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ABSTRACT

Destruction of hypoxic regions within tumors, virtually inaccessible to cancer therapies, may well prevent malignant progression. The tumor's
recruitment of monocytes into these regions may be exploited for nanoparticle-based delivery. Monocytes containing therapeutic nanoparticles
could serve as “Trojan Horses” for nanoparticle transport into these tumor regions. Here we report the demonstration of several key steps
toward this therapeutic strategy: phagocytosis of Au nanoshells, and photoinduced cell death of monocytes/macrophages as isolates and
within tumor spheroids.

Nanotechnology shows great promise for the diagnosis andficient availability of oxygen and glucose to meet the
treatment of cancer. Nanoparticle-based therapeutics havenetabolic demands of the malignant cells. During tumor
been successfully delivered into tumors by exploiting the growth, the rapid proliferation of malignant cells places cells
enhanced permeability and retention (EPR) effect, a propertywithin the core of the tumor at increasingly larger distances
that permits nanoscale structures to be taken up passivelyfrom their nearest capillaries, drastically compromising blood
into tumors without the assistance of antibodies or other flow to these cells. In addition to inducing necrosis, this
targeting moietie$.Nanoparticle-based therapies have also isolation of cells with respect to the tumor vasculature renders
been targeted to malignant cells by conjugating the nano-the hypoxic areas of tumors inaccessible to virtually all
particles with antibodies or peptides specific to those éells. molecular or nanoparticle-based therapies where delivery into
An alternative strategy for delivering nanoparticle-based the tumor is based on the EPR effect. This not only is a
therapies within the tumor microenvironment, not previously severe limitation to many standard therapeutic strategies such
explored, involves the uptake of nanoparticles within non- as chemotheragybut also may limit the efficacy of many
malignant cells which subsequently are recruited into the nanoparticle-based therapeutic approaches currently in de-
tumor. These nonmalignant cells, rather than being “innocent velopment. In fact, one possible scenario for the progression
bystanders”, may actually be the active agents of metastaticof cancer to its latter, highly fatal stages is that cells which
disease. survive in these inaccessible hypoxic regions may themselves
The centers of solid tumors are frequently observed to be be the source of subsequent local recurrence and distant
largely necrotic, resulting from prolonged hypoxia: insuf- metastasis. It has been shown that hypoxia exerts a selective
pressure on tumor cells in that only those with an aggressive
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nanoshells hv amenable to this approach. Au nanoshells are nanoparticles
consisting of a silica core surrounded by a thin Au sl

By modifications of their relative core and shell dimensions,
l Nacm their plasmon resonances can be tuned such that they absorb
m . light in the NIR3! a region of the spectrum where optical
w Movement — absorption of the tissue is minimal and penetration by the
gr?:rﬁo a - radiation is optimal for deep tissue treatmeftau nanoshells
macrophages attrgu_':ta?t can be designed and fabricated to either preferentially absorb
gradien

or scatter light by varying the size of the particle relative to
Tumor the wavelength of the light at their optical resonafiderior
_ ) ) _ ~ to resonant illumination, nanoshells are likely to remain
gleg:i?/rei 1i-m§‘iﬂ:rﬂa“° of Trojan I;kt)rse therapeutic nanoparticle entjrely inert within cells or tissue, allowing for the viability
y ypoxic region of tumor. of the monocytes/macrophages during recruitment into the
. tumor, differentiation to macrophages, and transport into
In breast cancer, macrophages may comprise up to 70% Of,y xic tumor regions. Upon illumination by NIR light at a

the tumor massMacrophages that have infiltrated a tumor ;o elength corresponding to a nanoshell resonance, absorbed

are referred to as tumor-associated macrophages or TAMS..j < 0us wave (CW) laser light is converted to heat and

;I'here IS Increasing ewdencg that suggests that TAMS arey ;¢ peen shown to increase the temperature in the tissue in

educateq by their microenvironment and promote tum.or which the nanoshells are embedded by over°@0upon

progressior?. The presence of large numbers of TAMS i o50nant jlluminatiod® The resonant properties of nanoshells

secaraed wih oot pOGnOs I renst aFESEAMSare gependent on thir local envionmet and ar

tumor neoangiogenesid® 20 and metastasid42925 and to preserved in the presence of defects or roughness on the
’ nanoshell surfac&:?” Nanoshell-based photothermal ablation

suppress a_mtltumor immune _respor_%%_séi? therapy has been shown to successfully treat tumors in mice
Destruction of hypoxic regions within tumors, and espe- with tumor remission rates over 90%

cially the TAMs recruited into these regions, may well Y ¢ th ful d trati f |
prevent the proliferation, growth, invasion, migration, and .t'erle V\t/e re?or de tiucceltgs ut emolns fra_l_loq 0 Zevera
metastasis of malignant epithelial cells. This destruction critica sgp:? oward the uitimate goal ot frojan Horse
should severely thwart tumor function and metastatic po- therapeutics: the efficient phagocytosis Of. Au nanoshel!s by
tential, directly impacting the probability of patient mortality. both monocytes and macrophages, photoinduced ab'a“oﬂ of
Au nanoshell-laden monocytes/macrophages, and the ability

Delivery of therapeutics into the hypoxic regions of tumors,
however, presents a major challenge. To address this,Of nanoshell laden monocytes/macrophages to be taken up

problem, we hypothesize that the tumor’s natural recruitment Into a tumor gnd, once in place, “? succumb to Au nanoshell-
of monocytes may in fact be exploited for nanoparticle-based based photomlduced C?” d_e ath using NIR light H“”.‘a” breast
drug delivery and therapeutics. Since monocytes possess aﬁumor sp_her0|ds, anin "'tf‘? model of the hypoxu_: tumor
innate phagocytotic capability and can be easily loaded with microenvironment, were utilized t_o examine _the efficacy O.f
therapeutic nanoparticles, each cell can serve as a “Trojance"mar uptake and nanoshell-assisted photoinduced ablation

Horse” delivery vector for nanoparticle therapeutics into these in the hypoxic tumor region using this approach.

treatment scenario, monocytes would be permitted to take27 hm were fabricated as previously descriéthe internal
up nanoparticle-based therapeutics and deliver them into theand overall dimensions of the nanoparticles were confirmed
tumor site. Once recruited into the tumor, the monocytes Using UV-visible extinction measurements, comparison with
differentiate into macrophages, which would also be required Mie scattering theory, and scanning electron microscopy
to maintain the cargo nanoparticles. The nanoparticle-laden(SEM). Absorbance spectra were obtained using a Varian
macrophages would then migrate/chemotax to the hypoxic Cary 5000 UV-vis-NIR spectrophotometer. SEM images
regions of the tumor. Once in place, the nanoparticle-basedwere obtained using a FEI XL-30 environmental scanning
therapeutic function could be initiated by near-infrared (NIR) €lectron microscope (ESEM). Figure 2 displays the extinction
illumination into the tumor, destroying the TAMs. Depending SPectra of the Au nanoshells used, whose extinction peak
on the illumination protocol, this therapeutic response may maximum is at 754 nm. SEM images of these nanoshells
also include the destruction of adjacent cells or may be are also shown.
combined and coordinated with other chemical, molecular, Since monocytes become macrophages once they migrate
or nanoparticle-based therapeutics, to result in total tumorfrom the capillary into the tumor, it is necessary to
destruction and remission with a greatly decreased risk of demonstrate Au nanoshell loading and subsequent survival
tumor regrowth and metastasis. in both monocytes and macrophages. To pursue this inves-
One essential requirement of this delivery and therapeutic tigation, human whole blood was obtained from the Indiana
strategy is that the intracellular cargo of the monocytes/ Blood Center. Lymphocytes, monocytes, and platelets, i.e.,
macrophages remains inactive and harmless to its cellularthe Buffy coat, were isolated using Ficoll density gradient
host until delivery into the hypoxic tissue is accomplished. centrifugation’*® Monocytes were separated from the other
Au nanoshell-based photoinduced therapy is particularly components of the Buffy coat using anti-CD14 antibody

3760 Nano Lett, Vol. 7, No. 12, 2007



Absorbance (a.u.)

400 . 560 I 660 I 760 I arIJo I QOIO I 1UIOU ' 1100
Wavelength (nm)
Figure 2. Left: Extinction spectra ofrf, ro] = 60, 87 nm Au nanoshells wherg, r, denote the inner and outer Au shell layer radii,

respectively. The peak extinction wavelength corresponds to the nanoshell surface plasmon resonance. Right: SEM images,pf the [
= 60, 87 nm Au nanoshells at two different magnifications. The images reveal complete spherical shells (inset).

A somewhat reshape the morphology of the nanopatrticle’s shell
‘ layer. This reshaping has been observed in the context of

several types of chemical treatmefit4? and can be mini-
mized by suitable functionalization of the nanoparticles prior
o % ] % L 4 to use. It is important to note, however, that the defects
s + observed in the nanoshells in these images would not be
sufficient to destroy their resonant optical absorption proper-

* ties36:37

To determine the treatment parameters for producing
. — optimal macrophage destruction in vitro, macrophages loaded
i w0 with Au nanoshells and control macrophages (without

10 um

. & nanoshells) were irradiated using varying power densities
- - é_ and irradiation durations. Twenty thousand macrophages in
b Se 200 uL of Macrophage-SFM (serum free medium) (Gibco,
Invitrogen, Carlsbad, CA) per well in a 96-well plate were
incubated with unfunctionalized Au nanoshells overnight. An
identical number of macrophages were used as a control
sample. One microliter of propidium iodide (PI, 1 mg/mL
in phosphate-buffered saline), normally cell impermeant at
. o . this concentration, was added to each well of the microtiter
Figure 3. (A) Transmission electron mlcr_ograph ofa_ln_anoshell- late to study th b d d by photoinduced
laden macrophage. Au nanoshells are dispersed within vacuole ate to study the membrane damage caused by photoinduce

(left). Enlarged picture of aggregates of nanoshells in the mac- ablation of the macrophages. Macrophage death was quanti-
rophage in the right panel. The clear siliezore of the nanoshells  fied using the Cytotoxicity Detection Kit (Roche Applied

surrounded with the black gold shells is shown in the inset (arrow). Science, Indianapolis, IN). This assay is a colorimetric assay
(B) Transmission electron micrograph of a nanoshell-laden mono- which measures the amount of lactate dehydrogenase (LDH)
cytes. .

released from the cytosol of damaged cells into the super-
bound to magnetic beads (MACS cell separation system, natant. The NIR irradiation source as well as the visualization
Miltenyi Biotec, Auburn, CA). Monocytes were differentiated system used in our study was a Bio-Rad Radiance 2100 MP
into macrophages in vitro by culturing the isolated monocytes Rainbow Confocal/Multiphoton System. The laser source
for 7 days in Teflon bags in the presence of recombinant produces pulses with widths of 100 fs at a repetition rate of
human macrophage-colony stimulating factor (R & D 80 MHz, and in our experiments this pulsed laser excitation
Systems, Minneapolis, MNf. Macrophages or monocytes was used to investigate protocols and characteristics of Au-
were incubated with Au nanoshells for 24 h. Figure 3 shows nanoshell-based photoinduced cell death in this very different
a transmission electron microscope (TEM) images of ablation regime. The total power at the source was 1.54 W
phagocytosed Au nanoshells in macrophages and monocytesat 754 nm. The cells were scanned throughadicroscope
When the Au nanoshells are phagocytosed, they are takerpbjective within a fixed 102&m x 1028um area. A single
up in vacuoles and dispersed in the cytoplasm. Uptake of scan was performechil s at 500lines/s, in which the
Au nanoshells into monocytes and macrophages was ob-1028um x 1028um area is divided into the 500 lines. The
served to be equally effective. It can be observed in thesepixel dwell time was on the order of 2/4s over a pixel
images that the intracellular environment may modify and area of approximately Zzm x 2 um. Immediately after
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Figure 4. Effect of increasing power on the cytotoxicity of macrophages. Power was increased from 50% to 100% in increments of 25%.
(A) Increasing PI uptake with increasing laser power: ctr, macrophages alone; NS, macrophages loaded-wsilicgaidnoshells. Scale

bar is 50um in A (bottom, right corner). (B and C) Determination of cytotoxicity after irradiation. Supernatant was removed from the
irradiated wells, and the activity of the released LDH was measured.

irradiation, a transmission image and red channel image wereconsecutive scans are performed and the time between
acquired using the 20 objective of the confocal microscope, irradiation of each 2.6im x 2.6 um pixel would still be
and the images were overlaid. Power at the source was variedbout 1 s. Performing additional scans at 1 Hz did not cause
in increments of 25%. All experiments were repeated in additional cell damage, indicating that at this scan rate,
triplicate. accumulated thermal effects are negligible and the photo-
Upon the irradiation of the nanoshell-laden cells, a dose induced ablation resulting from the initial 10 scans is
response corresponding to increasing uptake of propidium sufficient to cause lethal cell damage. It should also be noted
iodide (Figure 4A) and release of LDH (Figure 4B,C) as a that at any given time a region smaller than an individual
function of power is observed. Irradiation with 75% laser cell is being illuminated (2.&em x 2.6 um) and, hence, the
power showed a cytotoxic effect comparable to 100% laser mechanism of cell death may also include localized disrup-
power. Control macrophages without Au nanoshells showedtion of the cell membrane or local thermal ablation of vital
no Pl uptake as well as no increase in the release of LDH. intracellular compartments. Further experiments are war-
A 75% laser power produced effective photothermal ablation ranted to examine the differences between femtosecond and
of TAMSs, and therefore, this power density was utilized in  CW Au-nanoshell-based photoinduced cell death in greater
the subsequent duration experiments. physiological detail and present an opportunity to understand
The macrophages were then irradiated at 75% power tothe mechanism of cell death based on disruption of intrac-
determine the optimum duration of NIR irradiation for cell ellular components, e.g., organelles.
destruction. By visual inspection, the amount of Pl uptake  The hypoxic tumor microenvironment can be modeled in
appears relatively similar at all time points (Figure 5). vitro using tumor spheroids. These structures, composed of
However, quantification of the PI signal (Supporting Infor- malignant breast epithelial cells, have a central necrotic area
mation) reveals that Pl uptake is greatest at 10 s of irradiation. of cell debris surrounded by layers of hypoxic cells; the outer
This is confirmed by the observed LDH release: the extent layer is comprised of normoxic cells (Supporting Informa-
of cytotoxicity is greatest at 10 s irradiation duration. tion). Lewis and colleaguéshave shown that macrophages
However, given the error of the measurements, the cytotox-infiltrate the spheroid and accumulate in the inner hypoxic
icities at 10 and 30 s are not significantly different. The rim around the central necrosis. Breast tumor spheroids were
cytotoxicity assay for the sample irradiated at 75% for 1 min established by culturing human T47D cells on agarose for
showed almost the same increase<)4of LDH release 20 days at 37C, 5% CQ. The culture medium was replaced
(Figure 4C). These results are as expected since, in the twowith fresh culture medium on alternate days. Five thousand
photon system used, the time of irradiatiorakis in parts macrophages and 8.8 10° gold—silica nanoshells were
B and C of Figure 5) indicates the number of scans, where added to each well of a 96-well plate; each well contained
each scan is performed in 1 s. Thus for the 10 s case, 10a single spheroid. The spheroids, macrophages, and nanoshells
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Figure 5. Effect of increasing irradiation duration on the cytotoxicity of macrophages. Macrophages loaded witisiticddnanoshells

were irradiated at 754 nm at 75% power for 1, 10, and 30 s, respectively. (A) Pl uptake does not appear markedly different at the three time
points. Scale bar is 50m in A (bottom, right corner). (B and C) The amount of LDH released increases between 1 and 10 s. Additional
irradiation does not result in an increase in cytotoxicity (30 s). All experiments were repeated in triplicate.

Figure 6. Photomicrograph of hematoxylin and eosin stained section of T47D tumor spheroid infiltrated with nanoshell-laden
macrophages: left, 46; right, 100x. Scale included in photomicrographs. The nanoshell-laden macrophages (black areas) have infiltrated
the spheroid and reside within the viable tumor cells as well as near areas of necrosis (pink staining; white arrow). The dotted red line
divides the central area of necrosis (white arrow) from the rim of viable cells which stain a dark purple due to the presence of nuclei.

were incubated for 3 days at 3T, 5% CQ. Phagocytosis  Confocal/Multiphoton System at 100% power @ s (i.e.,

of the Au nanoshells as well as infiltration of macrophages Two scans). Tumor spheroid infiltrated with macrophages
into the tumor spheroid was monitored by transmission light without nanoshells were utilized as a control. A green
microscopy and confirmedytH & E staining. The infiltrated fluorescent dye (CellTracker, Molecular Probes, Invitrogen,
macrophages accumulate within the hypoxic rim and around Carlsbad, CA) was added to each well plate to facilitate
the central necrosis (Figure 6). The tumor spheroids hadidentification of cells. After irradiation, a transmission image
reached approximately 780m in diameter at the time of and a green as well as a red channel image were acquired
irradiation. The T47D breast tumor spheroids infiltrated with using the 1& objective of the confocal microscope, and the
macrophages were irradiated through thex Ifdicroscope images were overlaid (Figure 7). Irradiation of a tumor
objective of the Bio-Rad Radiance 2100 MP Rainbow spheroid infiltrated with nanoshell-laden macrophages re-
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NIR sources may be a consequence of local subcellular
thermal ablation. Although the essential steps for Trojan
Horse delivery have been demonstrated specifically for
nanoshell-based therapy, this general approach might be
useful for delivery of a large variety of therapies to the
hypoxic regions in tumors. Such therapies may be either
nanoparticle or molecule based, developed with the require-
ment that the cell’s cargo remains noncytotoxic until the
macrophages enter the tumors’ hypoxic regions. Infrared-
stimulated photothermal therapeutics using Au nanorods or
carbon nanotubes, nanoparticle-based therapeutics triggered
by application of external magnetic fields, or molecular
therapies activated by the unique chemical microenvironment
of the hypoxic region may all be ultimately suitable for this
delivery mechanism.

Figure 7. Frame from three-dimensional reconstruction of tumor
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