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anomedicine, broadly defined as

the application of nanoscale mate-

rials and measurements toward
problems of biomedical importance, has
also become a driving force for new con-
cepts in nanoscience and technology. A
substantial fraction of this activity is focused
on the development of multifunctional
nanoparticles (NPs) that can enhance or in-
troduce unique modalities in biomedical
imaging, with the extra potential of com-
bining imaging with therapeutic action (aka
theranostics). Two types of NPs with par-
ticular promise as theranostic agents are
plasmon-resonant colloidal Au particles and
superparamagnetic iron oxide (Fe;0,) par-
ticles, both of which are under active inves-
tigation for clinical applications." Au NPs
can be prepared in anisotropic forms to
support large optical cross sections at near-
infrared (NIR) wavelengths and are favored
in optical imaging modalities for their high
transmittivity through biological tissues.
Fe;04 NPs are useful as T,-weighted con-
trast agents in magnetic resonance imag-
ing (MRI) and can respond to magnetic field
gradients for applications requiring site-
specific localization (e.g., magnetofection)
or separations (e.g., cell sorting). Plasmon-
resonant and magnetic NPs can also medi-
ate localized hyperthermic effects, and their
applications toward tumor cell thermolysis
and tissue ablation are now
well-documented.'?

The integration of magnetic and plas-
monic functions into a single platform
has obvious benefits for nanomedicine
applications and has been the objective
of several novel developments in multi-
functional NPs.37'® We were interested in
the possibility of combining polarization-
sensitive plasmons with magnetomotive
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ABSTRACT Plasmon-resonant gold nanostars (NSTs) with magnetic cores were synthesized by a multistep

sequence from superparamagnetic Fe;0, nanoparticles (NPs) and evaluated as optical contrast agents under

magnetomotive (MM) imaging conditions. Core —shell Fe;0,@Au NPs were prepared in nonpolar organic solvents

with nanometer control over shell thickness and with good epitaxy to the Fe;0, surface. Anisotropic growth was

performed in micellar solutions of cetyltrimethylammonium bromide (CTAB) under mildly reducing conditions,

resulting in NSTs with physical features similar to those produced from colloidal gold seeds. NSTs could be produced

below 100 nm from tip to tip, but seed size had a significant impact on growth habit, with larger seed particles

producing submicrometer-sized “morning stars”. Both NSTs and aggregated core—shell NPs are responsive to in-

plane magnetic field gradients and can provide enhanced near-infrared (NIR) contrast under MM conditions, but do

so hy different mechanisms. NSTs can modulate polarized NIR scattering with minimal translational motion,

giving the appearance of a periodic but stationary “blinking”, whereas core—shell NP aggregates require lateral

displacement for signal modulation. The polarization-sensitive MM imaging modality offers the dual advantage of

enhanced signal quality and reduced background signal and can be applied toward the detection of

magnetomotive NSTs in heterogeneous biological samples, as illustrated by their detection inside of granular

cells such as macrophages.
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activity to support dynamic modes of op-
tical imaging, as a mechanism for coun-
tering the intrinsically high scatter in bio-
logical tissues. This concept has recently
materialized in the demonstration of gy-
romagnetic imaging, a dynamic modality
based on the periodic scattering behavior
of Au nanostars (NSTs) containing mag-
netic cores." The novelty of gyromag-
netic imaging originates from the NSTs’
polarization-sensitive plasmon modes,
which support a periodic modulation in
NIR scattering intensity while gyrating in
response to a rotating magnetic field gra-
dient. The spatiotemporal data can be
transformed into frequency-selective im-
ages with a drastic reduction in back-
ground noise, enabling NSTs to be de-
tected against a field of brighter but
aperiodic scatterers.

VOL.4 = NO.9 =

nanomedicine : nanostars -

@ This paper contains enhanced
objects available on the Internet at
http://pubs.acs.org/journals/ancac3.

*Address correspondence to
alexwei@purdue.edu.

Received for review May 29, 2010
and accepted July 29, 2010.

Published online August 6, 2010.
10.1021/nn101202h

© 2010 American Chemical Society

5163-5173 = 2010 A@q%{g)

5163



5164

Fe,0,NP
(8.4-13 nm)

HAUCI,, AGNO,

AUCl,, C¢-diol
ﬁ

octyl ether, 190 °C

Fe,0,@Au NP
(9.0-16.4 nm)

ascorbic acid
CTAB, H,O

e

NST with Fe;O, core

Figure 1. (a) Synthetic scheme of Au nanostars (NSTs) with Fe;0,
cores; (b) TEM image of NSTs. Bar = 500 nm.
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Here we present a multistep synthesis of Au
nanostars with Fe;O, cores, with a systematic
examination of the factors affecting the outcome
of the final structures (Figure 1). Fe304 NPs are
converted into core—shell Fe;0,@Au NPs under
solvothermal conditions with nanometer control
over shell thickness,'> "¢ followed by the seeded
growth of NSTs in aqueous micellar solutions of
cetyltrimethylammonium bromide (CTAB) with
good responsivity to low magnetic field gradients
(B ~ 60 G). The micellar conditions of the latter
step are widely used in the synthesis of anisotropic
Au NPs such as NSTs and nanorods, but the
size of the core—shell NP seeds is critical in deter-
mining the shape and size of the final
nanostructures.
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With respect to optical contrast, NSTs and other
magnetomotive particles are able to support dy-
namic modes of optical imaging based on their re-
sponse to linear (in-plane) magnetic field gradients,
generated simply by periodic cycles of on—off
switching. Magnetomotive (MM) imaging using
transverse field gradients is complementary to but
distinct from gyromagnetic imaging, whose contrast
is generated by rotating magnetic field gradients."
We elected to develop MM imaging based on polar-
ized scattering, using a standard optical microscope
and a broad-band excitation light source. Contrast is
enhanced by combining technological advances in
image data collection with Fourier-based signal pro-
cessing, while keeping hardware requirements as
simple and low-cost as possible. In this study, we
show that both NSTs and core—shell NPs can be ap-
plied toward dynamic optical imaging but differ in
their responses to in-plane field gradients, with sub-
sequent impact on their mechanisms for generating
magnetomotive contrast.

RESULTS AND DISCUSSION

Synthesis of Core—Shell Au@Fe;0, Nanoparticles. [ron ox-
ide nanoparticle seeds (4.3 = 0.5 nm) were pre-
pared in octyl ether by the reduction of Fe(lll)(acety-
lacetonate); with 1,2-hexadecanediol in the
presence of oleylamine and oleic acid, using the
methods developed by Sun and co-workers.'”®
These were isolated by precipitation with ethanol
and resubjected to similar reaction conditions to
produce larger iron oxide NPs. Adjusting the
amounts of oleylamine and oleic acid resulted in uni-
form particles with diameters up to 12.8 nm (Figure
2a) and were visibly responsive to weak magnetic
field gradients (B ~ 60 G). High-resolution transmis-
sion electron microscopy (HRTEM) of the larger NPs
revealed most of these to be single crystals, with lat-
tice planes along the (111) and (110) directions (Fig-
ure 2b). Selected area electron diffraction (SAED)
and powder X-ray diffraction (XRD) produced pat-
terns corresponding to an inverse spinel structure
having a face-centered cubic (fcc) phase (space
group Fd3m), with a cell parameter of 8.4052 A as
obtained by Rietveld refinement (Figure 2c,d). This
value matches well against that of bulk fcc-Fe;0,
(JCPDS 79-0418; a = 8.3985 A). Furthermore, heat-
ing Fes0, NPs at 500 °C for 12 h under an inert atmo-
sphere did not induce any significant changes in dif-
fraction pattern (Figure S1, Supporting Information),
whereas colloidal y-Fe,03 (obtained from commer-
cial sources) experienced a phase transition to
a-Fe,03, as characterized by XRD. This supports ear-
lier claims that the iron oxide particles made by this
route are composed mostly of Fe;0,4."”
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Core—shell Fe;0,@Au NPs were synthesized from
freshly prepared Fe;O, particles by treatment with
AuCl; at room temperature followed by heating to
190 °C in octyl ether for 90 min, adapting the condi-
tions developed by Zhong and co-workers for smaller
(<6 nm) Fe;0,4 NPs.'® Ultrathin Au shells were formed
using Au/Fe mole ratios between 2 and 3.3; TEM size
analysis indicated shell widths ranging from an atomic
layer of Au on 8.4 nm Fe30,4 cores to 1.3 nm shells of Au
on 12.8 nm Fe;0, cores (see Table 1). Interestingly, at-
tempts to grow thicker (>2 nm) shells resulted in less
uniform growth, with relative standard deviations in
particle size of over 10%; the thicker shells also had an
adverse effect on subsequent nanostar growth (see be-
low). It is worth mentioning that thicker Au shells have
been grown around colloidal Fe;0, particles by the phy-
sisorption of small Au nuclei, followed by electroless
deposition.'2!

HRTEM analyses of individual Fe;0, and core—shell
NPs suggest a favorable epitaxy between lattice planes
in the Fe;0,4 core and the Au shell (Figure 3). The meas-
ured (222) spacings of nanocrystalline Fe;0,4 (d = 2.45
A, Figure 2b) are within 3% of the (111) spacings of Au
in the core—shell NPs (d = 2.37—2.42 A) and also close
to that measured in bulk Au (JCPDS 04-0784; d = 2.35
R). Similarly, the measured (220) spacings of Fe;0, (d =
2.97 R) are within 3% of the (110) spacings of Au (d =
2.88 A), measured in both core—shell NPs and bulk Au.
HRTEM analysis of the Au shell also reveals twinned de-
fects at the boundary of two (111) lattice planes (Fig-
ure 3c¢). Twinning is well-known to reduce surface en-
ergy strain and can promote the formation of (111)
planes, which are strongly favored in the growth of Au
nanostructures.??

Both TEM and powder XRD analyses indicate the
growth habit of the Au shell to be essentially isotro-
pic, with an increase in shell thickness correspond-
ing to a sharpening of the XRD peaks (see Figures 4
and S2, Supporting Information). As noted previ-
ously, the Fe;04 phase enveloped within the Au shell
is hardly detectable.'' Indeed, the X-ray scattering
from Au completely dominates the XRD spectrum,
even in the case of Fe;0,@Au NPs with shell thick-
nesses corresponding to a single atomic layer
(Figure 4b. While the XRD peaks of the core—shell
NPs match well with that obtained from bulk Au,
their line widths belie the thicknesses of the ul-
trathin Au shells. Applying the Debye—Scherrer
equation to the (111) peaks (D = 0.9\/B cos 6, where
\ is the X-ray wavelength for Cu Ka (1.5406 A) and
B is the fwhm in radians) produces effective grain
sizes ranging from 4.5 to 12.4 nm, less than the over-
all particle diameters (9.0—16.4 nm) but much larger
than the shell thicknesses (0.3—2.0 nm) estimated
by HRTEM (Table 1). The fact that the Scherrer val-
ues are lower than the particle diameters is ex-
pected, considering the intrinsic heterogeneity of
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Figure 2. (a,b) TEM and HRTEM analysis of 12.8 = 0.9 nm Fe;04 NPs; (c,d)
SAED and powder XRD pattern with Rietveld refinement (in red).

the core—shell system. On the other hand, it is re-
markable that these values are so much larger than
the shell thicknesses, a possible indication of the
close epitaxial relationship between the (111) lat-
tice planes in the Au shell and the underlying Fe;0,
core.

At first glance, the small lattice mismatch be-
tween the lattice parameters of Fe304 and fcc-Au
(<3%) suggests a heteroepitaxial mechanism for
core—shell growth, similar to that described for bi-
nary Fe;0,/Au nanostructures.*” However, the direct
application of electroless Au deposition onto larger
Fes04 NPs (>16 nm) does not yield core—shell struc-
tures, although the chemistry is essentially identical
to that used with smaller Fe;04 NPs. A recent study
involving the deposition of Au onto planar
Fe304(111) substrates indicates that, while hetero-
epitaxy is favorable, the gain in adhesion energy is
insufficient to promote total monolayer coverage
and does not prevent the formation of 3D Au islands
with lower surface area.? This suggests that the

TABLE 1. TEM and Debye—Scherrer Analysis for
Core—Shell Fe;0,@Au NPs

TEM size analysis” XRD (Scherrer analysis)®

entry  dge (nm) e (NM) thar (nNm) B (rad) D (nm)

1 84+11 9.0 =09 0.3 0.033 45
2 9507 119*+13 1.2 0.020 73
3 128X09 154%13 13 0.014 10.8
4 12510 16419 2.0 0.012 124

“Based on minimum particle count () of 100; see Figure 2. *Based on (111) peaks
in Figures 4 and S2 (Supporting Information).
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a

Figure 3. HRTEM analysis of core—shell Fe;0,@Au NPs (15.4 = 1.3 nm). (a,b) Lattice planes of Au shell indicates growth in
both the (111) direction (d = 2.37—2.42 A) and the (110) direction (d = 2.88 A). (c) Twinned defect at the boundary of two

(111) lattice planes (white line). Bar = 2 nm.

growth of ultrathin Au shells around Fe;04 NPs is
not simply driven by favorable heteroepitaxy and re-
quires further study to elucidate the basis for such
fine control over shell thickness.

Synthesis of Au Nanostars with Magnetic Cores. Methods
for producing stellated or hyperbranched gold
nanostrutures have been described previously, us-
ing either a direct “one-pot” synthesis?*~2° or by
seeded growth.3°73> The Au NP seeds can be pre-
pared in either aqueous solutions or in organic sol-
vents, and additives can be introduced to increase
the branching of the final nanostructures. In this
study, we used the Fe;0,@Au NPs described above
to seed the growth of NSTs in aqueous, micellar
CTAB solutions, a condition well-known to promote
anisotropic growth.3%33

NSTs were synthesized by dispersing Fe;0,@Au
NPs in 2.5 mM sodium citrate (ca. 4 mg/mL), fol-
lowed by their injection into a growth medium com-
posed of CTAB, HAuCl,, AgNOs, and ascorbic acid
(Figure 5a—c). The growth of NSTs was essentially
complete within 15 min, and the final nanostruc-
tures were stable for at least a month at room tem-
perature, following the removal of excess CTAB (see

a

(<)

3}

30 40 50 60 70 80 90
20 (degree)
Figure 4. XRD spectra as a function of Au shell thickness,
with Rietveld refinements. (a) Fes04 NP (d = 12.8 nm) with-
out Au shell; (b) core—shell NP with 0.3 nm Au shell (Table 1,

entry 1); (c) core—shell NP with 2.0 nm Au shell (Table 1, en-
try 4).
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below). HRTEM analysis along individual NST spines
revealed the presence of multiple twinning defects
and overall growth along the (111) direction, similar
to that observed in previous analyses.*® Extinction
spectra were characterized by strong NIR bands with
a shoulder starting from 700 nm, corresponding to
the NSTs' anisotropic projections.3” The Fe;0,4 core
had minimal influence on the optical properties of
the NSTs, which was confirmed by a comparison with
NSTs generated from citrate-stabilized colloidal Au
seeds (see Supporting Information). However, the
initial concentration of HAuCl, was important for
generating multipodal NSTs with NIR activity. A
several-fold reduction in Au ion concentration re-
sulted in fewer projections and lower anisotropy,
with extinction bands centered around 650 nm (Fig-
ure 5d,e).

It is important to note that hyperbranched
growth is highly sensitive to the preparation of the
growth solution and also to seed dispersion condi-
tions. With respect to the growth solution, we found
that the sequential addition of HAuCl, and ascorbic
acid to the CTAB/AgNO; mixture, with a short (15
min) induction period between additions, gave the
most reproducible results. Adding ascorbic acid im-
mediately after HAuCl, resulted in smaller NPs and
fewer star-shaped particles, whereas adding seed
particles immediately after ascorbic acid resulted in
a lower overall yield. With respect to dispersion con-
ditions, the use of citrate-stabilized Fe;0,@Au NPs
resulted in the growth of multipodal structures,
whereas Fe;0,@Au NPs stabilized in CTAB solutions
produced essentially isotropic NPs under identical
conditions. The difference in growth habit is obvi-
ous upon visual inspection: suspensions of NPs gen-
erated from CTAB-stabilized seed particles appear
wine-red with a relatively narrow plasmon resonance
band close to 550 nm, whereas suspensions of NSTs
produced under optimized growth conditions ap-
pear dark blue with transmitted light but brownish-
orange under scattering conditions, with extinction
bands in both the visible and NIR regions (Figure 5c).
These observations are in accord with an earlier
study by Hafner and co-workers,** in which CTAB-
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Figure 5. (a,b) TEM image and HRTEM analysis of Au NSTs with Fe;0,4 cores grown from citrate-stabilized Fe;0,@Au NPs;
[HAuCl,] = 7.8 mM. (c) Extinction spectrum of NSTs, with bimodal maxima at 620 and 800 nm. (d,e) TEM image and extinc-
tion spectrum of anisotropic particles grown from citrate-stabilized Fe;0,@Au NPs; [HAuCl,] = 2.1 mM.

stabilized Au NPs (d ~ 10 nm) were far less effec-
tive at inducing anisotropic growth. Unlike the case
of Au nanorods, in which small (<4 nm) Au nanopar-
ticle seeds are presumed to have a relatively high
density of twin defects for initiating rapid growth,
the NPs used to seed NST growth are covered pre-
dominantly by (111) facets. Given the lower density
of twinning defects in these larger seed particles,
anisotropic growth may be effectively inhibited by
saturating these sites with surface-active agents,
such as CTAB, before their exposure to the growth
solution.

The anisotropic radial growth step also appears to
have a temporal component. Core—shell NPs with
thicker Au coatings (tsen ~ 7 nm) typically generated
submicrometer-sized particles coated with short spines,
reminiscent of spiked mace heads or flails used in me-
dieval combat (Figure 6). The low aspect ratios (projec-
tion length versus particle diameter) featured in such
“morning star” particles indicate a two-stage growth
process: an induction period dominated by rapid, auto-
catalytic growth, followed by kinetically controlled
deposition at twin boundaries along local (111) axes.
The growth of these projections at a late stage implies
that (i) twinning defects are constantly being generated
at the particle surface during the isotropic growth stage
and (ii) as overall growth rates decrease due to con-
sumption of HAuCl,, deposition at twin boundaries with
net growth in the (111) direction becomes the domi-
nant growth mechanism. Preferential growth along
twinning planes is well-known to minimize strain en-
ergy and is sufficient to explain the final outcome,

www.acsnano.org
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although surface passivation is likely also important for
stabilizing the higher energy surfaces featured in aniso-
tropic nanostructures.®

Figure 6. (a) TEM image of morning star particles (d,, > 200
nm), grown from 27 nm core—shell Fe;0,@Au NPs. (b) Model
of a morning star flail.
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Time-averaged images

magnetomotive images
41248 jd

SBR =72

Figure 7. Polarized dark-field imaging of NSTs on polymer-coated glass slides under magnetomotive conditions (100X ob-
jective; 1 pixel = 226 nm). (a—d) Time-averaged image of single NST using 780 nm laser excitation versus w-filtered MM im-
age of NST at 780 nm (6000 frames, w = 5 Hz). Peak SNR is enhanced by 11.9 dB and SBR by 12. (e—h) Time-averaged and
w-filtered MM images of NSTs using a broadband source with long-pass filter (Ao, > 650 nm). Peak SNRs for upper and lower
NST are enhanced by 15.7 and 27.0 dB, respectively; SBR by 20 and over 80. Bar = 3 pm.

@ See video of blinking NSTs at 5 Hz.

Magnetomotive Imaging of Plasmon-Resonant Nanostars
and Core—Shell Fe;0,@Au Nanoparticles. Several examples
of hybrid magnetic—plasmonic nanostructures with
NIR activity have been reported, with the rationale of
using the magnetic component for separations or
MRI contrast.>~'° As we and others have shown, hy-
brid nanostructures can also support novel, dynamic
modes of optical imaging driven by magnetic field
gradients.'"*° Magnetomotive (MM) imaging modali-
ties have been developed for optical coherence to-
mography (OCT), based on field-induced perturba-
tions in the morphology-dependent scattering of
tissues impregnated with magnetic NPs,**4!" and may
be further utilized for evaluating the mechanical
properties of the embedding materials, based on
their viscoelastic responses to applied magnetic
fields.*2~44

MM imaging has the singular advantage of en-
abling image analysis in the frequency domain, with a
substantial reduction in both noise and background
level. Pixelated data collected in the time domain can
be subjected to Fourier transform (FT) and filtered at a
specific frequency to generate images with dramatically
enhanced contrast."” Frequency-filtered MM imaging
of cells labeled with core—shell Fe;0,@Au nanoparti-
cles has been performed at visible wavelengths, using
a magnetomotive force oscillating at a low driving fre-
quency (o < 2 Hz).*® We recently demonstrated the en-
hanced NIR detection of individual NSTs by gyromag-
netic imaging, using a magnetically induced torque to
modulate the amplitude of polarized scattering at twice
the driving frequency (2w)."" Under these conditions,

AN() VoL 4 « NO.9 + SONG ET AL

the in-plane motion of NSTs is barely noticeable in
most cases, giving the appearance of a periodic but sta-
tionary “twinkling”.

In this study, we use in-plane magnetic pulses to
produce frequency-selective optical contrast. An
electromagnet operating with a 50% duty cycle at a
low driving frequency (1—20 Hz) was used to gener-
ate transient magnetic field gradients (B ~ 60 G) dur-
ing the collection of polarized NIR scattering from
NSTs on polymer-coated glass slides (see Experimen-
tal Section). Periodic modulations in scattering am-
plitude or “blinking” were recorded as digitized im-
ages (800—7200 frames, collected up to 125 fps),
then subjected to FT to produce w-filtered images
of high quality. MM contrast can be generated us-
ing either a 780 nm solid-state laser for incident illu-
mination (Figure 7a—d) or an inexpensive white
light source equipped with a long-pass filter (A >
650 nm, Figure 7e—h), with peak signal-to-noise ra-
tios (SNR) typically in the range of 30—50 dB and
signal-to-background ratios (SBR) in the tens to hun-
dreds, based on the video recording conditions for
this study. The same NSTs were also subjected to gy-
romagnetic imaging conditions using the same opti-
cal workstation and a rotating field gradient of 80
G,"" which yielded 2w-selective images of compa-
rable quality and contrast as those obtained through
w-selective MM imaging. However, we note that the
signals generated by NSTs under gyromagnetic con-
ditions are more uniform, for reasons to be dis-
cussed below.

It should be noted that peak SNR and SBR values
are related but have different meanings. Peak SNR is
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commonly used to evaluate signal quality, whereas
SBR is more practical for evaluating image contrast. In
this study, their values are derived simply as

Ayer — A
SNR(dB) = 20 x |og(Lbk) (1)
bk
ANST
SBR = —=1 2)
Abk

where Ayst and Ay represent the mean intensities of
pixel values corresponding to peak signal and a se-
lected background region (60 pixels on average), and
ok is the standard deviation of Ap."!

The initial SNR and SBR values in time-averaged
images using NIR laser illumination (prior to FT) are
already quite good due to low background
(Figure 7a,b), so enhancements by MM imaging can
be relatively modest with an increase in SNR by 12
dB and a 10—20-fold increase in SBR. On the other
hand, NSTs imaged using broad-band illumination
(Figure 7e,f) suffer from higher noise levels, with sig-
nals close to the limit of acceptable quality and con-
trast (SNR = 20—22; SBR = 2.5—3.0). These weak sig-
nals are dramatically enhanced under MM imaging
conditions, with improvements in SNR of up to 27 dB
and in SBR by as much as 2 orders of magnitude (Fig-
ure 7g,h). Therefore, MM imaging can be particu-
larly effective for enhancing the detection of weak
signals in noisy environments.

The MM contrast mechanism in Figure 7 is prima-
rily based on torque-induced amplitude changes in
polarized scattering, driven by the reorientation of
the core’s magnetic moment in the direction of the
applied field. Lateral displacements of NSTs induced
by in-plane field switching are typically at the reso-
lution limit of the imaging conditions (0.23 pm/
pixel) and are not a requirement for signal modula-
tion. Furthermore, while some variability in
amplitude modulation exists between NSTs, the
time-averaged (rms) intensity of each scatterer is es-
sentially constant over the duration of the imaging
experiment. This suggests that (i) NSTs adopt
bistable states in response to magnetomotive
switching, and (ii) the NIR-active plasmon modes of
each state are differentially aligned with respect to
the polarization plane (Figure 8). It should be noted
that the Fe;0, core is roughly spherical and its mag-
netization is not associated with the structural ani-
sotropy of the NST, meaning that MM imaging does
not require a correlation between the radial plasmon
mode and the magnetic easy axis, similar again to
gyromagnetic imaging."" Therefore, a switch in plas-
mon orientations is sufficient for a significant change
in polarized scattering.

The modulation of polarized scattering between
on/off states (i.e., states 1 and 2) is periodic for the
majority of MM-active NSTs, as is evident in the

www.acsnano.org
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Figure 8. Generation of magnetomotive contrast from
polarization-sensitive NSTs. (a) Bimodal orientation of NST
spine with NIR-active (radial) plasmon mode in response to
in-plane magnetic field gradient (on/off states), accompa-
nied by a change in polarized scattering intensity. No corre-
lation is assumed between plasmon dipole and magnetic
easy axis. (b) Periodic modulation in polarized scattering
from single NST responding to a driving frequency of 1 Hz.
(c) Power density spectrum of MM scattering, with a charac-
teristic peak at 1 Hz.

w-selective signal generated by NIR laser irradiation
(Figure 8c). The field-induced reorientation of the
NSTs is thus countered by a commensurate restor-
ing force, most likely mediated by an elastic adhe-
sion to the substrate. However, contrast enhance-
ment by this mechanism is not as uniform as that
generated under gyromagnetic conditions, either in
terms of overall response rate (roughly half of the
NST population) or on an individual basis. We at-
tribute this in part to variations in NST orientation:
the MM signal can be weakened if the NIR-active
plasmon mode is not adequately aligned to pro-
duce periodic changes in polarized scattering. Bimo-
dal stability is also important, as local viscoelastic ef-
fects may cause deviations from periodic motion,
resulting in anharmonic signal oscillations (see be-
low). An example of such variability in MM response

 TAN I
VOL.4 = NO.9 = 5163-5173 = 2010 A@%{\)



tifme-averaged

time-averaged

magnetomotive

00 160 200 300 40 500 600
X Displacement (nm)

polatized MM

Figure 9. Dark-field magnetomotive imaging based on lateral particle displacement. (a,b) Contour plots of time-averaged
vs w-filtered MM images of magnetic core—shell NPs, with SBR values (A, > 650 nm, 800 frames, » = 1 Hz). Two-dimensional
images shown as insets, with SNR values; bar = 1 um. (c) Trajectory of MM particles in response to in-plane field gradient,
with centroids outlined in red. (d,e) Contour plots of time-averaged vs w-filtered MM images of NST without polarization,
with SBR values (Aex > 650 nm; 6000 frames, w = 1 Hz). (f) MM image of NST with polarization; 2D images are shown as in-

sets, with SNR values; bar = 1 pm.

@ See the video for particle tracking of core—shell NPs.

is shown in Figure 7e—h: while both NSTs produce
strong NIR signals, the fluctuations in polarized scat-
tering from the upper NST are only weakly periodic
when exposed to an in-plane field gradient (w = 1
Hz), resulting in lower (but still respectable) signal
quality under MM imaging conditions. It is interest-
ing to note that the MM signal from the upper NST is
actually reduced, but the SNR is higher by virtue of
the reduction in background.

The modulation of polarized scattering from mag-
netomotive NSTs by in-plane field gradients raises
the question whether other types of hybrid nanopar-
ticles can enhance optical signals using a similar
mechanism. We thus examined the generation of
MM contrast by Fe;0,@Au core—shell NPs, which
can exhibit significant NIR scattering upon aggrega-
tion due to strong plasmon coupling.**~# The
core—shell NPs do not exhibit any significant
changes in polarized NIR scattering under MM con-
ditions; however, significant contrast enhancement
may be generated based on the detection of in-
plane motion (Figure 9a,b). Optical polarization is
unnecessary for signal modulation in this case, but
instead requires a minimum displacement in the
time domain.? Particle tracking analysis suggests a
threshold of approximately half a pixel, close to 200
nm under our imaging conditions (Figure 9¢). The
MM image confirms that the lateral displacement is
bimodal, with a nearly 15-fold enhancement in SBR
relative to the time-averaged image, but provides
only a modest improvement to SNR.

) VOL. 4 = NO.9 = SONG ET AL.

It is worth noting that some NSTs are also capable
of producing MM contrast via lateral displacement (Fig-
ure 9d,e), but the signal density is lower and the con-
trast enhancement is less than that observed with
polarization-sensitive MM imaging (Figure 9f). The lat-
ter not only boosts SBR 3-fold but also improves SNR by
10—12 dB. Therefore, whereas MM imaging provides
contrast enhancement by suppressing background
noise, additional signal enhancement is achieved by us-
ing w-filtered polarization.

To demonstrate how polarization-sensitive MM
imaging might operate in a biological setting, in
vitro experiments were performed using albumin-
coated NSTs internalized by macrophages. CTAB-
stabilized NSTs were first cleansed by treatment and
centrifugation with polystyrenesulfonate (proven re-
cently to be a useful detergent for removing CTAB
from Au nanorods),*® then resuspended in a 1% so-
lution of bovine serum albumin (BSA; see Experimen-
tal Section). Adherent RAW 264.7 cells (an immortal-
ized line of murine macrophages) were incubated
with BSA-coated NSTs to initiate macrophago-
cytosis and periodically monitored over a period of
24 h. NSTs with magnetomotive activity were most
abundant a few hours after NST uptake, but the
number of field-responsive particles decreased over
time even though the particle uptake increased
overall (Figure 10a). This effect can be attributed to
the gradual immobilization of NSTs encapsulated
within late-stage phagosomes and lysosomes, which
typically form physical attachments to the cytoskel-

www.acsnano.org
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Figure 10. (a) Macrophage uptake of BSA-coated NSTs (t =
2—22 h). The fraction of MM-active NSTs decreases over
time, despite an overall increase in NST uptake. (b,c) Time-
averaged vs w-filtered MM images of internalized NSTs
after 22 h, with SBR and SNR values (A, > 650 nm, 800
frames, ® = 1 Hz); bar = 5 pm.

EXPERIMENTAL SECTION

Chemical Synthesis. All chemicals and solvents were obtained
from commercial sources and used without further purification
unless otherwise stated. Deionized water with a measured resis-
tivity above 18 M() - cm was obtained using an ultrafiltration sys-
tem (Milli-Q, Millipore) and passed through a 0.22 um filter for re-
moval of particulate matter. Monodisperse batches of 4 and 13
nm Fe;0, NPs were prepared according to the methods de-
scribed by Sun;'”'® core—shell Fe;0,@Au NPs and NSTs were
prepared by modifying the procedures described by Zhong and
Hafner, respectively.’*33 The Au/Fe mole ratio used in the

Www.acsnano.org

etal framework at the end of the endocytotic
process.*>>° The immobilized NSTs can no longer be
visualized directly by MM imaging regardless of their
scattering intensities, as their signals are effectively
edited by Fourier transform.

Internalized NSTs that are still capable of re-
sponding to in-plane field gradients can be imaged
with enhanced contrast under MM conditions and
are readily distinguished against a field of aperiodic
scatterers. This includes secretory vesicles and other
intracellular granules, many of them presumably la-
beled with immobilized NSTs. In the example shown
in Figure 10b,c, the peak SNR and SBR of a magneto-
motive NST signal after polarization-sensitive MM
imaging are 40.1 dB and 77, respectively, in accord
with the contrast enhancement generated under
abiotic conditions. When compared with the corre-
sponding time-averaged image, SNR improved by 15
dB and SBR by over 30-fold.

In closing, nanoparticles with hybrid magnetic and
plasmonic properties can serve as contrast agents for
dynamic imaging modalities based on optical scatter-
ing. Au nanostars with Fe;0, cores are particularly well-
suited for this function as they support polarization-
sensitive modes of magnetomotive imaging, enabling
them to stand out against the heterogeneous field of
scattering bodies that are omnipresent in biological
cells and tissues. While our application of MM imaging
has focused on the enhancement of signals derived
from scattering, we note that dynamic mechanisms of
contrast generation offer a general approach for en-
hancing optical signal and image contrast and can be
applied toward imaging methods based on fluores-
cence, multiphoton luminescence, or fluorescence reso-
nance energy transfer (FRET).!>>'52 The detection of
NSTs in granulated cells such as macrophages raises
some interesting possibilities of correlating local mag-
netomotive activities with biomechanical processes
within the cell. In particular, MM contrast agents are
sensitive to changes in their microenvironment, as illus-
trated by the gradual loss of magnetomotive signals
during macrophage uptake. This implies an interplay
between internalized NSTs and the cytoskeletal net-
work, with potentially significant effects in cell physiol-
ogy; such studies are currently in progress.

core—shell NP synthesis varied between 2 and 3.3, for shell thick-
nesses between 0.3 and 1.3 nm (see Table 1 and Supporting In-
formation for TEM-based size analyses).

NSTs were generated from Fe;0,@Au core—shell NPs at
room temperature using a seeded growth method, similar to
the synthesis of pure Au NSTs.* A typical seed solution was pre-
pared by dispersing 2 mg of Fe;0,@Au core—shell NPs in 500
wL of 2.5 mM sodium citrate, then sonicated for 20 min in an Ep-
pendorf tube to produce a dark blue-brown solution. In a sepa-
rate centrifuge tube, 5 mL of 0.2 M CTAB and 900 p.L of 4 mM Ag-
NO; were combined and also sonicated for 20 min to minimize
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the formation of precipitates or the recrystallization of CTAB.
The latter solution was treated with 5 mL of 7.8 mM HAuCl,, then
agitated with a vortex mixer for 15 s and allowed to stand for
15 min. Three hundred microliters of 78 mM ascorbic acid was
added to this mixture, which was again agitated by vortex mix-
ing and allowed to stand for 15 min. Finally, 250 uL of the seed
solution was added to the growth mixture and mixed briefly by
hand and left to stand at room temperature. The seeded solution
initially appears brown by light scattering, but its optical trans-
mittance becomes increasingly blue. The NST growth is essen-
tially complete within 15 min of seed addition.

Physical Characterization. Optical extinction spectra (400—1000
nm) were measured using a Cary-50 spectrophotometer (Varian)
with a 1 cm cell path length. X-ray diffraction (XRD) measure-
ments were performed on dry powder samples with a Bruker D8-
Focus diffractometer using Cu Ka radiation (20 kW, N = 1.54056
A) in 6—26 mode. Transmission electron microscopy (TEM) im-
ages were obtained with either a JEOL-2000FX using a LaBg fila-
ment at 200 kV or a Titan 80-300 (Tecnai) using a field-emission
gun at 300 kV. TEM samples were prepared by drop-casting di-
lute solutions onto carbon-coated Cu grids: Fe;04 and
core—shell Fe;0,@Au NPs were dispersed in hexanes and al-
lowed to evaporate in air, whereas NSTs were cast from aque-
ous suspensions and blotted after 20 min prior to drying. Fe;0,4
and core—shell Fe;0,@Au NPs were prepared under an argon
atmosphere.

Purification and Surface Treatment. CTAB-stabilized NSTs were
first subjected to two cycles of centrifugation at 7300g for 20
min with redisperson in deionized water to remove excess sur-
factant. The concentrated suspension of NSTs was then treated
with 1% PSS (70 kDa) for the exhaustive removal of CTAB, a pro-
tocol recently developed for the detoxification of Au nano-
rods.* A suspension of NSTs (1 mL, o.d. = 10) was treated with
1% PSS (20 plL) and agitated with a vortex mixer for 20 s, then al-
lowed to stand for 2 h prior to centrifugation (same as above).
The NSTs were resuspended in 10 mL of 0.01% PSS (100-fold di-
lution of 1% PSS solution) and subjected to a second round of
centrifugation, then redispersed in 2 mL of 1% BSA in PBS with
a vortex mixer to yield a stable suspension of BSA-coated NSTs.

Magnetomotive Imaging. A 10 pL aliquot of untreated NSTs or
core—shell NPs was dropped onto a PSS-coated glass slide, then
sealed with a coverslip. Scattering was recorded using an up-
right microscope (BX51WI, Olympus), equipped with a slide
holder coupled to a dual optical fiber waveguide for quasi-
darkfield illumination (Darklite llluminator, MVI) and a digital
camera rated for visible and NIR imaging (Rolera-XR, QImaging).
A C-shaped electromagnet was positioned under the glass slide;
the maximum field in the image plane was measured to be 60
G. A square-wave current was produced by a function genera-
tor (HP 33120A, Hewlett-Packard) with a frequency of 1—20 Hz
(50% duty cycle) and further amplified by a power supply
(BOP36-6DL, Kepco).

Magnetomotive imaging was performed using a 25 mW
solid-state laser operating at 780 nm (B&W Tek) at a 60° angle
of incidence or a halogen lamp with a long-pass filter (A > 650
nm) for broad-band evanescent excitation through the support-
ing glass slide, with an optional polarization filter at the lamp
source. NIR laser scattering was collected with a 40X objective
lens; quasi-darkfield imaging was conducted using a 100X oil-
immersion lens. Video recordings were performed at rates up to
123 fps.

Cell Uptake Studies. RAW 264.7 cells (derived from leukemic mu-
rine monocyte/macrophages) were cultured at 37 °C in a humid-
ifed atmosphere containing 5% CO,. RAW cells were obtained
from American Type Culture Collection and were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, BioWhittaker) with
10% fetal bovine serum (FBS, Sigma), 1% L-glutamine (200 mM,
Sigma), and 1% penicillin—streptomycin (Invitrogen).
Trypsinized cells were transferred to 6-well plates containing #0
coverslips (3 mL; 5 X 10° cells/mL) and incubated for 24 h in
DMEM, then treated with an aliquot of BSA-stabilized NSTs (40
pL, o.d. = 4) with further incubation for up to 24 h. The cover-
slip with reattached cells was removed at specific time intervals
and washed with PBS, then mounted onto a standard glass slide
and sealed with nail polish. MM imaging of cells was performed

using a 100X oil-immersion lens under quasi-darkfield condi-
tions using polarized broadband illumination, as described
above. All cell imaging studies were conducted within 2 h of
slide mounting.
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