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ABSTRACT: To conquer complex and devastating dis-
eases such as cancer, more coordinated and combined attack
strategies are needed. We suggest that these can be beauti-
tully achieved by using nanoconstruct design. We present an
example showing that neuroblastoma cells are selectively
killed by a nanoconstruct that specifically targets neuroblas-
toma cells, pushes cells to the vulnerable phase of the cell
cycle, and greatly enhances radiation-induced cell death.
The success of this multipronged attack approach launched
by cell-embedded nanoconstructs demonstrates the power
and flexibility of nanotechnology in treating cancer, a
difficult task for a small molecule.

C ancer is a deadly disease with high complexity. Multipronged
and coordinated approaches are needed to conquer this
devastating disease. Because of intrinsic limitations, it is difficult to
build multiple capabilities into a single small molecule; however, it is
possible to equip a nanoconstruct with multiple arsenals. Among
these arsenals, chemical and biological agents can be launched one-
by-one to stage multiple attacks on cancer cells in a coordinated
effort to kill cells. Here we report a cancer-targeting, cell-modulating,
radiation-enhancing, biocompatible nanoconstruct that strategically
kills neuroblastoma cells with high specificity.

Neuroblastoma is the most common extracranial solid tumor
in childhood." More than 50% of neuroblastoma cases occur in
children younger than 2 years old. As a disease of the sympaticoa-
drenal lineage of the neural crest, tumors can develop anywhere in
the sympathetic nervous system.” Current treatments, including
surgery, chemotherapy, radiation, and stem cell transplantation,
induce significant side effects such as growth delays, hearing loss,
and learning disabilities. Despite multimodality therapy, many
patients with advanced-stage disease ultimately succumb to relapse.
Therefore, more effective and cancer-specific therapy is urgently
needed, especially for this fragile patient population.

GD2 disialoganglioside is an antigen expressed on tumors of
neuroectodermal origin, including neuroblastoma,® > with a
highly restricted expression on normal tissues.® Hul4.18K322A
is a humanized anti-GD2 antibody currently being investigated in
a phase-I immunotherapy study in neuroblastoma patients at St.
Jude Children’s Research Hospital.” This antibody binds to GD2
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specifically and causes antibody-dependent cytotoxicity but much
less complement activation than the related chimeric anti-GD2
antibody, ch14.18,%° which is currently the focus of an immunother-
apy trial by the Children’s Oncology Group.'® We incorporated
hul4.18K322A into our nanoconstruct as a targeting moiety to
recognize neuroblastoma cells while avoiding normal cells.

We and others have previously shown that gold nanoparticles
(GNPs), like other elements with high atomic number (Z),
enhance radiation-induced cell death."' "7 All cells are not
equally sensitive to radiation during all stages of the cell cycle.'®
For example, cells are radiation-resistant in the S phase, whereas they
become very sensitive to radiation in the G2/M phase.'**° An agent
that arrests cells at the G2/M phase of the cell cycle, such as
paclitaxel (PTX), would thus be an effective chemical weapon to
make cells vulnerable to radiation. To carry out a specific lethal
assault on cancer cells while sparing normal cells, we designed a
nanoconstruct-initiated three-strike approach. First, neuroblastoma
cells are specifically targeted. Next, cells are artificially arrested in the
G2/M phase of the cell cycle. Finally, the cancer cells are killed by
the enhanced radiation cytotoxicity.

To assemble a nanoconstruct with these multiple arsenals, we
first prepared thiol-linker-containing hu14.18K322A antibody along
with S-cyclodextrin (3-CD) for paclitaxel loading. Through Au—S$
bonding, they were all incorporated into GNPs along with PEG
polymers to form hul4.18K322A-targeted GNPs (HGNPs) and
hu14.18K322A-targeted, PTX-loaded GNPs (HPGNPs) [see the
Supporting Information (SI) for details].

The number of hul4.18K322A molecules on each GNP was
determined by elemental analysis of nitrogen content (%) in a
given amount of nanoconstructs. To determine the number of
PTX molecules on each HPGNP, LC—MS analysis was used to
quantify the amount of PTX remaining after the drug was loaded
onto the HPGNPs. There were 16 hul4.18K322A molecules and
~11 PTX molecules on each HPGNP (Table 1 and Figure S3
in the SI). The diameter of a bare GNP was ~15 nm on the basis
of transmission electron microscopy (TEM) measurements
(Table 1, Figure la, and Figure S2). Phosphotungstic acid
(PTA) was used to stain hul4.18K322A on the surface of the
GNPs, enabling the visualization of GNP-bound hul4.18K322A
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Table 1. Characteristics of GNPs, Hul4.18K322A, HGNPs,
and HPGNPs

number per GNP
sample avg size (nm)* hul4.18K322A° PTX"
GNPs 15+5 - -
hul4.18K322A 12£3 — —
HGNPs S0+ 10 16 —
HPGNPs S0£15 16 11

“ Determined by DLS analysis (Figure S2). ’ Determined by elemental
analysis (Figure S3). “ Determined by HPLC—MS (Figure S3).
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Figure 1. Characterization of HPGNPs. (a, b) TEM images of (a) bare
GNPs and (b) HPGNPs (stained with 2% PTA, pH 6.0, scale bar
100 nm). (c) Structure of an HPGNP. (d) SEC—HPLC traces (mobile
phase: 3 mM sodium citrate). (e) Stability of HPGNPs in phosphate-
buffered saline at 4 °C.

molecules (Figure 1b). The dark clouds around the GNPs represent
molecular backbones of hul4.18K322A. The little white dots closer
to the GNP surface are molecules that could not be stained by PTA,
such as bound CD, loaded PTX, PEG units, and polysaccharides in
the Fc domain of hul4.18K322A. Furthermore, the distances
between adjacent HPGNPs were larger than those between adjacent
GNPs, suggesting that hul4.18K322A molecules were conjugated to
the GNPs. Dynamic light scattering (DLS) was used to measure the
hydrodynamic size of the particles in an aqueous solution (Figure
S2). The diameter of a bare GNP was 15 £ S nm, in agreement with
the sizes obtained using TEM. After conjugation with hul4.18K322A
(12 = 3 nm in diameter), PEG thiol (HS-PEG, MW 5000 Da), and
thiol-appended 5-CD (HS-5-CD), the hydrodynamic diameter of
the GNPs increased to S0 & 15 nm. Size-exclusion chromatogra-
phy—HPLC (SEC—HPLC) analysis also showed the size increase
(evidenced by early elution; Figure 1d). Because free hul4.18K322A
molecules in the HPGNP solution might hinder the targeting
efficiency of HPGNP in GD2-positive tumor cells, excess antibodies
were completely removed by six rounds of washing and centrifuga-
tion. The presence of pure HPGNPs without any free antibody was
confirmed by the SEC—HPLC results (Figure 1d).

Cells may express various levels of GD2 antigens on their
surface. Using a fluorescent secondary antibody and flow cytometry,
we measured the amount of GD2 expression on the surface of
CHLA-20, IMR32, and PC-3 cells. We found that the neuroblastoma
cell lines, CHLA-20 and IMR32, were both GD2-positive, although
the expression of GD2 in IMR32 [mean fluorescence intensity
(MFI) = 7304] was only 77% of that in CHLA-20 (MFI = 9554;

Figure S$4). PC-3, a human prostate cancer cell line, did not have any
detectable GD2 (MFI = 120), as previously reported.*"** It is
therefore a good representative of normal cells and was used as
negative control.

‘With nanoconstructs made and cell lines selected, our first test
was to determine whether HPGNPs specifically target neuro-
blastoma cells by avoiding cells that do not express the GD2
antigen, such as normal cells. Dark-field microscopy images
showed that HPGNPs accumulated abundantly in GD2-positive
cells but not in GD2-negative cells (Figure S7). Additional
ultrastructural details of the time-dependent cellular uptake of
HPGNPs were provided by TEM. After a 4 h incubation of cells
with HPGNP, individual particles were selectively bound to
IMR32 and CHLA-20 plasma membranes (Figure 2b,c) but
not to a PC-3 membrane, indicating specific GD2 recognition
and binding. At 12 h, bound HPGNPs were internalized by cells.
The internalized HPGNPs were localized in endosomal- or
lysosomal-like organelles and also in the cytoplasm, indicating
that they might enter cells by penetrating the plasma membrane
or by breaking endosomal membranes. Membranes of some
endosomes or lysosomes were actually ruptured (arrows in
Figure 2e,f). This is very interesting, although we currently have
no explanation for this observation. Furthermore, we also found
particles in the cytoplasm at 4 h, when endosomal membranes
were not ruptured (Figure 2c inset).

We next analyzed cellular gold content by using ICP-MS to
evaluate quantitatively the cells’ recognition and internalization
of HPGNPs. CHLA-20 and IMR32 cells had 60- and 50-fold
more HPGNPs, respectively, than did GD2-negative PC-3 cells
(Figure 2g/h), indicating extremely high selectivity. Additionally,
the average uptake rate of CHLA-20 cells (kcppa.a0 = 1.4820)
was 1.4-fold higher than that of IMR32 cells (kpyrs, = 1.0881)
(Figure SS), suggesting that the amount of GD2 expression on
the cell surface played a role in accelerating the cell uptake of
HPGNPs. The amounts of internalized HPGNPs reached plateaus
at 24 h when the HPGNP concentration was 2.5 nM, indicating that
the cellular concentrations of HPGNPs finally reached a steady state
(Figure 2h). At equilibrium, the total internalized HPGNP contents
of CHLA-20 and IMR32 cells were 62- and 48-fold higher,
respectively, than those of PEG—GNPs in the corresponding cells
(nonspecific uptake; Figure S6). This result suggested that the
hul4.18K322A—GD2 interaction was responsible for the specific
uptake of HPGNPs by GD2-positive cells. To provide further
confirmation that the recognition of HPGNPs by GD2-positive
neuroblastoma cells was a result of GD2—hul4.18K322A interac-
tions, an antibody competition experiment was performed. CHLA-
20 cells were pretreated with free hul4.18K322A for 4 h and then
treated with HPGNPs. The cellular uptake of HPGNPs was
quantitatively evaluated using ICP-MS (Figure 2i). The HPGNP
uptake by CHLA-20 was nearly blocked by 25—100 nM free
hu14.18K322A. Such a blockade was also confirmed by TEM analysis
(Figure 2j)k). In the presence of 25 nM hul4.18K3224, fewer
HPGNPs were bound to cells or internalized. These results demon-
strate that the enhanced cell recognition in GD2-positive neuroblas-
toma cells was a direct result of GD2—hu14.18K322A interactions.

After HPGNPs were specifically internalized into neuroblas-
toma cells through hul4.18K322A—GD?2 interactions, they were
ready to push cells into the G2/M phase by delivering PTX mole-
cules to intracellular targets (i.e,, tubulins). As shown in Figure 3, the
HPGNPs arrested 68% of the CHLA-20 cells in the G2/M phase at
12 h, whereas PTX caused only a 44% G2/M arrest rate. Similar
results were seen for IMR32 cells. In PC-3 cells, free PTX caused
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Figure 2. HPGNP recognition by and internalization into neuroblastoma
cells. (a—f) TEM images revealing the targeting process and cellular distribu-
tion of HPGNPs (2.5 nM) in neuroblastoma cells and GD2-negative PC-3
cells (scale bar S00 nm). (g) Dose-dependent cellular uptake of HPGNPs in
neuroblastoma cells and GD2-negative PC-3 cells (incubation time 12 h).
(h) Time-dependent cellular uptake of HPGNPs in neuroblastoma cells
and GD2-negative PC-3 cells (2.5 nM). (i) Cellular uptake of HPGNPs
(2.5 nM) in CHLA-20 cells pretreated with hul4.18K322A for 4 h and then
with HPGNPs for 12 h. (j, k) TEM images of CHLA-20 cells pretreated
with free antibody (0 and 25 nM) for 4 h and then treated with HPGNPs
(2.5 nM) for 12 h (scale bar 100 nm).

significant cell-cycle arrest at the G2/M phase (43%). However,
HPGNPs did not induce G2/M arrest, suggesting that HPGNPs
effectively blocked the cellular uptake of PTX by GD2-negative cells.
A major and critical mechanism of drug resistance in cancer cells is
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Figure 3. Induction of G2/M arrest by HPGNPs (PTX content 11 nM,
12h) and PTX (11 nM, 12 h) in GD2-negative cells and neuroblastoma cells.

the up-regulation of ABC transporter genes, which leads to the rapid
elimination of various cytotoxic agents, including taxols.”> IMR32
and CHLA-20 cells are multi-drug-resistant cell lines that utilize this
mechanism.”*** As an alternative explanation for the increased G2/M
arrest rate conferred by HPGNPs, one could thus speculate that
intracellular HGNP-bound PTX may at least partially evade rapid
elimination mediated by ABC transporters and increase its cytotoxic
effects, as we observed in our experiments. In sum, these results
demonstrate that the GD2-targeting HPGNPs can specifically deliver
PTX to neuroblastoma cells to induce cell-cycle arrest without affect-
ing GD2-negative cells (i.e., normal cells).

Once HPGNPs specifically brought cells to the vulnerable
G2/M phase, we aimed to kill neuroblastoma cells using radia-
tion, taking advantage of the enhanced radiation effects caused by
HPGNPs and the enhanced vulnerability of dividing cells.
HGNPs alone showed no cytotoxicity to either GD2-positive
or -negative cells, indicating a high degree of biocompatibility
(Figure 4a—c). As expected, HGNPs enhanced the radiation-
induced cell death in GD2-positive neuroblastoma cells (Figure 4b,c
and Figure S10). Both CHLA-20 and IMR32 cells have been
reported to be drug-resistant,”~>* especially to PTX. According to
our results, PTX (11 nM) did not cause much toxicity to these cell
lines after 12 h (Figure 4e,f). However, incubation of cells with
HPGNPs without radiation induced more cell death under the same
conditions (Figure 4h,i and Figure S9), suggesting that cancer-
targeting HPGNPs transported many more PTX molecules into
neuroblastoma cells and possibly evaded efflux generated by ABC
transporters. HPGNPs were not toxic to PC-3 cells (Figure 4g),
although the PTX was highly toxic under the same conditions
(Figure 4d). This result strongly demonstrates that the HPGNPs
effectively reduced the toxicity of PTX to GD2-negative cells by
evading them. Because HPGNP caused neuroblastoma cells to pause
at the G2/M phase, radiation treatment became much more effective,
thus doubling the cell death (Figure 4h,i and Figure S9).

In summary, we have designed and assembled a novel nano-
construct, HPGNPs, with multipronged attack capabilities spe-
cifically targeted to neuroblastoma cells. HPGNPs accomplish
three key strikes: they specifically target neuroblastoma cells;
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Figure 4. Enhancement of radiation cytotoxicity to neuroblastoma cells
by HPGNPs. All cells were treated with or without HGNP, PTX, and
HPGNP for 12 h. After exposure to X-rays (3 Gy dose), all particles or drugs
were removed, and fresh medium was added. After another 48 h, cell viability
was measured using the WST-1 method. The concentrations of HPGNPs in
(g—1) were kept the same as that of HGNPs, so the PTX concentrations on
HPGNPs were identical to those in (d—f).

drive them to the G2/M phase of the cell cycle, thus making them
highly vulnerable to radiation; and significantly enhance radia-
tion-induced cell death. HPGNPs did not bind GD2-negative
cells and caused little toxicity or radiation-induced cell death in
these cells. Our data demonstrate the power and flexibility of
nanotechnology in treating complex diseases such as cancer by
using multiple strategies to attack cancer cells from multifunc-
tional nanoconstructs, a task that is difficult to achieve by using a
small molecule alone.
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