibited by preincubation with RGD peptide alone, together clearly
indicating that the Au-DENPs specifically target the integrin receptor expressing cell lines.

In summary, we present here a simple approach for the synthesis of nearly uniform,
multifunctional Au DENPs. These nanoparticles specifically target integrin receptor
expressing tumor cells. Further studies will focus on determining the targeting and
therapeutic efficacy of these nanoparticles in vivo. The approach of using a multifunctional
dendrimer as a template to synthesize gold nanoparticles could be a useful general strategy
for creating multifunctional materials for a range of biomedical applications.
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Fig. 1.
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UV-vis absorption spectra of (1) {(Au®)74-G5-FI-RGD} DENPs and (2) G5-FI-RGD
conjugate. Inset shows the Au DENP solution in water (0.5 mg mL™1).
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Fig. 2.

(a) A typical TEM image of {(Au®)74-G5-FI-RGD}; (b) size distribution histogram of
{(Au®)74-G5-FI-RGD}; (c) high-resolution TEM image of {(Au®);4-G5-FI-RGD}; and (d)
EDS spectrum of {(Au®)74-G5-FI-RGD}.
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Binding of {(Au®);4-G5-FI-RGD} DENPs to HUVEC (m) and HDMEC (=) cells examined
with and without pre-incubation with free RGD peptide. L1210 cells were used as a control
(), which is known to lack the a3 integrin (p < 0.01).
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Fig. 4.
Dose-dependent binding of {(Au®);4-G5-FI-RGD} DENPs to HDMEC cells.
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Fig. 5.

Confocal microscopic images (20x) of both HUVEC (A, D) and HDMEC (B, E) cells that
were specifically bound with {(Au®);4-G5-FI-RGD} DENPs. In addition, images reveal that
Au DENP binding was eliminated when cells were pre-incubated with free RGD peptide (C,
F) prior to treatment.
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Synthesis of {(Au®);4-G5-FI-RGD} DENPs.
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Table 1
ICP-MS analysis of HDMEC cells treated with {(Au®);4-G5-FI-RGD} DENPs

sample Au concentration  Au concentration

(ppm) (nM)
Control 0.0009 0.004
HDMEC + RGD  1.47 +0.07 0.07
HDMEC 456 £0.23 23.1
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