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Along with the great development of nanotechnology, many
kinds of colloidal nanoparticles have become powerful tools
in various applications.[1] In recent years, focus has been put
on the study of gold nanoparticles, because of their good
properties, which are different from the traditional bulk
materials.[2] Among them, gold nanorods (GNRs) have drawn
more attention owing to their well-defined optical features,
especially surface plasmon resonance (SPR), which makes
them ideal enhancement agents.[3] One of the best developed
GNR-assisted techniques is surface-enhanced Raman scatter-
ing (SERS),[4] through which a Raman signal can be enhanced
dramatically with a factor of 109–1014. This makes SERS
a powerful tool both for biosensing[5] and imaging.[6] However,
limited by the relatively weak signal intensity and the feature
of the tools, SERS detection and imaging can only be realized
by point-scan with long measuring time. In contrast, multiple
kinds of imaging techniques based on GNRs have been well-
developed, such as dark-field scattering imaging,[7] photo-
acoustic imaging,[8] and two-photon luminescence,[9] with fast
or even real-time response.

It is known that the nanoparticles can be taken up by
malignant tissues (e.g., tumors) through “enhanced perme-
ability and retention” (EPR);[10] the utilization of such
nanoparticles is therefore a promising tool in in vivo diag-
nostic or curing applications such as photodynamic therapy
(PDT). PDT treatment requires a photosensitizer and light
(at a proper wavelength) that can activate it. When irradiated
by the light, the photosensitizer transfers the light energy to
oxygen in tissue, thereby generating reactive oxygen species
(ROS) in the form of free radicals or singlet oxygen,[11] which
only kills the cells in the exposed area. Assisted by nano-

particles, the PDT photosensitizers can selectively accumu-
late in the tumor, thereby realizing targeted or even SPR-
enhanced therapy.[12]

The multimodal utilization is one of the emerging devel-
opments related to nanomaterials and has been reported in
some recent work.[13] Herein, a novel structure to achieve
in vivo multimodal tumor detection is designed. SERS and
fluorescence agents are chemically doped in different layers
of a silica/polymer-coated GNR, thereby forming two indi-
vidual “channels”. By utilizing a chemical approach, the
optical properties of the structure can be easily tuned. Its
chemical and biological stability is also ultrahigh. After tuned
to achieve satisfactory SERS and fluorescence intensities and
intravenously injected into tumor-bearing mice, these nano-
particles can accumulate inside the tumors, thus allowing
detection of the tumor by SERS and fluorescence measure-
ments. Furthermore, through the same doping method, a PDT
photosensitizer, protoporphyrin IX (PpIX), is also loaded
into the multilayered shell, and PDT treatment is conducted
right after the detection of the tumor. To our knowledge, this
is the first report of tunable triple-modal functionality
(integrated with PDT) with a GNR-based structure.

Gold nanorods were prepared by the seed-mediated
method.[14] To synthesize the GNRs functionalized for both
SERS and fluorescence measurements (abbreviation: SF-
GNRs), the GNRs were capsulated sequentially by silica,[15]

octadecyltrimethoxysilane (OTMS), and DSPE-PEG;[16]

during the procedure dyes were doped in the silica shell and
the polymer shell (Figure 1a). Although the coating proce-
dures of nondoped silica and PEG could be found in previous
work, the addition of dyes made these procedures more
difficult and thus required tuning the amounts of the reaction
components as well as carefully controlling the time and
speed of the centrifugation. For the sake of simplicity, in this
paper, 3,3’-diethylthiatricarbocyanine iodide (DTTC) was
used as dye in both silica and PEG. In most experiments, its
508 cm�1 SERS peak and fluorescence peak (about 780 nm)
were measured as SERS and fluorescence intensities, respec-
tively. By changing the concentration of the tetraethylortho-
silicate (TEOS) when the silica shell is formed, the shell
thickness of the SF-GNRs can be adjusted. According to the
TEM images in Figure 1, the silica thickness (and the
corresponding multilayer thickness) increases from less than
5 nm to more than 25 nm when the TEOS amount changes
from 100 mL to 1100 mL in every 5 mL reaction solution.

According to previous research,[17] fluorescence quench-
ing may occur owing to the relatively short distance between
dye molecules and GNRs. Therefore the SERS and fluores-
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cence intensities of the SF-GNRs are closely related to the
shell thickness, because it directly determines the average
distance between dyes and GNRs. Figure 2 shows the
connections between the optical properties of the SF-GNRs
and the thickness. If more TEOS was added (i.e., if the silica
shell became thicker), the SERS intensity experienced a sharp
decline and finally disappeared, owing to the weaker SPR at
a longer distance. There was an abrupt drop of the SERS
intensity when the amount of TEOS was 50 mL, possibly
caused by the decreasing dye loading capacity of the ultrathin
silica shell. In contrast, the fluorescence signal gradually grew,
mainly owing to the reduced quenching effect (see the

Supporting Information for a schematic illustration). The
distance-related intensity changes imply: 1) The SF-GNRs
can be easily tuned to be only functionalized for SERS, or
only functionalized for fluorescence, or functionalized for
both SERS and fluorescence measurements; 2) owing to the
different distances from the GNR, dye1 and dye2 have
a higher efficiency for SERS and fluorescence, respectively, so
the “SERS channel” and the “fluorescence channel” in this
structure are separated. Another method to control the
optical properties is to change the types of dyes (see Figure S5
in the Supporting Information). These features make SF-
GNRs a powerful tool in applications with various require-
ments.

Some previous work has shown that the multilayered
GNR structures are super-stable in various solutions like
NaCl, phosphate-buffered saline (PBS), RPMI culture
medium, etc., although this high stability has not been
completely understood.[18] The stability testing in water
solution at different pH values is very essential for our
research, since 1) most biological reactions are performed
between pH 4–8, and the pH values of creatures are also in
this range; 2) so far there is no report on the investigation of
the pH stability of the silica/polymer-coated GNRs; 3) dye-
induced effects are unknown, which might be a negative
factor for the shell protection. Furthermore, given that our
structure is aimed to be used inside a living body, its stability
in animal serum should also be tested. To check the stabilities
of the SF-GNRs as well as each of its “channels”, three types
of structures were dispersed in water solutions with pH values
between 1 and 12 as well as in serum: S-GNRs (only dye1 was
doped), F-GNRs (only dye2 was doped), and SF-GNRs. The
TEOS concentrations of all the GNRs were 100 mL in every
5 mL reaction solution. After 24 h, their SERS and/or
fluorescence intensities were measured (Figure 3). The inten-
sities of the three kinds of GNRs have similar variation
tendencies. Both SERS and fluorescence signals obviously
increased when pH> 9; this might be caused by the plasmon
“hot-spots” in the slight aggregation of GNRs owing to the
partial degradation of the silica shell. In contrast, because of
the imperfect packaging of the dye molecules in the multi-
layered shell and the nonideal stability of DTTC in the
solution, when pH< 5, SERS and fluorescence intensities

Figure 1. a) The synthesis procedures of the SF-GNRs; DSPE= 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine, PEG= poly(ethylene
glycol). b–d) The TEM images when the tetraethylorthosilicate (TEOS)
amount is 100 mL (b), 500 mL (c), and 1100 mL (d) in every 5 mL
reaction solution. The length of the scale bar is 50 nm.

Figure 2. a) The SERS and b) the fluorescence spectrum of DTTC.
c) The variation of SERS and fluorescence when different amounts of
TEOS were added (which corresponds to the increasing shell thick-
ness). The 508 cm�1 SERS peak (pointed by the arrow) and the
fluorescence peak (at about 780 nm) were chosen as the SERS and
fluorescence intensities in (c), respectively.

Figure 3. The variation of signal intensities in water solutions with
different pH values and in serum: a) SERS of S-GNRs; b) fluorescence
of F-GNRs; c) SERS (dark-gray bars) and fluorescence (light-gray bars)
of SF-GNRs; d) absorption intensity at the longitudinal SPR wave-
length of the SF-GNRs, measured 24 h after the dispersion.
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decreased to 1/3 but were still large enough to be detected. In
the meantime, the optical properties of all the GNRs in serum
were maintained. We also measured the absorption spectra of
the SF-GNRs and found that the absorption intensities of the
GNRs in all these solutions remained nearly the same
(Figure 3d), indicating no severe destruction of the multi-
shell occurred. The results verify that the SF-GNRs have an
extraordinary structural stability in acids, bases, and animal
serum, and the SERS and fluorescence intensities were also
stable in these solutions. Besides, we observed the distribu-
tion, circulation, and excretion of the intravenously injected
SF-GNRs inside mice bodies and found their optical proper-
ties could be maintained for more than 72 h, ensuring its
excellent stability in vivo (see Figure S6 in the Supporting
Information).

For in vivo tumor detection, in a typical experiment, the
SF-GNRs (with the TEOS concentration of 200 mL in every
5 mL reaction solution) in PBS buffer solution (1X) were
intravenously injected into a nude mouse bearing HeLa
tumor (Figure 4a). Five hours after the injection, the mouse
was imaged by a Maestro fluorescence imaging system, and
a fluorescence image was obtained automatically in less than
three minutes, in which three locations with relatively strong
signals were observed (pointed by arrows in Figure 4 b). The

fluorescence spectra were recorded (Figure 4c). Only the
spectrum from location 1 (the tumor) was the same as that of
DTTC, while the peaks of the spectra from the other two
positions were both at a shorter wavelength. This difference
indicated that only location 1 should be the accumulation area
of the GNRs and that the strong signals from locations 2 and 3
were probably from the tissues or some metabolic organs
(such as liver and kidney). These “false-positive” signals
appeared possibly owing to the spectra separation algorithm
of the equipment. The SERS measurements were also carried
out at the three locations to confirm the accumulation
because it requires the presence of both GNRs and DTTC.
A very intense SERS signal was observed at location 1 (Fig-
ure 4d), thereby revealing the accumulation of GNRs at that

area, which was in accord with the fluorescence imaging. This
dual-modal detection combines the advantages of the two
methods, and their weaknesses could be compensated by each
other: the fluorescence imaging offers a fast and wide-area
detection to quickly find the “suspicious” spots, and the
specific and high-contrast SERS measurement directly con-
firms the actual location of the GNRs.

In SF-GNRs, dyes were doped in the pores and spaces in
the multilayered shell. Similarly, PDT photosensitizers could
also be loaded by adding some PpIX when DTTC was doped,
forming multifunctionalized GNRs (SFP-GNRs) for SERS
and fluorescence measurements as well as PDT treatment.
The successful loading was proved through the chemical
oxidation of 1,3-diphenylisobenzofuran (DPBF; Figure S8 in
the Supporting Information).[19] An in vitro experiment was
carried out to verify the PDT effect to the tumor cells
(Figure S9 in the Supporting Information). To confirm that
the EPR effect of GNRs was still maintained after the doping
of PpIX, and that the GNRs were inside the tumor rather than
at the surrounding skins, the tumor-bearing mice were
sacrificed five hours after the intravenous injection of SFP-
GNRs. The tumors were removed and cut from their middle,
and the SERS measurements were conducted on the cut
surfaces. The accumulation of the GNRs was proved by the
SERS signals from inside the tumors (Figure S10 in the
Supporting Information).

For the in vivo PDT treating, the SFP-GNRs were intra-
venously injected into the tumor-bearing mice. Five hours
after the injection, the tumors were exposed to a 532 nm laser
for 15 min at a power density of about 25 mW cm�2, with
1 min interval for every 1 min treatment. Hematoxylin and
eosin (H&E)-stained tumor slices obtained seven days after
the treatment were used to evaluate the treating effect. A
large area of dead cells without nuclei could be clearly seen in
the PDT-treated tumors (Figure 5a), while many nuclei
existed in the control groups that lack of either laser
irradiation (Figure 5b) or SFP-GNRs (Figure 5c). Further-
more, there was also no obvious damage in tumors treated by
both SF-GNRs injection and laser irradiation (Figure 5 d),
thus indicating the destruction was due to the singlet oxygen
produced by PpIX rather than the photothermal effect of
GNRs.[20] The tumor cell death rates of the above groups
(Figure 5e) show that a larger percentage of dead cells existed
in the PDT-treated tumors, thereby revealing more serious

Figure 4. a) The photo of the mouse bearing a tumor (green circle).
b) Fluorescence image with three locations emitting strong signals
(red arrows). c) The fluorescence spectra and d) the 508 cm�1 SERS
intensities from the three locations. The inset in (d) shows an SERS
trace.

Figure 5. H&E-stained tumor slices after different treating: a) SFP-
GNR injection and laser (PDT), b) SFP-GNRs injection only, c) laser
only, d) SF-GNR injection and laser. e) Tumor cell death rate of the
above groups. In (a–d) the blue dots indicate the cell nuclei.
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necrosis inside them. This experiment is a proof of the
potential use of our multifunctional GNRs in drug-delivery
and PDT treatment.

In conclusion, we have demonstrated a multilayer-coated
GNR, which contained dyes doped in silica and polymer
layers, functioning as SERS channel and fluorescence chan-
nel, respectively. Its optical properties could be easily tuned,
by either adjusting the shell thickness or changing the type of
the dyes in each layer. The GNRs have been shown to be
ultrastable in water solutions with pH values between 1 and
12, in animal serum, and in living systems. The potentials of
such GNRs in simultaneous multimodal tumor detection and
photodynamic therapy have also been shown.
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Multifunctional Gold Nanorods with
Ultrahigh Stability and Tunability for
In Vivo Fluorescence Imaging, SERS
Detection, and Photodynamic Therapy

Multimodal : Gold nanorods are coated
with silica/polymer mutilayers, doped
with surface-enhance Raman scattering
(SERS) and fluorescence agents as well
as photosensitizers. The structural and
optical properties are tunable and stable
in solutions and in living bodies. A real-
time and specific in vivo SERS and fluo-
rescence detection method using this
structure is applied for tumor detection
and subsequent photodynamic therapy
(PDT).
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