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ABSTRACT:We report a facile chemical synthesis of well-
defined gold nanocrosses through anisotropic growth along
both Æ110æ and Æ001æ, whereas gold nanorods grow only
along either Æ110æ or Æ001æ. The multiple branching was
achieved by breaking the face-centered-cubic lattice sym-
metry of gold through copper-induced formation of single
or double twins, and the resulting gold nanocrosses exhib-
ited pronounced near-IR absorption with a great extension
to the mid-IR region. As studied by discrete dipole approx-
imation (DDA) simulations, the entire nanocross gets
excited evenwhen one of the branches is exposed to incident
light. The above properties make them useful as octopus
antennas for capturing near-IR light for effective photo-
thermal destruction of cells. The cell damage process was
analyzed using the Arrhenius model, and its intrinsic ther-
modynamic characteristics were determined quantitatively.
Besides effective photothermal treatment and two-photon
luminescence imaging, the near- and mid-IR-absorbing gold
nanocrosses may also find applications in IR sensing,
thermal imaging, telecommunications, and the like.

Surface plasmons propagate on the surface of metals (silver,
gold, palladium, etc.) whose optical properties are deter-

mined by their surface geometry at the nanoscale. Recent
advancements in controlling the surface shape/morphology of
metal nanostructures have demonstrated the great capability to
engineer their localized surface plasmon resonance (LSPR).1 For
the LSPR to be tuned from the visible to the near-IR, metal
nanostructures must have a size comparable to the optical wave-
length in one or more dimensions. For example, metal nanorods,
nanoprisms, and nanoplates have red-shifted LSPR as a result of
increases in length or edge size,2 andmetal nanoshells, nanorings,
and nanocages have red-shifted LSPR when the core/cavity
diameter and shell thickness are changed.3,4 Recently, the
successful fabrication of structurally more complex metal nanos-
tructures, including semishells, multishells, split rings, helixes,
and gammadions, has produced greatly enriched surface plas-
monic properties,5,6 and the formation of closely spaced arrays of
various metal nanostructures on substrates can further enhance
these properties through interparticle coupling.7 In this paper, we
report a facile chemical synthesis of free-standingmultiple-branched

gold nanocrosses, which exhibit a pronounced near- and mid-IR
LSPR. The colloidal production of such well-defined gold nano-
crosses in a controlled fashion was a challenging task because of
the symmetric face-centered-cubic lattice of gold, and the
copper-induced formation of single or double twins in the center
of the gold nanocrosses in this research was important in
determining the unique habit of the final morphology (e.g.,
D2h or C2v symmetry). Theoretical investigations indicate that
an entire nanocross can get excited along any branch and that
these plasmonically coupled branches lead to synergistic en-
hancement of local electric fields,8 enabling applications in
sensing, surface-enhanced spectroscopy, nonlinear optics, ima-
ging, therapeutics, and medicine.3,5,9 For example, the highly
branched gold nanocrosses exhibited a strong photothermal
effect for effective photothermal destruction of cells, and this
can be integrated with two-photon luminescence imaging to
understand the cell damage process for tumor therapies.

Gold nanocrosses were synthesized in oleylamine containing
heat-pretreated copper(I) chloride together with gold chloride
[see the Supporting Information (SI) for experimental details].
Figure 1 shows a transmission electron microscopy (TEM)
image (Figure 1a) and an X-ray diffraction (XRD) pattern
(Figure 1b) of phase-pure gold nanocrosses containing 0.86
mol % copper (ICP�AES data are provided in the SI). High-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) was used to collect 91 images of a single
nanocross (Figure 1c) at different specimen orientations for
reconstruction of its three-dimensional tomography with front,
side, and back views (Figures 1d�f; also see movie S1 in the SI).
Figure 2 shows TEM images of two gold nanocrosses, one with
D2h symmetry (Figure 2a) and the other with C2v symmetry
(Figure 2c), that have single or double twins in their centers, as
revealed by the high-resolution TEM (HRTEM) images in
Figure 2b,d, respectively. For the doubly twinned nanocross
viewed along the [110] zone axis (Figure 2a), the lattice direction
remains the same before and after the twin boundaries (Figure 2b),
as shown by one set of selected-area electron diffraction (SAED)
spots (Figure 2a inset). For the singly twinned nanocross viewed
along the [110] zone axis (Figure 2c), the lattice direction
changes after the twin boundary. Two sets of SAED spots were
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accordingly observed (Figure 2c inset), corresponding to the
lower and upper halves of the nanocross, which have different
lattice arrangements (Figure 2d).

In both the singly and doubly twinned gold nanocrosses, the
two longer branches extend along Æ110æ while the two shorter

branches extend along Æ001æ. The simultaneous growth along the
two directions led to two-dimensional (2D) growth of four-
branched gold nanostructures, which is different from conven-
tional 1D growth of gold nanorods along either Æ110æ or Æ001æ.
The branched gold nanocrosses were formed in the presence of
the copper(I) precursor, while only spherical nanoparticles10

were formed in the absence of copper(I) precursor. This is
attributed to the copper-induced formation of single or double
twins that may break the cubic lattice symmetry of gold, resulting
in the anisotropic growth along both Æ110æ and Æ001æ. Four more
gold nanocrosses are shown in Figure 3a. The secondary
branching growth led to the formation of 3D gold nanocrosses,
as shown in panel 4 in Figure 3a.

The near- and mid-IR absorption spectra of gold nanocrosses
are shown in Figure 3b,c. A typical gold nanocross (panel 3 in
Figure 3a) was chosen as a model for the simulation of the
absorption spectrum using the discrete dipole approximation
(DDA) (see the SI for details). The average simulated absorption
spectrum of the model nanocross [Figure 3d(i)], which was
obtained by considering five orientations with respect to the
polarization of the excitation light [Figure 3e(ii�vi)], is in good
agreement with the measured absorption spectrum (Figure 3b).

With the pronounced near-IR absorption in the biological
window (Figure 3c), the gold nanocrosses can serve as efficient
absorbers for photothermal destruction of living cells upon near-
IR irradiation (Figure S1 in the SI). Experimentally, human lung
cancer cells (A549) associated with gold nanocrosses (Figure
S2a) died very rapidly within 30 s upon 900 nm laser irradiation
at ∼4.2 W/cm2 (Figure S2b, using a 60� objective). The laser-
exposed dead cells were imaged at a lower magnification (10� )
to show the surrounding live cells beyond the laser-exposed area,
illustrating the effect of the localized photothermal treatment
(Figure S2c). Control experiments showed that all of the cells
that were not associated with gold nanocrosses (Figure S2d)
remained alive after laser irradiation at ∼4.2 W/cm2 for 5 min
(Figure S2e) and 10 min (Figure S2f).

To analyze the hyperthermia process, cancer cells associated
with gold nanocrosses were irradiated with the 900 nm laser at
intensities of 1.3, 2.6, and 4.2 W/cm2. The percentage of dead
cells in the laser focus area depended both on the laser intensity
and the exposure time (Figure 4a). As shown in movies S2 and
S3, all of the cancer cells were destroyed under laser irradiation
within 30 s at 4.2 W/cm2, and∼95% of the cells were killed after
laser irradiation for 150 s at 2.6 W/cm2. The time-dependent
damage process at 2.6 W/cm2 after irradiation for 0, 30, and 60 s
is shown in Figure 4b. We further analyzed the photothermal
destruction of the cells using the Arrhenius damage model (see
the SI for details).11 Fitting our measured values at the three laser
intensities with the calculated damage parameterΩ(t) (Figure 4c)
afforded the enthalpy and entropy valuesΔH = 229( 5 kJ mol�1

andΔS = 461( 17 J mol�1 K�1, respectively (Figure 4c), which
are consistent with the experimental relationship between ΔH
and ΔS reported in the literature (Figure 4c inset).11

To visualize the damage process of cancer cells (Figure 4d),
the distribution of gold nanocrosses associated with cells was
imaged by their two-photon luminescence. At a lower laser
intensity of ∼1.3 W/cm2, gold nanocrosses were found pre-
dominantly on the membranes of cells [Figure 4d(i)], and the
cells remained almost unchanged in shape after 5 min of irra-
diation [Figure 4d(ii)]. At a higher laser intensity of 4.2 W/cm2,
cells started to shrink immediately upon laser exposure
[Figure 4d(iii)]. After 30 s, cells had shrunk substantially in both

Figure 1. (a) TEM image, (b) XRD pattern, and (c) HAADF-STEM
image of a single nanocross. In (c), very small gold nanoparticles were used
as markers to view the nanocross in three dimensions. (d�f) Surface-
rendered views of the nanocross reconstructed by HAADF-STEM tomo-
graphy: (d) front view; (e) side view; (f) back view. The inset in (e) displays
the cross section of a longer branch of the gold nanocross.

Figure 2. Structural analysis of gold nanocrosses. (a) Low-magnifica-
tion TEM and (b) HRTEM images of a doubly twinned gold nanocross
with D2h symmetry. The inset in (a) shows one set of SAED spots. (c)
Low-magnification TEM and (d) HRTEM images of a singly twinned
gold nanocross with C2v symmetry. The inset in (c) shows two sets of
SAED spots, labeled with squares and circles.
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size and shape, and the collapsed cell membranes brought gold
nanocrosses together to form agglomerates [Figure 4d(iv)]. The
effective hyperthermia effect for killing cells was further theore-
tically investigated by simulating synergistic coupling among one,
two, three, or four branches using DDA (Figure S3). When one
of the branches is exposed to the incident polarized light along its
long axis, the entire nanocross can be excited to participate in the
light absorption. This property makes them useful as octopus
antennas that efficiently capture incident IR light and convert it
into heat for very fast photothermal destruction of cancer cells
(see the SI for details).12

In summary, we have demonstrated a facile chemical synth-
esis of well-defined multiple-branched gold nanocrosses that
exhibit a wide and pronounced surface plasmon resonance in
the near- and mid-IR regions. The copper-induced formation
of single or double twins leads to anisotropic growth of 2D
and 3D gold nanocrosses along both Æ110æ and Æ001æ in a
controlled fashion. The synergistic coupling between the
branches allows the highly branched nanocrosses to efficiently
capture IR light for effective photothermal destruction of
cancer cells. The theoretical understanding and experimental
demonstration of the enhanced hyperthermia properties of
the gold nanocrosses together with the quantitative damage
assessment of cells offer a very promising tool for use in tumor
therapies. In addition to effective two-photon imaging and
photothermal treatment, the near- and mid-IR gold nano-
crosses may also find applications in IR sensing, thermal
imaging, telecommunications, and the like.
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laser excitation at 1.3 and 4.2 W/cm2.
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