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Gold nanorods (Au NRs) simultaneously act as near-IR (NIR)
hyperthermia and nonlinear optical imaging agents, an important
property for nanobiotechnology. Au NRs with a strong surface plasmon
resonance (SPR) in the NIR region have shown their potential in
photoinduced therapeutic applications.’ For noninvasive therapy, NIR
radiation is used because it penetrates tissue more deeply but is
absorbed less than other types of radiation. Additionally, the SPR of
Au NRs can locally augment the field of incident electromagnetic
waves, increasing the yield of nonlinear optical processes. Thus, Au
NRs are ideally suited for use as nonlinear optical contrast agents in
cell imaging using two-photon-excited luminescence.” It is always
highly desired to develop metal nanomaterials with a strong SPR
response upon photoexcitation. To preserve the NIR absorption,
biocompatibility, and easy surface modification, new Au NR-in-shell
nanostructures, inspired by Au@Ag (core/shell) NRs having greater
SPR strength,® were developed to be more efficacious than Au NRs
in NIR hyperthermia and nonlinear optical imaging contrast. With their
extraordinarily broad and strong SPR band, Au NR-in-shell nano-
structures efficiently augmented several multiphoton nonlinear pro-
cesses accompanied by strong multiphoton fluorescence, 55 times larger
than that of Au NRs.

A seedless method* was used to prepare Au NRs with an aspect
ratio of ~3.9 (length 38.2 nm, width 9.8 nm) (Figure 1a). Subsequently,
a Ag nanolayer was formed on the Au NRs via reactions of AgNO3
and ascorbic acid using a modified version of a previously published
method.*® Figure 1b shows the morphology of the resulting Au@Ag
nanorods, with some nanorods exhibiting a clear differential contrast
from the darkened Au nanorods embedded in the Ag nanolayer. The
thickness of the Ag nanolayer could be varied by changing the amount
of AgNO; and was estimated to be 4—5 nm in the present study (Figure
1b). Our previous studies showed that transforming Ag into Au/Ag
nanostructures significantly decreased the toxicity of Ag.> Thus,
Au@Ag nanorods were allowed to react with HAuCl, aqueous
solution, which yielded Au NR-in-shell nanostructures via a replace-
ment reaction. Intact Au NRs were embedded in hollow Au/Ag shells
with a shell thickness of ~4.8 nm (Figure 1c). The shell thickness
could be tuned by changing the amount of HAuCl, (see Figure S1 in
the Supporting Information). High-resolution transmission electron
microscopy (HRTEM) indicated the single crystalline nature of the
Au/Ag nanoshell with a lattice spacing of 0.238 nm (Figure lc, inset).
Energy-dispersive X-ray (EDX) analysis of single Au NR-in-shell
nanostructures indicated an alloy structure with an average Au/Ag
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Figure 1. TEM images of (a) Au NRs, (b) Au@Ag nanorods, and (c) Au
NR-in-shell nanostructures. The inset shows an HRTEM image of an Au/
Ag nanoshell. (d) Extinction spectra of Au NRs and the Au NR-in-shell
nanostructures, both measured with 8.7 x 10'° particles/mL.

atomic ratio of 47:53 (Figure S2). A line-scan EDX evaluation was
further performed to measure the transverse and axial directions of a
single Au NR-in-shell nanostructure (Figure S3). Each profile revealed
the compositions of Au and Ag, with a dominant Au component in
the middle part of the nanostructure where the Au NR is located within
the shell. The Au NR-in-shell nanostructures were dispersed in H,O
and appeared as a blue colloidal solution. Figure 1d shows the
extinction spectra of as-prepared Au NRs and Au NR-in-shell
nanostructures, both measured with 8.7 x 10'° particles/mL. The Au
NR longitudinal SPR peaked at ~800 nm, and the transverse SPR
band was centered at 520 nm; the Au NR-in-shell nanostructures had
a broad band from ~400 to ~1100 nm, with the maximum at ~900
nm. The optical intensity of Au NR-in-shell nanostructures was much
stronger than that of the Au NRs. Notably, the Au@Ag nanorods
showed no apparent absorption in the NIR region and displayed poor
temperature elevation upon irradiation with an NIR laser (Figure S4).

Because of the toxic coating of cetyltrimethylammonium bromide
(CTAB) molecules on the surface of the Au NRs, the Au NRs were
modified using negatively charged poly-4-styrenesulfonic acid (PSS)
and a subsequent deposition of positively charged polyethyleneimine
(PEI).” The Au NR-in-shell nanostructures with a surface charge of
+26 mV followed the same deposition sequence (PSS then PEI) to
form PEI/PSS/Au NR-in-shell nanostructures. There was no obvious
decrease in cell viability in cells containing surface-modified Au NR-
in-shell nanostructures; however, cells containing the unmodified Au
NR-in-shell nanostructures showed dose-dependent toxicity (Figure
S5).

In the in vitro NIR hyperthermia experiments, the PEI/PSS-modified
Au NRs and Au NR-in-shell nanostructures were conjugated with anti-
EGER for specific targeting of the A549 cells overexpressing epidermal
growth factor receptor (EGFR)."™> The cancer cells were treated with
equal amounts (8.7 x 10" particles/mL) of Au NRs and Au NR-in-
shell nanostructures. The targeted cells were irradiated using an 808
nm continuous-wave (CW) laser. Cell damage caused by Au NRs was
observable at 18 W cm™2 but not at 9 W cm™2 (Figure 2). On the
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Figure 2. A549 cancer cells treated with anti-EGFR-conjugated Au NRs
and Au NR-in-shell nanostructures were irradiated using an NIR CW laser
at 9, 18, and 27 W cm™2 for 8 min of exposure at a particle concentration
of 8.7 x 10'° particles/mL. The dotted circles indicate the laser beam area.
The green fluorescence of calcein-AM indicates living cells. The scale bars
correspond to 500 yum.

other hand, Au NR-in-shell nanostructures destroyed malignant cells
at the half the laser power needed for Au NRs. After careful inspection,
we found that the area of cells damaged by the Au NR-in-shell
nanostructures was larger than the laser beam spot, while the area
damaged by the Au NRs was limited to the area of the irradiation
spot. We did additional experiments to examine whether NIR laser
irradiation caused Ag ions to leak, thereby inducing toxicity and leading
to a larger area of damaged cells. Au NR-in-shell nanostructure
colloidal solutions were either exposed or not exposed to NIR laser
irradiation. The supernatants were collected and analyzed using an ICP
spectrometer to determine the amount of Ag™ ions in the supernatants.
We found no apparent increase (<2%) of Ag™ after laser irradiation
(Figure S6). These results indicated that the Au NR-in-shell nano-
structures remained stable during NIR laser exposure. Although we
cannot give a reasonable interpretation of how or why the Au NR-
in-shell nanostructures caused damage beyond the laser beam size at
this stage, one possibility may be the incorporation of Ag into the Au
NR-in-shell nanostructure. Silver has greater thermal conductivity than
gold. The thermal conductivity for bulk Ag (429 W m™! K™ !) is larger
than that for bulk Au (318 W m™' K™1).% After NIR laser irradiation,
the heat generated by the Au NR-in-shell nanostructures readily flew
to nanoparticles adjacent to the irradiated area, facilitated by the higher
thermal conductivity of Ag, in turn increasing the hyperthermia
efficiency.

The nonlinear optical properties of Au NRs and Au NR-in-shell
nanostructures in their emission spectra and in vitro nonlinear
microscopy imaging in A549 cancer cells were conducted using a
home-built femtosecond (~100 fs) Cr:forsterite laser. The operating
wavelength, 1230 nm, is in the biological penetration window and
was used to perform in vivo submicrometer 3D section images with
a large penetration depth.” The concentration of each particle used in
the emission measurements was ~10° particles/mL. The measured
emission spectra (60 s integration time; Figure S7) show that the Au
NR-in-shell nanostructures generated multiphoton signals: second-
harmonic generation (SHG) (sharp peak at ~615 nm), third-harmonic
generation (THG) (sharp peak at ~410 nm), and multiphoton
fluorescence signals (broad emission band) including four-photon
fluorescence (4PF; emission band >308 nm). Such multiresonant
augmentation resulted in an ultrabroadband fluorescence from ~390
nm to the NIR region. On average, the yield of the multiphoton signals
of the Au NR-in-shell nanostructures was 55 times on average larger
than that of the Au NRs. Multiphoton-induced images of A549 cancer
cells treated with anti-EGFR-conjugated Au NRs and Au NR-in-shell
nanostructures were taken in a multiphoton nonlinear microscope
system (Figure 3). With the same voltage (1100 V) applied in the
photomultiplier tube, the 3PF (yellow), SHG band (green), 2PF (red),

Figure 3. Multiphoton images of A549 cancer cells treated with (a) 10°
Au NRs/mL and (b) 10° Au NR-in-shell nanostructures/mL. The yellow,
green, red, and magenta colors indicate 3PF (450—600 nm), SHG band
(605—625 nm), 2PF (>650 nm), and THG signals, respectively. The merged
images from the four signals are shown in the bottom imaging frames of
(a) and (b). The field of view is 16 x 16 um.

and THG (magenta) intensities of A549 cells treated with Au NR-in-
shell nanostructures (Figure 3b) displayed more intense multiphoton
signals with better contrast than did those treated with Au NRs (Figure
3a). The NRs distributed in the cells appeared as white spots in the
merged image. The imaging signals (Figure 3) were greater than those
from cells alone (Figure S8a). If A549 cells were treated with higher
Au NR concentrations of 3 x 10° particles/mL (Figure S8b),
multiphoton signals comparable to those of Au NR-in-shell nanostruc-
tures were observed.

In summary, Au NR-in-shell nanostructures have been successfully
synthesized and showed their high efficacy in NIR photothermal
destruction of cancer cells and multiphoton imaging contrast.
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