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ABSTRACT The ability of 20—50 nm nanoparticles to target and modulate the biology of specific types of
cells will enable major advancements in cellularimaging and therapy in cancer and atherosclerosis. A key challenge
is to load an extremely high degree of targeting, imaging, and therapeutic functionality into small, yet stable
particles. Herein we report ~30 nm stable uniformly sized near-infrared (NIR) active, superparamagnetic
nanoclusters formed by kinetically controlled self-assembly of gold-coated iron oxide nanoparticles. The controlled
assembly of nanocomposite particles into clusters with small primary particle spacings produces collective
responses of the electrons that shift the absorbance into the NIR region. The nanoclusters of ~70 iron oxide
primary particles with thin gold coatings display intense NIR (700—850 nm) absorbance with a cross section of
~10~" m2. Because of the thin gold shells with an average thickness of only 2 nm, the r, spin—spin magnetic
relaxivity is 219 mM~" s~7, an order of magnitude larger than observed for typical iron oxide particles with thicker
gold shells. Despite only 12% by weight polymeric stabilizer, the particle size and NIR absorbance change very
little in deionized water over 8 months. High uptake of the nanoclusters by macrophages is facilitated by the
dextran coating, producing intense NIR contrast in dark field and hyperspectral microscopy, both in cell culture
and an in vivo rabbit model of atherosclerosis. Small nanoclusters with optical, magnetic, and therapeutic
functionality, designed by assembly of nanoparticle building blocks, offer broad opportunities for targeted cellular
imaging, therapy, and combined imaging and therapy.
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linical imaging and/or therapy with

multifunctional nanoparticles that

target specific types of cells has the
potential to transform health care in can-
cer, atherosclerosis, and other diseases.
When the nanoparticle diameters are re-
duced to 20—50 nm, the biological path-
ways in targeted cells can undergo pro-
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size of small viruses, permeate barriers more
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vasculature in cancers. The efficacy of vac-

© 2009 American Chemical Society cines may be enhanced with ultrasmall 20
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nm nanoparticles that can diffuse to the
lymph nodes to target resident dendritic
cells.®> Multifunctional ultrasmall paramag-
netic iron oxide (USPIO) particles (~30 nm)
have been designed to detect and deliver
chemotherapeutic agents directly into pros-
tate cancer cells.* Antibody-functionalized
spherical gold particles target membrane
receptors much more efficiently and modu-
late a variety of cell functions including cell
death, as the size is reduced to 40—50
nm."? Finally, prolonged circulation in the
bloodstream (slow clearance by the liver
and spleen) for small nanoparticles facili-
tates magnetic resonance imaging (MRI)
contrast for imaging atherosclerosis and im-
aging of lymph nodal metastases in
cancer.>®

New opportunities in cellular optical
imaging and therapy in intact tissues
have been spawned by nanoparticles in-
cluding gold nanoshells, nanorods, and
nanocages with absorbances 10°-fold
those of organic dyes.””'? For these par-
ticle geometries, the surface plasmon
resonance (SPR) peak of gold shifts to
the NIR region (700 and 850 nm) where
soft tissue, hemoglobin, and water ab-
sorb weakly. Alternatively, gold nano-
spheres bioconjugated with antibodies
have been assembled by cancer recep-
tors to form NIR-active gold
aggregates.'>'* Multifunctional imaging
further provides complementary ana-
tomic, functional, and molecular informa-
tion at the cellular level needed to ad-
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vance therapy. For example, the location of iron
oxide nanoparticles may be imaged with MRI in vivo
while simultaneously detecting enzymatic activity
in lymph nodes with NIR fluorescence upon subcuta-
neous injection.'® Furthermore, multifunctional
nanoparticles may be utilized for combined optical/
MRI molecular imaging and photothermal therapy of
cancer cells and for molecular-specific optical im-
age contrast enhancement using magnetic
modulation.'®"”

A major challenge in nanotechnology and nano-
medicine is to devise robust and broadly applicable syn-
thetic strategies to pack sufficient multifunctionality
into nanoparticles smaller than ~50 nm. The high sur-
face energy of the nanoparticles makes it challenging to
control the geometry and composition and, further-
more, to maintain the structure and functional proper-
ties in physiological media or in vivo. The shapes and
compositions of nanoparticles may be guided during
condensation of atoms by selectively favoring growth
of particular crystal facets to produce spheres, rods,
wires, discs, cages, core—shell structures, and many
other shapes.®'%'2'8 A less common yet highly adapt-
able approach is to assemble ultrasmall spherical nano-
particles as the primary building blocks, rather than at-
oms, into 1D, 2D, and 3D inorganic/organic nanocluster
composites.'®”?? The size and shape of 3D composite
nanoclusters have been controlled with block copoly-
mer templates, DNA, proteins, and viruses, primarily for
the design of sensing and memory devices.?® How-
ever, the sizes of the clusters have been well above 50
nm in nearly all cases, or the degree of functionality has
been limited because of the need for a large amount
of templating and stabilizing agents. These agents have
been required to control particle growth and to pro-
vide stability.

Herein, we demonstrate that primary iron oxide
nanoparticles with thin gold coatings may be as-
sembled into very stable ~30 nm nanoclusters with in-
tense functionality, despite only a small amount of poly-
meric stabilizers. Unlike most previous studies of 3D
clusters, the nanoparticle building block incorporates
two inorganic materials, iron oxide and gold, rather
than one, to provide multifunctionality. The nanoclus-
ters composed of ~70 iron primary particles display
intense NIR (700—850 nm) absorbance and r, magnetic
relaxivity (=>200 mM~" s7") in solution and strong opti-
cal contrast in targeted macrophages. The small aver-
age size and relatively low polydispersity of the nano-
clusters are achieved by kinetic control of self-assembly,
as a function of the iron oxide nanoparticle concentra-
tion and gold: iron oxide ratio, in the presence of dext-
ran stabilizer. The intense optical and magnetic proper-
ties of the nanoclusters far exceed the values of the
constituents.?® The intense NIR absorbance is described
in terms of the close proximity of the thin and asymmet-
ric gold coatings on the primary nanoparticles. Suffi-
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ciently small spacing between the primary particles
needed for the enhanced optical and magnetic proper-
ties is favored by the small concentration of dextran sta-
bilizer on the starting primary iron oxide particles. The
small size of the nanoclusters and the dextran surface
coating are shown to facilitate high uptake by macroph-
ages, which contain dextran receptors.® The high up-
take and intense NIR absorbance are shown to provide
high NIR contrast in dark field and hyperspectral micros-
copy, both in cell culture and an in vivo rabbit model
of atherosclerosis. These properties are also utilized for
photothermal destruction of nanocluster-laden
macrophages.

RESULTS AND DISCUSSION

Synthesis, Structure, and Stability. Nanoclusters were
formed by the reduction of HAuCl, onto the surfaces
of 5 nm iron oxide nanoparticles with hydroxylamine
as a seeding agent. We will call these particular particles
“nanoroses” to distinguish them from more general
types of nanoclusters and also to emphasize their in-
tense properties, analogous to a rose’s vibrant color.?°
The hydroxylamine adsorbs on the iron oxide particle
surface and favors selective formation of gold on the
iron oxide surface rather than in bulk solution.>* Previ-
ously, ~60 nm Au-coated magnetic iron oxide nanopar-
ticles without NIR absorbance were formed with a mo-
lar Au/Fe precursor ratio of 2:1 after the first iteration.>*
In our study, a much smaller Au/Fe ratio of 1:10 by
mole after all of the iterations led to much thinner gold
domains. The dextran molecules on the iron oxide sur-
face helped prevent the gold domains from growing
too thick during reduction. The reaction resulted in ~30
nm relatively open clusters composed of much smaller
primary particle domains. The primary domains are
more easily discerned near the periphery in the TEM im-
ages (Figure 1a) but are somewhat masked toward the
center, where the electrons pass through a much
thicker cross section. Because the gold shells are darker
than the iron oxide cores in the TEM, and the cluster ge-
ometry is rather complex, direct observation of the
shells is infeasible.>> The thickness of the gold shells
may be estimated by subtracting the known 5 nm di-
ameter of the iron oxide cores (Figure S1 in the Support-
ing Information) from the size of the ~7—10 nm pri-
mary domains, as has been done previously.>> The
resulting shell thickness is ~1 to 2.5 nm, and from the
nonspherical shape of the primary domains, it appears
to vary over the surface of a given iron oxide core, as
observed for “nanoeggs” with asymmetric egg
whites.?®

The gold coatings on iron oxide cores increase the
attractive van der Waals forces between particles, given
the much larger Hamaker constant for Au versus iron ox-
ide. The balance of these attractive forces and the steric
stabilization provided by dextran, along with the iron
oxide and gold precursor concentrations, resulted in
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Figure 1. Size, shape, and colloidal stability of nanoclusters
(nanoroses) in deionized (DI) water. (a) High-resolution
transmission electron microscopy (TEM) images on an ul-
trathin carbon film substrate reveal an open nanocluster of
iron oxide@Au primary core—shell particles. The most
prevalent lattice spacing is found to be 0.236 nm for the
(111) plane of Au. The (200) and (220) planes are also indi-
cated. (b) Scanning electron microscopy (SEM) image of
dried nanoroses on silicon wafer. (c) Schematic of nanoclus-
ter of gold-coated iron oxide primary particles. (d) Hydrody-
namic diameter in water from dynamic light scattering starts
at 25 nm, and the small change in size up to 8 months at 4
°C indicating high colloidal stability.

kinetic control of the cluster size with a relatively low
polydispersity shown by dynamic light scattering (DLS)
(Figure 1d). The small hydrodynamic diameter of the
nanorose in DI water ranged from 23 + 3 and 34 = 2
nm over seven separate experiments (Table S1 in Sup-
porting Information). The relatively low polydispersities
of these clusters are also evident by SEM (Figure 1b).
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Diameters changed relatively little, with an average of
only 33 nm over 3 months and 39 nm in 8 months, as
shown in Figure 1d. Thus, the iron oxide cores helped
prevent growth of gold domains, and the dextran and
PVA provided effective steric stabilization. The total
polymer concentration was only 12% according to ther-
mal gravimetric analysis (TGA), in contrast with larger
amounts typically needed in block copolymer tem-
plated clusters.?® In contrast, aggregation of gold nano-
particles by variation of surface charge in a recent study
led to large micrometer-sized 3D assemblies with NIR
absorption.?”

A variety of measurements indicate that the oligo-
meric domains that formed the nanoclusters in Figure
1a contained primary iron oxide cores, as depicted
schematically in Figure 1c. An energy-dispersive X-ray
spectroscopy (EDS) line scan across the particle shows
that Fe was present throughout the cluster diameter
(Figure 2). This observation is consistent with the hy-
droxylamine seeded growth of gold on the iron oxide
surface rather than that of pure gold particles. EDS mea-
surements of 20 nanorose particles indicate that the
Au/Fe mass ratio varied from 5:1 to 9:1, as shown in Fig-
ure 2. Smaller ratios of 3:1 to 4:1 were determined from
flame atomic absorption spectroscopy (FAAS) as a con-
sequence of the excess iron oxide particles (without
gold coatings) in the dispersion, which were also seen
by TEM in the very light particles near the nanorose sur-
faces in Figure 1a. If all of the iron oxide particles were
coated with a uniform gold shell, the thickness for a
1:10 Au/Fe ratio would be less than 0.2 nm, which
would not be possible. The gold nuclei grew on only a
fraction of the iron oxide particles, and then further
growth of gold was favored on these Au sites. The
nucleation of gold took place over a relatively small
time period, given the relatively low polydispersity in
the final cluster size. The calculated number of primary
iron oxide particles for a 35 nm nanorose was approxi-
mately 70, from the molar Au/Fe ratio determined by
EDS and the assumption that the occupied volume
within an effective spherical nanorose (with diameter
equivalent to the end-to-end distance) was approxi-
mately 50% (Supporting Information).

Optical and Magnetic Properties in Solution. The broad NIR
absorbance of a colloidal nanorose dispersion shown
in Figure 3 is relevant to tissue imaging and light-based
therapy and drops only 5% at 800 nm from the maxi-
mum at 730 nm. Colloidal and optical stability of the na-
norose may be attributed to prevention against growth
or collapse of the gold domains by the iron oxide cores
and polymer stabilizers for both the primary domains
and the external surfaces of the clusters. For a disper-
sion with 32 pg Au/mL, as determined by FAAS in Fig-
ure 3a, the extinction coefficient at the maximum absor-
bance (730 nm) was 0.025 cm?/p.g Au. The original
dispersion was diluted to this concentration to obtain
an absorbance maximum in the range of 0.4 to 1.0 As-
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Figure 2. Energy-dispersive spectroscopy area scan and line scan coupled with STEM from one nanorose. STEM and EDS were per-
formed on a field emission JEOL2010F transmission electron microscope equipped with an Oxford INCA EDS system. EDS line scan
was performed with the microscope in STEM mode at 200 kV accelerating voltage. C and Cu peaks are from TEM sample grid (Cu) and
ultrathin carbon substrate. Red intensity is from Au, and blue intensity is from Fe.

suming that gold occupies 50% of the volume of a na-
norose with an end—end distance based on Figure 1a,
we found that the dispersion in Figure 3a contained
10'° nanoroses per mL and thus a particle extinction
cross section of o755,m ~ 107 * m2, Similar particle cross
sections were observed for nanocages, nanorods, and
nanoshells.">?8 The nanorose extinction cross section at
755 nm is 6 orders of magnitude larger than that of
freshly prepared indocyanine green dissolved in NaCl
aqueous buffer solution (1 X 1072° m? at 778 nm),
which has been investigated as a NIR dye for laser pho-
tothermal therapy.?*3°

A further examination of the nanorose shape will
now be used to explain the marked red shift in the SPR
from 532 nm for a single spherical gold particle. For a
single core—shell particle of gold on silica, the thickness
of the shell to the core diameter must be in the range of
5% to shift the SPR to 900 nm, according to Mie
theory.?'3? For an average Au coating thickness of 0.7
on 5 nm diameter Fe;0,, the experimental SPR maximum
shifted only to 600 nm, consistent with the above theo-
retical prediction.?> Small
red shifts were also ob-

nm iron oxide core would be too thick to produce
this large SPR red shift.®3 Instead, the red shift was
caused by (1) collective responses of the electrons in
the gold coatings on the closely spaced primary par-
ticles within the clusters and (2) asymmetry in the
thickness of the gold coatings on each particle. An
analogous type of red shift has been observed for
multiple spherical gold particles in close
proximity.'*3'3% |n Figure 1a, short oligomers of pri-
mary particles (subclusters) are evident in the shape
of relatively high aspect ratio rods or bent rods con-
taining kinks where the particles touch, as indicated
in the schematic in Figure 1c. The high aspect ratio
of these rods contributes to the SPR red shift more
strongly than in the case of a dense spherical clus-
ter composed of uniformly spaced primary
particles.?®3" The close approach of the primary par-
ticles coated with dextran is favored by the very
low volume fraction of hydrated dextran in the shell
(see Supporting Information) of 24% in the original
iron oxide particles. A red shift would also be pro-

1.0 0.45
served for 1 nm gold 0.43 |
shells on 10 nm diam- 0.9 | 0.40 |
eter Fe;0,.3* For our 5 @ 8 038 [
nm iron oxide cores, a g 8 S 0.35 1 %
~0.3 nm shell thickness 2 0.7 | g 0.33 -
would be required for § 05 | 1 2 030 ;
an absorbance at 900 <~ < 9.28 | ;;;?g;ggiﬁs
nm. Such thin shells of 0.5 0.25 - » Dl water 180 days
Au on iron oxide have p 0.23 1 Dl water © day
not been reported. In 400 500 600 700 800 900 1000 400 500 600 700 800
our study, thin gold lay- Wavelength (nm) Wavelength (nm)
ers with an average (a) (b)

thickness of ~1 to 2.5
nm were observed. A
uniform shell of this
thickness on a single 5
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Figure 3. UV—vis—NIR absorbance spectra of colloidal nanorose dispersions in various media. (a) Blue dispersion in
the inset indicates a strong absorbance in the NIR region for 32 ug/mL gold, as quantified by the spectra with 1 cm path
length. (b) Similar strong NIR absorbance was observed in DI water, 1X PBS solution, and a DMEM supplemented
with 10% FBS cell culture media, which was stable for ~180 days storage at 4 °C. The optical stability was consistent
with the small change in size according to DLS in Figure 1d.
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duced by differential thickness of the shells on a
given particle at various locations on the surface, as
has been observed for nanoeggs and nanocups with
off-centered cores.?®® This shift results from re-
duced symmetry of the interactions between plas-
mon modes. The very thin shells in the nanorose pri-
mary particles are likely to exhibit these types of
eccentric geometries, although distinguishing bet-
ween the iron oxide and gold is difficult for the com-
plex cluster geometry.

A knowledge of the contribution of absorption ver-
sus scattering for the nanoclusters is important for un-
derstanding various optical imaging applications. A di-
rect optical properties measurement technique was
used to measure the absorption and scattering cross
section of the nanorose dispersion with an integrating
sphere.>”*8 Absorption coefficient and scattering coef-
ficient were computed using eqgs 1 and 2:

M

B =~ )

where x is the sample thickness (80 wm) and S,o and S,
are the measured absorption radiant power with DI wa-
ter and nanorose solution, respectively. The absorption
cross section is given by p, divided by the number den-
sity. Samples were prepared at six nanorose concentra-
tions (385, 193, 96, 77, 39, and 26 p.g Au/mL) with cor-
responding nanorose number densities of 1.2 X 10",
0.6 X 10,04 X 10",0.24 X 10',0.12 X 10", and 0.08
X 10" nanoroses/mL, respectively. For these concen-
trations, the absorption coefficient p, = 29.3,19.2,10.3,
7.6,4.2,and 2.9 cm~" and the corresponding averaged
absorption cross section o, = (3.1 = 0.5) X 10" m?
were computed according to the six nanorose concen-
trations. Data suggest the scattering cross section (o) is
much smaller than the absorption cross section and be-
yond the sensitivity of measurements. According to
Mie theory, the contribution from absorption relative
to scattering increases for spheres as the diameter de-
creases and for nanoshells as the shell thickness de-
creases, consistent with our results for extremely small
particles and thin gold shells.?® Experimentally, this be-
havior has been observed for nanocages with a de-
crease in the particle size.'? The strong absorption for
very small gold domains is beneficial for imaging tech-
niques such as optical coherence tomography and pho-
toacoustic spectroscopy and for photothermal
therapy.”%3°

The normalized saturation magnetization at 300 K
was 34 emu/g Fe;0, as measured by a superconduct-
ing quantum interference device (SQUID) magnetome-
ter (Quantum Design MPMS), as shown in Figure 4a. To
convert from magnetization per total mass of particles
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Figure 4. (a) Normalized nanorose magnetization per gram
of Fe;0, vs field strength at 300 K. (b) Reciprocal spin—spin
relaxation time T, vs iron concentration in water. Relaxivity
value (r,) of 219 mM~' s~" was determined from the slope. (c)
T,-weighted magnetic resonance fast spin echo images of
syringes containing solutions of Feridex I.V. and nanorose
in phosphate buffer saline and blood. Concentrations are
based upon iron content. Tube: (1) saline; (2—4) 1.75, 17.5,
and 52.5 pg Fe/mL Feridex in saline; (5—7) 1.75, 17.5, and
52.5 pg Fe/mL nanorose in saline; (8—10) 1.75, 17.5, and
52.5 pg Fe/mL nanorose in blood. At equivalent iron concen-
trations, these results are consistent with nanorose induc-
ing shorter relaxation time than Feridex.

to a basis of per mass of Fe30,, the mass ratio of Au/Fe
was 3:1, as determined by FAAS, and the polymer
amount was 12% as determined by TGA. The magneti-
zation approached the value of 39 emu/g Fe;0, (54
emu/g Fe) for the original 5 nm iron oxide nanoparti-
cles, indicating little interference from the gold coating.
For single-crystal FesO,, the saturation magnetization
increased with an increase in size from 4 to 12 nm, as
the loss from the surface effect decreased.***" In our
case, the spins in adjacent primary iron oxide particles
were not close enough to raise the mass magnetization
over that of the individual primary particles, as has
been observed for sub-100 nm polymer-coated iron ox-
ide nanoparticles.*?
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The r; transverse relaxivity measured with the 3.0 T
MRI was 219 mM~' s~ (Figure 4b), comparable to the
high value obtained for solid iron oxide spheres formed
in organic solvents at elevated temperatures.*® This r,
value was over twice those typically obtained for iron
oxide spherical particles, including Feridex L.V. (AMAG
Pharmaceuticals, Inc.) approved for clinical use by the
FDA.*® Water protons experience an inhomogeneity in
the external field produced by the local magnetic field
gradient about the superparamagnetic iron oxide par-
ticles.” This gradient produces dephasing of the proton
spins and increases the r, relaxation rate. The r, in-
creases upon nanoparticle assembly into clusters that
raise the cross-sectional area.*'*® For single-crystal
Fe;04 nanoparticles, the increase in mass magnetiza-
tion with an increase in size from 4 to 12 nm produces
an increased r,.*° However, the relationship between
the cluster geometry and r, is not well-understood
theoretically for complex cluster geometries, as in the
case of nanorose.?>*"**** The high r, is favored by the
porous structure of the nanoclusters and the thin gold
coatings (<3 nm) that result in short distances between
iron oxide surfaces and water molecules, which favor
high local inhomogeneities in the magnetic field. For
more typical iron oxide particles with gold shells thicker
than 5 nm, the r, is about an order of magnitude
lower."® It is also enhanced by the iron oxide particles
without gold coatings associated with the clusters that
pack closely together. The higher r, value for the nano-
rose relative to Feridex LV. is manifested in improved
negative contrast (lower T, values and darker images)
in MR imaging, as shown in Figure 4c. Furthermore, the
images become darker with an increase in nanoparti-
cle concentration.

The nanorose clusters exhibit intense single and
multifunctionality whereby the NIR absorbance and
magnetic relaxivity increase markedly upon assembly
of the cluster, relative to the initial ~5 nm primary par-
ticles. Similarly sized virus capsids in nature are also as-
semblies of ~5 nm particles (proteins) with intense
functionality. In the case of virus capsids and templated
synthetic nanoclusters, the clusters are highly ordered
assemblies of nanoparticles, in contrast with the disor-
dered nanorose.?° For the nanorose, the disorder makes
the cluster design and synthesis simpler and more
adaptable because templating agents such as block co-
polymers, DNA, or proteins are not needed.

Cell Targeting, Imaging, and Photothermolysis. Macro-
phages are implicated in every stage of atherosclerosis
from lesion initiation to plaque rupture and clinical
presentation.*>*¢ Tumor-associated macrophages also
play an important role in promoting tumor growth, in-
vasion, metastasis, and angiogenesis.*” ~>° Macrophage
targeting via administration of NIR-sensitive nanoparti-
cles may enhance diagnosis and therapy for both these
conditions. The targeted uptake of nanorose for en-
hancement of cellularimaging and also photothermoly-

www.acsnano.org
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Figure 5. Phase contrast and dark field microscopy images of macroph-
ages labeled with nanorose in DMEM supplemented with 10% FBS me-
dia. The left panels do not include nanoroses. The middle and right pan-
els at two different levels of magnification include nanoroses at 10 png Au/
mL. The dark field reflectance images (20x objective lens) included a 610
nm long pass filter in the path of illumination. All images were recorded
with Xe lamp illumination.

sis was investigated with primary peritoneal macroph-
ages, which were isolated from C57/BL6 mice. These
mice can develop the M2 phenotype associated with
cancer.”’ We incubated 10° cells with nanorose in cul-
ture media for 24 h. In Figure 5, for 10 g Au/mL dose,
the brown domains inside the cell under phase con-
trast mode (40X objective lens) show an extensive
distribution of nanoroses. In the dark field mode,
610—800 nm light was reflected by nanorose-labeled
macrophages producing strong contrast, relative to the
unlabeled control.

A high optical contrast for labeled macrophages for
a relatively low nanorose dose requires high cellular up-
take and a strong absorbance cross section per nano-
rose cluster. As shown in Figure 6 for a concentration of
only 30 pg Au/mL culture media, the uptake reached
saturation at 10* nanoroses per cell for 10° macro-
phages. This uptake level is far above the minimum
value of a few hundred required to discriminate be-
tween nanorose-labeled versus unlabeled macroph-
ages under dark field microscopy with a 40X objective
lens. The optical densities, l0g1q (lo/lsampie), Of Nanorose-
loaded macrophages were collected with a PARISS hy-
perspectral imaging instrument (Lightform, Inc.) in
transmission bright field mode with a halogen illumina-
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Figure 6. Strong uptake of nanoroses by macrophages as
determined by flame atomic absorption spectroscopy for
10° cells.
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Figure 7. Hyperspectral microscopy images illustrating
strong absorbance at 755 nm for nanorose in macrophages
in vitro. The legend provides a color code for the optical den-
sity values up to 0.6. From left to right, macrophages were
incubated with nanoroses (0.0, 1.0, and 10 g Au/mL media)
for 24 h. Area averaged spectra on the same macrophages
are shown in Supporting Information Figure S3.

tor (see Supporting Information). For the three nano-
rose concentrations indicated, 10° macrophages were
incubated with nanoroses in DMEM culture medium
supplemented with 10% FBS for 24 h (Figure 7). A pro-
nounced increase in absorbance was observed over
this concentration range, reaching 0.6, indicating the
potential for high NIR contrast for optical imaging de-
spite the relatively low nanorose dose.

The high NIR absorbance of the nanorose may ben-
efit photothermal cancer therapy of tumors containing

100 pm
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Figure 8. Laser photothermolysis of macrophages in vitro with a single 50 ns
pulse at 755 nm at a fluence of 18 J/cm?. (a) After irradiation without nanorose, New Zealand white rabbit (age = 6 months, weight =
a bright field image with TUNEL staining indicates the macrophage membranes 3 3 kg) intravenously with 12 cc of a colloidal dispersion

were intact. (b) After irradiation with nanorose, a dark field image shows a zone
of macrophage photothermolysis coincident with the laser beam. (c) Radiomet-

ric temperature following pulse radiation over an area with 2 mm diameter.
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macrophages. The macrophages were cultured in
phenol-free DMEM plus 10% FBS media at 37 °C in 5%
CO, for 24 h before they were treated with nanoroses. In
Figure 8, a monolayer of macrophages, which had en-
gulfed nanoroses, was irradiated with a Q-switched al-
exandrite laser for a single 755 nm pulse of 50 ns dura-
tion and a 2 mm spot size providing a fluence of 18
J/em?. A HgCdTe infrared detector was used to mea-
sure the temperature after irradiation. Immediately af-
ter irradiation, Figure 8c shows a 0.7 °C increase over the
2 mm spot, indicating strong absorbance by the nano-
rose. The measured temperature increase represents an
average value over the effective aperture at the air—cell
interface. The actual temperature increase immedi-
ately adjacent to the small nanorose cluster is substan-
tially larger and localized to a small volume. Outside yet
close to the edge of the beam, macrophage cells in a
bright field image (Supporting Information Figure S4)
were stained brown, indicating TUNEL positivity caused
by heating. Identical laser irradiation without nanorose
results in no change in phenotype and absence of
TUNEL positivity. This positivity with nanorose present
may suggest apoptosis, which would be of interest in
the treatment of atherosclerosis and other
macrophage-associated pathologies.

Macrophage Cell Uptake Specificity. To evaluate the speci-
ficity of targeting of macrophage cells associated with
atherosclerosis, the uptake of nanorose among three
major cell types including macrophages, endothelial
cells (EC), and smooth muscle cells (SMC) in the aorta
was evaluated. All cell lines were first allowed to reach
confluence in LabTek chamber slides (Supporting
Information). Each cell type was then treated with 1
rg/mL nanorose in 10% FBS DMEM/endothelial cell
(EC) growth media for 4 h. Control samples were not
treated with nanorose. After 4 h of treatment, all
samples were washed three times with PBS and fixed
in 5% formaldehyde.

According to Figure 9, the dextran-coated nanorose
particles were taken up much more aggressively by
macrophages than either aortic smooth muscle cells or
aortic endothelial cells. The structure of the cells is
shown in greater detail by dark field imaging without
a filter in the Supporting Information (Figure S5). This
specificity is the basis for the following imaging experi-
ments in macrophage cells associated with an athero-
sclerotic rabbit aorta.

Atherosclerotic Rabbit Aorta Imaging. Macrophage target-
ing and imaging may be used to enhance diagnosis
and therapy of atherosclerosis. We performed in vivo
cellular imaging of atherosclerosis in a double-balloon-
injured fat-fed rabbit model known for high prevalence
of macrophages (Figure 10).>> We injected the injured

of nanoroses (1.37 mg Au/kg body weight). The in vivo in-
travenous dose given to the rabbit is comparable to the
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currently FDA approved value of 100 mg for a single injec-
tion of gold sodium thiomalate (per a 70 kg human body)
used in the treatment of rheumatoid arthritis.® Three
days following gold nanorose injection, the rabbit was eu-
thanized and aortic specimens were harvested. The
plaque-based macrophages engulf nanorose following
intravenous injection, as demonstrated via co-localization
of macrophage immunohistochemistry (RAM-11 posi-
tive) and nanorose identified with both dark field micros-
copy and hyperspectral imaging (see Figure 10 legend
for details). Nanoroses engulfed by the macrophages re-
tain their strong NIR absorbance seen in solutions and cell
culture (Figures 3 and 7). High nanorose uptake and ab-
sorbance, along with the absence of NIR reflective com-
ponents of native rabbit aorta, provide high contrast be-
tween macrophages and surrounding tissue.

CONCLUSION

Strong NIR and magnetic functionality were loaded
into very small ~30 nm nanoclusters that were rela-
tively stable for 8 months. The nanoclusters were
formed by kinetic assembly of Au/iron oxide nanocom-
posite building blocks with only a small amount of poly-
meric stabilizers. The closely spaced and asymmetric
thin gold coatings on the primary particles and poros-
ity of the nanoclusters favor high NIR absorbance as a
result of collective responses of the electrons and re-
duced symmetry of the interactions between plasmon
modes. The large degree of empty space in the clusters
is beneficial for further addition of adsorbed or conju-
gated (onto gold) drugs, antibodies, and aptamers.'®
The primary components of the particles, iron oxide, Au,
dextran, and poly(vinyl alcohol) (PVA), are acceptable
for administration to humans, without the need for
toxic surfactants or toxic metals. The small size of the
nanoclusters and the dextran surface coating are shown
to facilitate high uptake by macrophages, which con-
tain dextran receptors.® The high uptake and intense
NIR absorbance are shown to provide high NIR contrast
in dark field and hyperspectral microscopy, both in cell
culture and an in vivo rabbit model of atherosclerosis. A
single 50 ns laser pulse at 755 nm is sufficient for pho-
tothermal destruction of nanocluster-laden macro-
phages. Small and stable nanoclusters of nanocompos-
ite primary particles with strong multifunctionality, de-
signed by this general approach, will offer broad oppor-
tunities for cellular imaging and altering cell biology
for the treatment of diseases such as atherosclerosis
and cancer.

METHODS

Synthesis of Iron Oxide Dispersion. The iron oxide nanoparticles
were synthesized by using a modified method of Shen et al.>* Fif-
teen milliliters of dextran aqueous solution (15% w/w) was titrated
with 4 mL of NH,OH (>25% w/w) to pH 11.7. The alkali-treated dex-
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Figure 9. Specificity of nanorose into macrophages versus aortic endothelial
cells and aortic smooth muscle cells by dark field microscopy with a 610 nm
long pass filter. The top row is a control without incubation of nanorose. In
the bottom row, the bright spots indicate NIR reflectance from

nanorose in macrophage cells, at wavelengths above 610 nm, which is not
evident for the other cells.

Nanorose
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Figure 10. Histological sections of atherosclerotic rabbit aorta.
Leftmost images are double-balloon-injured aorta after intra-
venous injection with nanorose; rightmost images are from a
saline-injected control rabbit. RAM 11 stain (brown color)
shows macrophages are present in both rabbits. Dark field
microscopy with a 610 nm long pass filter shows nanorose in
the double-balloon-injured aorta only (bright red reflections).
Hyperspectral images (integrated reflectance intensities of
light between 610 and 800 nm) show nanorose (yellow-red
intensities) within the macrophages (blue intensities) in the
double-balloon-injured aorta.

tran solution was heated in a flask with magnetic stirring to 25 °C
in a water bath. Five milliliters of freshly prepared 0.75 g of

FeCl; - 6H,0 and 0.32 g of FeCl, - 4H,0 aqueous solution was gradu-
ally injected into the alkali-treated dextran solution after passing
through a hydrophilic 0.2 pm filter. The black suspension was
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stirred for 0.5 h. The subsequent mixture was centrifuged at 10 000
rpm for 20 min to remove the aggregates. The supernatant was de-
canted and dialyzed against DI water for 24 h. For a dialysis bag
(Spectra/Pro 7, Spectrum Laboratories Inc.) with 25 kDa molecular
weight cut off, heavy metal ions, excess salts, ammonium, and un-
bound dextran molecules were removed from the particle disper-
sion. To concentrate the dispersions and further remove free dext-
ran from the particles, a centrifugal filter device (Ultracel YM-30,
Millipore Co.) was used with a relative centrifugal force of 1500g.
The size of the iron oxide nanoparticles in this supernatant mea-
sured by HRTEM was 5.2 = 0.8 nm, and the pH was 7.3. The con-
centration of iron oxide from FAAS was 14.6 mg Fe/mL. After dilu-
tion to 0.1 mg/mL Fe, DLS gave an average hydrodynamic diameter
of 14 nm at 25 °C (see Supporting Information Figure S1).

Nanorose Growth and Purification. To synthesize the nanorose,

0.1 mL (14.6 mg Fe/mL) of 5 nm dextran-coated iron oxide nano-
particles was dispersed in 8.9 mL of DI water, and 100 pL of 1%
hydroxylamine seeding agent was added; 0.5 g of dextrose was
used as a more mild reducing agent compared with sodium cit-
rate that was used previously.>* Before starting the Au precursor
addition, 20 pL of 7% NH,OH solution was added to the iron ox-
ide dispersion to tune the pH to 9.0. A 100 p.L aliquot of 6.348
mM HAuCl, aqueous solution was added to the stirred disper-
sion. After 10 min, a second 100 pL aliquot was added. This pro-
cedure was repeated two more times for a total of 400 p.L of
HAuCl,. A gradual change in color from brown to dark brown oc-
curred during the four aliquot additions, and the pH decreased
to 7.0. The dense gold-coated iron oxide particles were sepa-
rated from the less dense uncoated particles by centrifugation
at 6000 rpm for 6 min; 1.6—2.3% iron oxide nanoparticles from
the original reaction was incorporated in the nanorose precipi-
tate as determined by FAAS. After decanting the supernatant, we
re-dispersed purified gold-coated iron oxide nanorose in DI wa-
ter. Dialysis bags were used to purify the nanoroses further
against DI water for 24 h, and the dispersions were sterilized by
passage through a 0.45 um pore size Nylon filter. The purified
particles were then concentrated by centrifugal filter devices
(Ultracel YM-30, Millipore Co.) to 700 ng Au/mL in a total vol-
ume of 0.1 mL. The final product appeared dark blue in color to
the unaided eye. To improve the steric stabilization of the nano-
rose clusters, 40 L of 2% poly(vinyl alcohol) MW 22 000 was
added to the dispersions. After 8 months storage, a small por-
tion of the settled particles was redispersible by manual shak-
ing without any visible aggregates.

Dynamic Light Scattering. Dynamic light scattering analysis was
performed in triplicate on a custom-built apparatus (scattering
angle: 90°), and the data were analyzed using a digital autocorr-
elator (Brookhaven BI-9000AT) and a non-negative least-squares
(NNLS) routine (Brookhaven 9KDLSW32).>° The dispersion con-
centration was 0.02—0.04 mg Au/mL, which gave a measured
count rate of approximately 300—400 kcps. All dispersions were
filtered through a 0.2 um filter and probe-sonicated for 2 min
prior to measurement.

Determination of Absorption and Scattering with an Integrating Sphere.
A lens coupled fiber optic laser (Opto Power, Inc.; Model FCTS/B)
was used to irradiate a sample positioned inside an integrating
sphere. The sample was positioned in a glass sample holder and
consisted of two microscope slides displaced by 80 um. The
sample holder was positioned in the center of the integrating
sphere and oriented perpendicular to the incident laser beam
(3 W, 800 nm, CW mode). A power meter (Newport, Inc.; Model
1935-C) was placed at a port of the integrating sphere oriented
perpendicular to the laser beam. For absorption coefficient ()
measurement, the radiant power was measured with the sample
holder containing DI water and nanorose solution. The directly
transmitted beam through the sample holder was contained
within the integrating sphere and contributed to the measure-
ment. For scattering coefficient () measurement, the same pro-
cedure was followed except that the directly transmitted beam
was allowed to exit the integrating sphere and did not contrib-
ute to the measurement.

In Vitro Magnetic Resonance Imaging. All MRI experiments were
performed with a 3.0 T clinical MRI instrument (Trio, Siemens
Medical Solutions) with a circularly polarized, transmit-receive
knee coil. The resonant frequency was 123.208591 MHz. The mi-
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croscopic transverse relaxation time (7,) was measured for vari-
ous concentrations of nanorose particles by applying spin echo
(SE) pulse sequences at room temperature with Tz = 2 s and in-
creasing the echo time (Tg) for successive scans: Te = 7, 14, 28, 56,
112, 224, 448, and 896 ms. Other parameters included the num-
ber of acquisitions (Na) = 1, pixel resolution = 0.351 mm X 0.351
mm, bandwidth = 200 Hz/pixel, and section thickness = 2 mm.
Following data collection, regions of interest (ROIs) were drawn,
and the mean signal intensity in each tube was recorded. Nonlin-
ear least-squares fitting was used to solve for T, as a function of
iron concentration in millimolar. The relaxivity value (r, in mM~'
s~") for the nanorose dispersion was calculated using T, mea-
surements done with a series dilution of colloidal suspension in
water.

In Vitro Macrophage Photothermolysis Study. For photothermolysis,
1 mL of culture media containing 1 g of nanorose was incu-
bated in each well of a dual chamber slide for 24 h followed by
intensive 1X PBS washing to remove nonengulfed nanoparti-
cles. The amounts of gold and iron in the engulfed nanorose
were determined by FAAS. The macrophages were cultured for
another 24 h after each laser treatment before staining and mi-
croscopy imaging. A Candela Alexlazr laser (Candela Corpora-
tion, Wayland, MA) with a wavelength of 755 nm was used to ir-
radiate the slides. Radiometric temperature was measured by
focusing the IR radiation with a parabolic mirror onto a HgCdTe
infrared detector (Fermionics Corporation, Simi Valley, CA) with
11 wm cutoff wavelength. The measured voltage was calibrated
to a temperature using a blackbody source.

Hyperspectral Microscopy. The Pariss hyperspectral system was
coupled to a Leica microscope and measured the spectra of
transmitted light at each pixel in an image, for illumination with
a halogen lamp (300—780 nm). A single vertical section of the
sample image was projected onto a prism through a 25 pm slit
and a prism dispersed the one-dimensional image onto a two-
dimensional Q-imaging Retiga EXi CCD detector, with spatial in-
formation encoded on one axis and spectral information on the
orthogonal direction. The macrophage samples were laterally
scanned via a piezoelectric stage to construct a three-
dimensional hyperspectral data cube. A blank slide containing
1X PBS was used to acquire spectrum of the illumination lamp.

Atherosclerotic Rabbit Model. All experimental procedures were
performed in accordance with protocols approved by the Uni-
versity of Texas Institutional Animal Care and Use Committee.
Atherosclerotic plaques rich in macrophages were induced in
New Zealand white rabbits by double-balloon injury and high
cholesterol, high fat feeding as previously reported.> The tis-
sue specimens were fixed in 10% formalin for 24 h, processed for
histology, and embedded in paraffin. An aortic specimen from
a control rabbit was prepared. The control rabbit (age = 6
months, weight = 3.3 kg) was fed and injured in the same way,
but received 12 cc of saline without any nanorose.
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