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Gold nanoparticles have demonstrated tremendous utility and multifunctionality for the
diagnosis and treatment of cancer.[1] Not only can these structures serve as targeted drug
delivery vehicles,[2] they can also act as contrast agents for near-infrared (NIR) laser
photothermal tumor ablation[3] and as platforms in a range of other biomedical
diagnostic[1a,4] and therapeutic[5] applications. The uptake and removal of circulating
nanoparticles by the mononuclear phagocyte system (MPS),[6] represents one of the most
significant impediments to the efficient delivery of nanoscale structures to solid tumors and
to-date, the majority of tumor-targeting strategies for nanoparticles attempt to evade the
MPS and increase circulation time. Here, we show that colloidal gold nanorods (AuNRs)
can be actively-targeted towards phagocytic macrophages that exhibit high intrinsic
accumulation and infiltration into solid tumors. Macrolide-functionalized gold nanorods
were preferentially delivered to tumor-associated macrophage (TAM) cells and selectively
induced TAM-dependent cytotoxicity towards breast cancer cells in co-culture. Because
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TAMs migrate freely in circulation,[7] bypass the blood-brain-barrier,[8] and extensively
accumulate/infiltrate into breast tumors,[9] these data show that macrophage-targeting gold
nanoparticles can serve as promising candidates for targeted cancer therapy.

Although the MPS plays an important physiological function in removing foreign material,
cellular debris, and pathogens from circulation, its cells also play a principal role in anti-
tumor immunity[10] and as such, TAMs readily accumulate and infiltrate into solid tumors,
comprising up to 50% of tumor mass in breast carcinomas.[9] A limited number of studies
have investigated the ability of macrophages to deliver nanoscale drugs and imaging agents
to solid tumors. Badie and coworkers have shown that TAMs can serve as efficient carriers
of cyclodextrin-based nanoparticles (CDPs; fluorescent analogues of CRLX101) into glioma
tumors.[7] CDPs were found to preferentially accumulate in TAMs that subsequently
migrated into circulation and localized at distant tumor sites. Because TAMs are able to
bypass the blood-brain-barrier during pathogenesis,[11] increasingly-specific delivery of
camptothecin (CRLX101) to brain tumors is expected from CDPs. Jackson et al. found that
circulating, PEG-labeled quantum dots are similarly uptaken by TAMs that readily infiltrate
glial tumors.[8] TAMs have also been actively targeted by nanoparticle ligands to facilitate
increasingly-specific delivery. Mannan-conjugated lipid nanoparticles have achieved
selective gene delivery to alveolar macrophages;[12] folate-targeted iron oxide nanoparticles
have exhibited TAM-exclusive accumulation in breast tumors[13] and glutamine-
functionalized liposomes have demonstrated TAM-dependent translocation into
neuroblastoma tumors.[14] Hirschberg and coworkers have further exploited TAMs to
preferentially deliver photothermal contrast agents to tumor cells,[15] finding that TAMs
efficiently take up PEGylated gold nanoshells and subsequently infiltrate glial tumor
spheroids to allow selective NIR laser photothermal ablation therapy (810 nm, ≥ 7 W cm−2,
10 min).

Macrolides are a class of structurally-homologous antibiotics widely administered for more
than four decades for the treatment of microbial infections in humans, particularly those of
the respiratory tract and soft tissues. In addition to their broad-spectrum antibiotic activity,
one notable hallmark of macrolides is their exceptionally high accumulation in phagocytic
cells (macrophages) that facilitate increasingly specific delivery of these drugs to sites of
inflammation (infection).[16] We hypothesized that macrolide ligands could also facilitate
the preferential delivery of gold nanoparticles to inflamed tumor tissues via TAMs, allowing
for enhanced TAM anti-tumor potential,[17] increasingly effective laser photothermal
therapy,[3] and/or heat shock protein-induced activation of macrophage-mediated anti-tumor
immunity.[18] To this end, gold nanorods (AuNRs) were synthesized via seed-mediated
growth from chloroauric acid and conjugated with PEG-thiol or mixed self-assembled
monolayers of (9:1) PEG-thiol and thiol-PEGylated azithromycin (Zithromax®),
clarithromycin (Biaxin®), or tricyclic ketolide (TE-802) (Figure 1A,B; Supporting
Information; Figure S1). Each of the nanorods, abbreviated hereafter as PEG-AuNRs, Azith-
AuNRs, Clarith-AuNRs, and TriKeto- AuNRs, respectively, were conjugated such that they
displayed 1 × 103 macrolide ligands and 9 × 103 PEG-thiol molecules per particle, as well as
a NIR absorption maximum ca. 818 nm. PEG-AuNRs displayed 10 × 103 PEG-thiol
molecules per particle.

Preferential uptake/accumulation of the macrolide-AuNRs into TAM cells was assessed via
cardioid immersion dark-field scattering microscopy (DFSM). TAM cells (RAW 264.7)
exhibited substantially higher levels of macrolide-AuNR uptake than either squamous cell
carcinoma (HSC-3) or keratinocyte cells (HaCaT) cells (Figure 1C; Supporting Information)
and showed only nominal cell-surface binding by PEG-AuNRs.[19] Based on these findings,
phototoxicity from NIR laser exposure (λ=808 nm) was assessed using TAMs treated with
sub-lethal concentrations of macrolide-AuNRs (10 pm, 24 h; Figure 2A; Supporting
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Information; Figure S2). NIR laser exposure of TAM cultures washed/immersed in buffer
(1.6 mm) showed modest phototoxicity from Azith- and TriKeto-AuNRs, but no significant
effects from Clarith-AuNRs, PEG-AuNRs, or laser treatment alone (10 min, 646 mW cm−2).
We then evaluated the effects of AuNR-loaded TAMs and NIR laser exposure on cell
viability in breast adenocarcinoma co-cultures. TAM cultures were again loaded with sub-
lethal concentrations of macrolide-AuNRs (10 pm, 24 h), washed with buffer, and seeded
onto MCF7 breast cultures at 50% plating densities to reflect physiological levels of TAM
infiltration into breast carcinomas (Supporting Information; Figure S3).[9] After 12 h, co-
cultures were washed and immersed in buffer (1.6 mm), NIR laser-exposed (10 min, 646
mW cm−2), and allowed to incubate in complete growth media for an additional 24 h. While
no statistically significant cytotoxic effects from NIR laser exposure were observed, we
found substantial cytotoxicity in co-cultures containing macrolide-AuNR-treated TAMs and
significant, but notably diminished cytotoxicity in those containing PEG-AuNR-treated
TAMs (ca. 55%; Figure 2B).

In order to delineate which cells contributed to co-culture cell death, AuNR-treated TAMs
were labeled with 4′,6-diamidino-2-phenylindole (DAPI), a membrane-permeable
fluorescent nuclear marker, prior to passage into co-culture. DAPI-labeled, AuNR-loaded
TAM cells were thoroughly rinsed with buffer and again seeded at 50% plating densities
with MCF7 breast adenocarcinoma cells. After 12 h, culture media were removed and
replaced with fresh growth media. Following an additional 24 h of incubation, adherent co-
culture cells were labeled with ethidium homodimer-1 (EthD-1), a membrane-impermeable
fluorescent nuclear marker for apoptotic/necrotic cells. Confocal fluorescence microscopy of
the co-cultures revealed that MCF7 breast cancer cells contributed near exclusively to the
observed cell death, with no colocalization of DAPI-labeled TAM fluorescence with the
EthD-1 apoptotic/necrotic cell marker (Figure 3; Supporting Information).

Although macrophage cytokine activation by gold nanoparticles (AuNPs) is well-
documented,[17] we believe this to be the first report on the subsequent effects of AuNP-
activated macrophages on nearby cells. Tsai and coworkers observed upregulation of
cytotoxic tumor necrosis factor (TNF-α) and interlukin (IL) 1/6 in response to the
administration of untargeted AuNPs.[17a] In an excellent study by Puntes and coworkers,
enhanced upregulation of cytotoxic TNF-α and IL-1/6 was also observed in macrophage
cells treated with peptide-conjugated gold nanoparticles designed to mimic virus-like
particles through epitope repetition.[17b] Groll and coworkers more recently observed that
PEGylated AuNRs can likewise increase cytotoxic TNF-α and IL-1/6 protein levels in
AuNR-treated macrophages.[17c] Together, these findings suggest that AuNP-activated
macrophages may enhance the innate cytotoxic responses of TAMs towards the tumors
which they infiltrate. Moreover, macrolide-AuNRs that actively target TAMs may further
augment anti-tumor response and achieve increasingly preferential delivery due to the size-
dependent enhanced permeability and retention (EPR) effect.[20] Clinical trials involving the
systemic administration of therapeutic TNF-α-AuNPs may additionally synergize with
tumor-specific cytotoxic effects from AuNP-activated TAMs (CYT-6091, CytImmune
Sciences, Inc.).[2]

Unwanted MPS uptake of nanostructures can be mitigated in a variety of ways including
saturation by “decoy” nanoparticles (e.g. 3.4–8.5 nmol dosages in rats),[8] transient
depletion of circulating macrophages (e.g. by anti-α CSF1[13] and/or liposomal
clodronate[10]), and surface-functionalization with protein-repellant polymers (e.g. PEG,
POx),[21] complement inhibitors (e.g. heparin),[22] and/or “markers of self” (e.g. CD47[23]

and CD200). In spite of these efforts, biodistribution profiles of “stealth” AuNPs typically
remain high in MPS organs such as the spleen and liver.[1b,24] Jeong and coworkers
observed that intravenously administered PEG-AuNPs sequester in splenic macrophages and
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neutrophil- infiltrated liver tissues, resulting in tissue-specific inflammation (i.e.
upregulation of TNF-α, IL-1/6/10/12).[25] While potentially beneficial in tumor tissues, the
deleterious effects of AuNP-activated TAMs described here could result significant impacts
to healthy tissues and warrant further investigation.

In conclusion, we have synthesized a novel gold nanoparticle conjugate which targets and
activates anti-tumor potential in macrophage cells that exhibit high accumulation[7] and
infiltration[9] into solid tumors. Macrolide-gold nanorods (AuNRs) preferentially
accumulated in tumor-associated macrophage cells (TAMs) that exhibited selectively-
enhanced cytotoxicity towards breast adenocarcinoma cells in co-culture. Although modest
near-infrared photothermal ablation response was observed in monocultures of AuNR-
activated TAMs, we observed no additive cytotoxic effects from photothermally-treated
TAMs in co-culture over the time course of these experiments – as would be expected from
heat-shock protein-induced activation or photothermal ablation. Taken together, the ability
of TAMs to migrate freely in circulation,[7] bypass the blood-brain-barrier,[8] and
preferentially accumulate and infiltrate into solid tumors[9] make macrolide-functionalized
gold nanoparticles promising candidates for targeted cancer drug delivery to breast and brain
tumors. Enhanced anti-tumor potential by tumor-localized, AuNR-activated TAMs may
further synergize with chemotherapeutic treatment regimens and warrant further
investigation.
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Figure 1.
A) Schematic representation and (B) physiochemical characteristics of the macrolide-gold
nanorods used herein. C) Cardioid immersion dark-field scattering microscopy (DFSM) of
cell cultures (green) illustrating preferential uptake/accumulation of macrolide-gold
nanorods (red) into tumor-associated macrophage cells (RAW 264.7) relative to squamous
cell carcinoma (HSC-3) and keratinocyte cells (HaCaT). PEGylated gold nanorods exhibited
only nominal cell-surface binding with TAMs. Images in (C) are false color. Gold nanorods
used in these studies were ca. 50 ± 8 nm in length and 13 ± 2 nm in width (4.0 ± 0.9 aspect
ratio) as measured by TEM.
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Figure 2.
A) Near-infrared laser photothermal ablation of tumor-associated macrophage (TAM) cells
loaded with macrolide-gold nanorods (AuNRs). B) Selective cytotoxicity of AuNR-loaded
TAMs co-cultured with MCF7 breast adenocarcinoma cells. Note that (A) is plotted as %
change in order to emphasize statistically significant differences in viability observed from
monocultures in the presence and absence of laser exposure, effects which were not
observed from co-cultures in (B). Error bars represent SD. P-values in (A) reported relative
to non-irradiated RAW 264.7 cells; P-values in (B) reported relative to non-irradiated, non-
AuNR-treated co-cultures. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3.
Tumor-associated macrophages (TAMs) treated with macrolide-gold nanorods (AuNRs)
induce cell death in co-cultured breast adenocarcinoma cells. Macrolide-AuNR-loaded TAM
nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI, blue) and seeded onto
MCF7 breast cell cultures at 50% plating densities. Confocal fluorescence microscopy using
the apoptotic/necrotic nuclear marker, ethidium homodimer-1 (EthD-1, red), shows
cytotoxicity exclusive to breast adenocarcinoma cells. Scale bar represents 50μm.
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