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U
nique encoding of tailor-made
antibodies or ligands on bioactive
substances has resulted in signifi-

cant progress in the development of
biopharmaceutical technologies.1�3 In par-
ticular, nanosized particles encoded with
antibodies or ligands have received a great
deal of attention because of their paired
cell-specific interactions (such as antigen/
antibody and ligand/receptor) and their
ability to serve as scaffolds for therapeutic
payloads.4�7 Over the past 20 years, nano-
sized particles paired with suitable drugs (or
imaging agents) and antibodies (or ligands)
have been extensively utilized for disease
treatment (or diagnosis) after passive and
active diffusion in the body.4�7 The dream
of a “magic bullet” in targeted disease
therapy has become of great interest in
the pharmaceutical and biotechnological
fields.1�7

Notably, recent research efforts have
been focused on creating nanoparticle
systems bearing functional antibodies or

ligands for highly efficient tumor treatment
and diagnosis.4,5,8,9 These approaches are
predicated on the premise that use of the
nanoparticles with well-constructed antibo-
dies or ligands will result in pronounced
improvement in tumor internalization and
tumor therapy. However, the limited func-
tionality and unsatisfactory tumoral uptake
of nanoparticles with conventional anti-
bodies or ligands usually result in relatively
low effectiveness because of practical diffi-
culties in overcoming obstacles in natural
in vivo conditions.3,5,10 Despite recent tech-
nological attempts to modify conventional
antibodies or ligands through genetic/
chemical modifications or phage display
peptide libraries, there have been few
examples of nanoparticles coupled with
precisely reconstructed antibodies or
ligands.1�5,8�10

In this study, we report gold nanoparticles
(AuNP) with unique Y-shaped ligands and
encodable structural identities. As shown in
Figure 1a, the Y-shaped ligands mimicking
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ABSTRACT We report functional gold nanoparticles (AuNP) with antibody-like ligands.

These particles consist of Y-shaped ligands and AuNP. Transferrin (Tf) and Tat peptide were

linked to each head of a Y-shaped poly(ethylene glycol) (PEG)-containing dopamine at one tail

site. Also, Y-shaped ligands (with Tf and Tat peptide) were anchored to the surface of the AuNP

as the result of noncovalent conjugation of dopamine and the AuNP. Interestingly, the partial

shielding of Tat peptides by large Tf molecules rather improved Tf-mediated endocytosis of the

AuNP, while minimizing the natural nonspecific cell interaction of Tat peptides. This system

resulted in highly improved in vitro/in vivo tumor-selective uptake over AuNP bearing a single

ligand (Tf or Tat peptides). Furthermore, this system resulted in significant enhancement of

in vivo photothermal tumor cell ablation under light-irradiation conditions for AuNP. We believe that this design is a promising method to easily modify

conventional antibodies or ligands to improve their disease-recognition ability.

KEYWORDS: Y-shaped ligands . gold nanoparticles . Tat peptide . transferrin . photothermal ablation
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the shape of an antibody consist of a transferrin [Tf,Mw

80 kDa, a target protein for Tf receptor (TfR)-positive
tumor cells],11 Tat peptide,12 poly(ethylene glycol)
(PEG), and dopamine (a high-affinity anchor for AuNP
and a hydrophobic shell13) (Figure 1a). Here, we pre-
pared Y-shaped ligands after generating a Y-shaped
PEG using cysteine and difunctionalized PEG and
conjugating with dopamine, Tat peptide, and Tf.
Briefly, the terminal N-hydroxysuccinimide (NHS)

moiety of the Y-shaped PEG (I) [prepared after the
chemical reaction of cysteine (as a chemical bridge)
with maleimide (Mal)-difunctionalized PEG (Mal-PEG-
Mal) and NHS-difunctionalized PEG (NHS-PEG-NHS)]
reacted with the free amine group of dopamine,
producing a Y-shaped PEG containing dopamine
(Y-shaped PEG/dopamine: PD, II) (Figure 1b). Next, a
sticky dopamine tail was bound to the surface of AuNP
(stabilized using excess dodecanethiol,14 particle size

Figure 1. (a) Schematic concept of multivalent endocytosis using antibody-like ligand-bearing AuNP. See the text for more
details. (b) Synthesis scheme for the antibody-like ligand-bearing AuNP.
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in diameter = 10 nm in choroform, 50�70 nm in
phosphate-buffered saline (PBS) (data not shown)]
via noncovalent binding,13 producing PD-bearing
AuNP (PD-AuNP) (Figure 1b). The terminal carboxylic
acid group of PD-AuNP was preactivated using N,N0-
dicyclohexylcarbodiimide (DCC) and NHS and then
chemically reacted with Tf, producing PD-AuNP with Tf
(Tf-PD-AuNP, III) (Figure 1b). The terminal Mal moiety
of Tf-PD-AuNP reacted with the thiol group of the Tat
peptide [with terminal cysteine (Cys)], producing PD-
AuNP with Tf and Tat (Tf/Tat-PD-AuNP, IV) (Figure 1b).
As a result, Tat peptides and Tf were chemically encoded
to each head of the Y-shaped PEG linked to AuNP.

RESULTS AND DISCUSSION

We anticipated that the presence of two targeting
moieties would provide a promising route for multi-
valent endocytosis (TfR-mediated11,15 and Tat-mediated
endocytosis5,12) (Figure 1a). In particular, we hypothe-
sized that Tat peptides (partially shielded by large
Tf molecules) could serve as a biological catalyst to
improve the cell-binding affinity of Tf (Figure 1a).
We prepared various combinations of AuNP (PD-

AuNP, Tf-PD-AuNP, Tat-PD-AuNP, and Tf/Tat-PD-AuNP)
as listed in Table 1. We also calculated the weight
fractions of PD, Tf, and Tat in AuNP after measuring the
concentration of free PD, free Tf, and free Tat remaining
in the supernatant obtained after ultracentrifugation of
the AuNP solution at 25 000 rpm for 10 min (Table 1
and Supporting Information). Averages of 2.28�2.30%
PD, 0.20�021% Tf, and 0.39�0.40% Tat were em-
bedded in AuNP (Table 1). The images obtained from
a transmission electron microscope (TEM) illustrate
that each AuNP (average diameter of 50�100 nm)
was almost spherical (Figure 2a). In addition, the zeta-
potential of PD-AuNP was�3.3 mV. The zeta-potential
of AuNP changed from �2.2 mV (Tat-PD-AuNP) to
�3.1 mV (Tf/Tat-PD-AuNP) with respect to the pre-
sence or absence of positive-charged Tat peptides and
negative-charged Tf (Table 1).
Next, to evaluate whether the Y-shaped ligands

could indeed improve the cellular uptake of AuNP,
we first performed in vitro cell imaging studies using
MDA-MB-231 (TfR-positive)11 or CHO-K1 (TfR-negative)15

cells. Figure 2b shows confocal images of MDA-MB-231
(TfR-positive) cells treated using fluorescent chlorin
e6 (Ce6) dye-labeled AuNP at 37 �C for 4 h. Here, the
fluorescent Ce6 dye16,17 was chemically conjugated
with dopamine and then embedded to the surface of
AuNP through noncovalent conjugation13 of dopamine
and AuNP. We stained the cells using 40,6-diamidino-2-
phenylindole dihydrochloride (DAPI) and wheat
germ agglutinin (WGA)-Alexa Fluor 488 to visualize
the cell nuclei and membranes,16 respectively. The
confocal images revealed the highest cellular uptake
of Tf/Tat-PD-AuNP and Tat-PD-AuNP (Figure 2b). Ce6
fluorescence16 of Tf/Tat-PD-AuNP and Tat-PD-AuNP

was primarily observed in the cytoplasm (or perinuclear
region), reflecting their efficient cellular internalization.
In contrast, Tf-PD-AuNP showed relatively poor fluores-
cence in MDA-MB-231 cells under the same experi-
mental conditions. In addition, no apparent fluorescent
intensity was noted for PD-AuNP (Figure 2b).
It is interesting to note that unlike the strong fluo-

rescence of Tf/Tat-PD-AuNP observed in TfR-positive
MDA-MB-231 cells (Figure 2b), no apparent fluorescent
intensity of Tf/Tat-PD-AuNP in the TfR-negative
CHO-K1 cells was observed (Figure 2c). However, Tat-
PD-AuNP was still internalized by TfR-negative CHO-K1
cells (Figure 2c), probably due to the nonspecific
cell-penetrating ability of the Tat peptide alone. It is
known that Tat peptide-conjugated macromolecules
are extensively internalized by cells via nonspecific
pinocytosis after electrostatic interactions with cellular
membranes.5,12 Our results indicate that Tf/Tat-PD-
AuNP inhibits the independent cell penetration of
the Tat peptide (probably due to the steric hindrance
of the large Tf molecule located near the Tat peptide)
but enhances TfR-mediated endocytosis. We believe
that multivalent endocytosis (the TfR-mediated
endocytosis11 and the following Tat peptide-mediated
cellular interaction12) causes the improved tumor-
selective uptake of AuNP.
Figure 2d also evidences the extensive internaliza-

tion of Tf/Tat-PD-AuNP. The uptake of Tf/Tat-PD-AuNP
by the MDA-MB-231 cells was significantly increased,
compared with those of Tf-PD-AuNP and PD-AuNP,
as measured using inductively coupled plasma mass
spectrometry (ICP-MS).18 The TEM images (Figure 2e)
revealed that Tf/Tat-PD-AuNP in the endosomes was
actively transferred to the cytoplasm of MDA-MB-231
cells, although Tf/Tat-PD-AuNP did not interact with
CHO-K1 cells. In addition, Tf-PD-AuNP exhibited rela-
tively low cell binding by the MDA-MB-231 cells during
a short treatment (incubation) time (1 h), although Tf-
PD-AuNP has Tf on the surface of the AuNP. Figure 2f
shows the quantitative results of the cellular uptake
of Ce6 dye-labeled AuNP using a FACSCalibur flow
cytometer. The average fluorescence intensity of Tf/
Tat-PD-AuNP was∼9.05� 103, and that of Tf-PD-AuNP
was∼383. Taken together, the data demonstrated the
high uptake of Tf/Tat-PD-AuNP in MDA-MB-231 cells.

TABLE 1. Manufacturing Conditions and Characterization

of Y-Shaped Ligand-Bearing AuNP

weight fraction (%) of PD, Tf, and

Tat in nanoparticles

sample PD Tf Tat zeta-potential (mV)

PD-AuNP 2.30 �3.3 ( 0.2
Tf-PD-AuNP 2.30 0.21 �4.1 ( 0.1
Tat-PD-AuNP 2.29 0.40 �2.2 ( 0.4
Tf/Tat-PD-AuNP 2.28 0.20 0.39 �3.1 ( 0.1
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We further investigated the potential use of Tf/Tat-
PD-AuNP in vivo. MDA-MB-231 tumor-bearing nude
micewere selected as animalmodels.We administered

fluorescent Ce6 dye-labeled AuNP to MDA-MB-231
tumor-bearing nude mice. Figure 3a shows typical
serial near-infrared (NIR) photoluminescence images

Figure 2. (a) TEM images of each AuNP. Confocal images (white scale bar = 10 μm) of (b) MDA-MB-231 (TfR-positive) and (c)
CHO-K1 (TfR-negative) cells treated using fluorescent Ce6 dye-labeled AuNP (10 μg/mL) at 37 �C for 4 h. The treated cells were
stained using DAPI and WGA-Alexa Fluor 488. (d) Uptake value [number (N) of AuNP taken up per the MDA-MB-231 cell] of
eachAuNP (n=7)measured using an ICP-MS (**p<0.01 compared to thePD-AuNP). (e) TEM imagesof tumor cells treatedwith
each AuNP (10 μg/mL) at 37 �C for 1 h (scale bar = 1 μm). (f) Flow cytometry analysis of Ce6 dye-labeled AuNP (10 μg/mL) for
MDA-MB-231 tumor cells (4 h incubation at 37 �C).
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of the tumor-bearing nudemice obtained at 1, 4, 8, and
24 h postinjection. The use of nude mice injected with
Tf/Tat-PD-AuNP allowed high-resolution fluorescent
images to be taken of the in vivo tumor site, and the
results were comparable to those observed with other
AuNP. In particular, at 8 h postinjection of Tf/Tat-PD-
AuNP, the NIR fluorescence was strongly detected in
the tumor site. The nude mice were sacrificed at 8 h
postinjection, and the excised organs (tumor, heart,
liver, spleen, lung, and kidney) were analyzed. The total
photon counts (fluorescence intensities) per centi-
meter squared per steradian (p/s/cm2/sr)19 per each
excised tumor of tumor-bearing nude mice were 58
(Tf/Tat-PD-AuNP), 3 (Tat-PD-AuNP), and 2 (Tf-PD-AuNP)
(Figure 3b). Tf/Tat-PD-AuNP effectively accumulated
in the tumor tissue, although strong fluorescence
was noted in the liver (indicating the nonspecific
uptake of the nanoparticles by the reticuloendothelial
system in the liver5,20). Furthermore, we evaluated the

accumulation of AuNP in the interior tissue of the
tumor by observing the fluorescence of the tumor
tissues sliced using a microtome. The fluorescent im-
age of sliced in vivo tumor tissues demonstrated that
Tf/Tat-PD-AuNP facilitated the penetration of the inter-
ior tumor tissue, which is comparable with the results
obtained after treatment with Tat-PD-AuNP, Tf-PD-
AuNP, and PD-AuNP (Figure 3c).
Figure 4 shows the in vivo therapeutic efficiency

of Tf/Tat-PD-AuNP in the MDA-MB-231 tumor-bearing
nude mice model. It is known that AuNP convert light
radiation to vibrational energy to elevate the ambient
temperature.7,21 In a preliminary study, Tf/Tat-PD-AuNP
demonstrated a major increase (from 30 �C to 62 �C)
in ambient temperature when the aqueous solution
was irradiated at a light intensity of 1 W/cm2 using
an 808 nm laser source (Figure 4a), which is similar
to that observed with Tat-PD-AuNP, Tf-PD-AuNP, and
PD-AuNP (data not shown). For in vivo animal studies,

Figure 3. (a) In vivo noninvasive photoluminescent imaging of fluorescent Ce6 dye-labeled AuNP (2.5 mg/kg) injected
intravenously into MDA-MB-231 tumor-bearing nude mice. Fluorescence images were obtained at 1, 4, 8, and 24 h
postinjection. The tumor site is indicated by a dotted circle. (b) Total photon counts per centimeter squared per steradian
(p/s/cm2/sr, measured using an Image Station 4000 MM) of organs extracted (8 h postinjection) from MDA-MB-231 tumor-
bearing nude mice injected with each AuNP (n = 3) (**p < 0.01 compared to the Tf-PD-AuNP). (c) Fluorescence images of
the sliced area of the in vivo tumor tissues extracted from MDA-MB-231 tumor-bearing nude mice (24 h postinjection of
each AuNP).
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we administered Tf/Tat-PD-AuNP to tumor-bearing
nude mice. At 8 h postinjection, the tumor sites of the
tumor-bearing nude mice were locally irradiated once
at a light intensity of 1 W/cm2 using an 808 nm laser
source for 6 min. After the light irradiation, thermal
body images of the tumor-bearing nude mice were
captured using a thermal imaging camera. The tumor
surface temperature on the nudemice given Tf/Tat-PD-
AuNP reached approximately 50 �C (Figure 4b). This
hyperthermic condition7 resulted in increased tumor
volume regression in the nude mice (Figure 4c and d).
The relative tumor volume in nude mice given

Tf/Tat-PD-AuNP was approximately 7.1 times smaller
than in those treated with PBS (control). Overall, these
data indicate that the enhanced tumor uptakeof Tf/Tat-
PD-AuNP resulted in a significant improvement of
in vivo tumor inhibition.

CONCLUSIONS

Based on the results of this study, we anticipate that
this Y-shaped system will exhibit great potential as an
advanced platform technology that can be coupled with
various conventional ligands or antibodies for biomedical
applications involvingdrugdelivery anddisease imaging.

MATERIALS AND METHODS

Materials. Cysteine, dicarboxylated poly(ethylene glycol)
(HOOC-PEG-COOH) (Mn ∼2 kDa), N-hydroxysuccinimide (NHS),
N,N0-dicyclohexylcarbodiimide (DCC), transferrin (Tf), dopamine,
dichloromethane (DCM), ethanol, anhydrous diethyl ether, tri-
ethylamine (TEA), N-(2-aminoethyl maleimide) (Mal), dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), HAuCl4, tetra-
octylammoniumbromide, toluene, sodiumborohydride, sulfuric
acid, dodecanethiol, chloroform, 40 ,6-diamidino-2-phenylindole
dihydrochloride (DAPI), paraformaldehyde, glutaraldehyde, os-
mium tetroxide, HCl, Epon 812, and 1-ethyl-3-(3-(dimethylamino)-

propyl)carbodiimide (EDC) were obtained from Sigma-Aldrich
(USA). BCA protein assay kit was purchased from Pierce (USA).
Tat peptide [Gly-Cys-(Gly)3-Tyr-Gly-Arg-(Lys)2-(Arg)2-Gln-(Arg)3]

5

and fluorescein isothiocyanate (FITC)-conjugated Tat peptide5

were obtained from Peptron Inc. (Republic of Korea). Fluorescent
chlorin e6 (Ce6)15 was purchased from Frontier Scientific Inc.
(USA). RPMI-1640, fetal bovine serum (FBS), penicillin, and strep-
tomycin were purchased fromWelgene Inc. (South Korea). Wheat
germ agglutinin Alexa Fluor 488 conjugate (WGA-Alexa Fluor 488)
was purchased from Life Technologies (USA).

Synthesis of Y-Shaped PEG/Dopamine. To prepare the Y-shaped
PEG, HOOC-PEG-COOH was preactivated using NHS and Mal.
First, NHS-difunctionalized PEG (NHS-PEG-NHS)17 was synthe-
sized after the chemical reaction of HOOC-PEG-COOH (1 g) with
DCC (400 mg) and NHS (340 mg) in DCM (20 mL) at 25 �C for
1 day. After the reaction, a drop of water was added to the solu-
tion to convert (unreacted) DCC to insoluble dicyclohexylurea
(DCU). The solution was filtered and recrystallized after adding
excess anhydrous diethyl ether. Next, Mal-difunctionalized PEG
(Mal-PEG-Mal)17 was prepared after the chemical reaction of
NHS-PEG-NHS (1 g) with Mal (300 mg) in DMF (20 mL) contain-
ing TEA (1 mL) at 25 �C for 1 day. After the reaction, the solution
was filtered and recrystallized after adding excess anhydrous
diethyl ether. To further purify NHS-PEG-NHS or Mal-PEG-Mal,
the polymer dissolved in fresh DMSO was dialyzed (Spectra/Por
MWCO 1 kDa) against DMSO for 3 days to remove unreacted
chemicals.17�19 The dialyzed solution was lyophilized. The
yields of NHS-PEG-NHS and Mal-PEG-Mal were 73 ( 5% and
67 ( 8%, respectively, calculated after lyophilization.

Cysteine (100 mg) was reacted with excess NHS-PEG-NHS
(3 g) and Mal-PEG-Mal (3 g) in DMSO (18 mL)/ethanol (2 mL) at
25 �C for 3 days, producing the Y-shaped PEG (I, Figure 1b and
Figure S1). The resulting solution was dialyzed (Spectra/Por
MWCO 3.5 kDa) against fresh DMSO for 3 days to remove
unreacted chemicals and then lyophilized. The obtained
Y-shaped PEG (I, 500 mg) was reacted with dopamine (250 mg)
in DMF (10 mL) containing TEA (1 mL) at 25 �C for 3 days,
producing Y-shaped PEG/dopamine (PD, II, Figure S1). The solu-
tion was recrystallized after adding excess anhydrous diethyl
ether, and the precipitates were harvested. To remove unreacted
chemicals, the product dissolved in deoinized water was dialyzed
again (Spectra/Por MWCO 3.5 kDa) and lyophilized. The yields of
I and IIwere 63( 7% and 84( 5%, respectively, calculated after
lyophilization. The chemical structure of the polymers (I and II)
was analyzed using a Bruker 300MHz NMR spectrometer (Bruker,
Germany). The number-average molecular weight (Mn) and
weight-average molecular weight (Mw) of polymers were deter-
mined using an HPLC system (Waters, USA) equipped with a
410 differential refractometer and a gel permeation chromato-
graphy (GPC) KF-804 or GPC KF-805 column (Shodex, Tokyo,
Japan) at a flow rate of 1.0 mL/minwith DMF as themobile phase
at room temperature.20

PD-AuNP Preparation. To prepare AuNP, HAuCl4 (300 mg) dis-
solved in deionized water (30 mL) was vigorously mixed with
tetraoctylammoniumbromide (2 g) dissolved in toluene (80mL)

Figure 4. (a) Temperature change of 1 mL of phosphate-
buffered saline (PBS, 150mM, pH7.4) with (b) orwithout (0)
Tf/Tat-PD-AuNP (10 mg) irradiated at a light intensity of
1 W/cm2 using an 808 nm laser source. (b) In vivo thermo-
graphic images of MDA-MB-231 tumor-bearing nude mice
locally irradiated at a light intensity of 1 W/cm2 using an
808 nm laser source for 6 min [8 h postinjection of each
AuNP or control (PBS)]. (c) Relative tumor volume change
(V/V0, where V is the tumor volume at a given time, and V0 is
the initial tumor volume) of MDA-MB-231 tumor-bearing
nude mice locally irradiated at 8 h postinjection of each
AuNP or control (PBS) (n = 5) (**p < 0.01 compared to the
control). (d) Optical images of MDA-MB-231 tumor-bearing
nude mice at 7 days postinjection.
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for 2 h. After removing the water phase, 25 mL of aqueous
sodium borohydride (0.4 M) was slowly added to the organic
phase (toluene). After stirring the solution for 24 h, the organic
phase was extracted and washed using 0.1 M sulfuric acid and
then deionized water. The solution was mixed with excess
dodecanethiol (2400 μL) for 2 h. The toluene in the solution
was evaporated, which produced a dried powder. The obtained
powder was dispersed in chloroform and ultracentifuged at
25 000 rpm for 10 min to separate AuNP from unreacted
chemicals. Next, the dried precipitates were again dissolved in
chloroform and added to a round-bottomed flask.14 Subse-
quently, chloroform was removed using a rotary evaporator
(EYELA, N-1000, Fisher Scientific Inc., USA) to form a thin film on
the surface of the flask. The film was rehydrated in deionized
water using a sonicator (60 Hz for 5min) at 25 �C,18,19 producing
AuNP dispersed in deionized water.

Next, water-soluble PD (5 g) was mixed with AuNP (100 mg)
dispersed in deionized water (100 mL) at 25 �C for 8 h. The
concentration of PD bound on AuNP was calculated after
measuring the weight of the dried precipitate (PD-AuNP) after
ultracentrifugation of the AuNP solution at 25 000 rpm for
10 min. The yield of PD-AuNP was 70 ( 7%, calculated after
lyophilization.

Tf-PD-AuNP Preparation. PD-AuNP (100 mg) was preactivated
usingDCC (50mg) andNHS (50mg) in DMSO (10mL) at 25 �C for
1 day. After the reaction, the solution was dialyzed (Spectra/
Por MWCO 1 kDa) against fresh DMSO for 3 days to remove
unreacted chemicals. The dialyzed solution was ultracentifuged
at 25 000 rpm for 10 min to precipitate PD-AuNP. Next, the
preactivated PD-AuNP (10 mg) reacted with Tf (1 mg) in 10 mL
of PBS (150 mM, pH 7.4) at 25 �C for 4 h, producing Tf-PD-AuNP.
The Tf concentration in Tf-PD-AuNP was calculated by perform-
ing the BCA protein assay for free Tf remaining in the super-
natant obtained after the ultracentrifugation of the AuNP
solution (obtained immediately after the coupling reaction) at
25 000 rpm for 10 min. The yield of Tf-PD-AuNP was 75 ( 8%,
calculated after lyophilization.

Tat-PD-AuNP Preparation. PD-AuNP (10 mg) in 10 mL of PBS
(150 mM, pH 7.4) was mixed with Tat peptide (1 mg) or
FITC-conjugated Tat peptide (1 mg) at 25 �C for 4 h, producing
Tat-PD-AuNP. The Tat peptide concentration in Tat-PD-AuNP
was calculated by measuring the fluorescence intensity of
free FITC-conjugated Tat peptide remaining in the super-
natant obtained after the ultracentrifugation of the AuNP
solution (obtained immediately after the coupling reaction) at
25 000 rpm for 10 min. The yield of Tat-PD-AuNP was 78 ( 7%,
calculated after lyophilization.

Tf/Tat-PD-AuNP Preparation. Tf-PD-AuNP (10 mg) in 10 mL of
PBS (150 mM, pH 7.4) was mixed with Tat peptide (1 mg) or
FITC-conjugated Tat peptide (1 mg) at 25 �C for 4 h (Figure 1b),
producing Tf/Tat-PD-AuNP. The Tat peptide concentration in
Tf/Tat-PD-AuNP was calculated by measuring the FITC fluores-
cence intensity of Tf/Tat-PD-AuNP. The yield of Tf/Tat-PD-AuNP
was 64 ( 5%, calculated after lyophilization.

Characterization of AuNP. The particle size distribution of each
AuNP (0.1 mg/mL) dispersed in 150 mM PBS (pH 7.4) was
analyzed using a Zetasizer 3000 instrument (Malvern Instru-
ments, USA) equipped with a He�Ne laser at a wavelength of
633 nm and a fixed scattering angle of 90�.17 The zeta-potential
change of each AuNP (0.1 mg/mL) dispersed in 150 mM PBS
(pH 7.4) was measured with a Zetasizer 3000 (Malvern
Instruments).17 The morphology of each AuNP (10 μg/mL)
was confirmed using a transmission electron microscope (JEM
1010, Japan).17,20

In Vitro Cell Uptake Studies. Human breast adenocarcinoma
MDA-MB-231 cells and Chinese hamster ovarian CHO-K1 cells
(from the Korean Cell Line Bank) were maintained in RPMI-
1640 medium with 1% penicillin�streptomycin and 10% FBS in
a humidified standard incubator with a 5% CO2 atmosphere
at 37 �C. Prior to testing, cells (1 � 105 cells/mL) suspended in
RPMI-1640 medium were seeded onto well plates and cultured
for 24 h.16

The cells were incubated with fluorescent Ce6 dye-labeled
AuNP (10 μg/mL) at 37 �C for 4 h. The fluorescence intensity
was analyzed using a FACSCalibur flow cytometer (Becton

Dickinson, USA).16 Furthermore, the treated cells were stained
using DAPI and WGA-Alexa Fluor 488 to visualize the cell nuclei
and cell membranes.17 The cells were washed three times with
fresh PBS (pH 7.4) and then examined using a confocal laser-
scanning microscope (CarlZeiss Meta LSM510, Germany).17

In addition, fluorescent Ce6 dye-labeled AuNP were simply
prepared by mixing 50 μg of Ce6�dopamine conjugate
[prepared after the chemical reaction of the carboxylic acid of
the fluorescent Ce6 dye (1 mg) and the free amine of dopamine
(1 mg) in the presence of EDC (0.5 mg) and NHS (0.5 mg) in
PBS (pH 7.4, 1 mL) for 8 h] with each AuNP (1mg) in PBS (pH 7.4)
at 25 �C for 2 h. The weight fraction of Ce6 dye embedded in
each AuNP was 1.2%, calculated by measuring the fluorescence
intensity of the free Ce6�dopamine conjugate remaining
in the supernatant obtained after ultracentrifugation of the
AuNP solution at 25 000 rpm for 10 min. The unreacted Ce6�
dopamine conjugate was then removed after dialyzing
(Spectra/Por MWCO 100 kDa) the solution against fresh PBS
(150 mM, pH 7.4) for 4 h.

Next, cells treated with each AuNP (10 μg/mL) at 37 �C for
1 h were washed three times with fresh PBS and fixed in
4% paraformaldehyde/2.5% glutaraldehyde in 0.1 M PBS for
overnight. After washing with 0.1 M PBS, the specimens were
postfixed with 1% osmium tetroxide in PBS for 1 h. The speci-
mens were dehydrated using pure ethanol and embedded in
Epon 812 resin at 60 �C for 2 days. Ultrathin sections (60�80 nm)
were sliced from embedded specimens using an ultramicro-
tome (Leica Ultracut UCT, Germany) and then mounted onto
carbon-coated copper grids and examined using TEM (JEM
1010, Japan) operating at 60 kV with a CCD camera (SC1000
Orion, USA).22

To confirm the cellular uptake value [number (N) of AuNP
taken up per cell] of each AuNP, MDA-MB-231 cells were
incubated with each AuNP (10 μg/mL) at 37 �C for 4 h, washed
three times with fresh PBS at 25 �C, and thenmixedwith 1%HCl
solution (10 mL) at 80 �C for 1 h. The AuNP concentration in the
treated cells was measured using an ICP-MS (ICAP Q, Thermo
Scientific Inc., USA).18

Animal Care. The in vivo studies were conducted using 6- to
8-week-old female nude mice (BALB/c, nu/nu mice, Institute of
Medical Science, Tokyo, Japan). The nudemiceweremaintained
under the guidelines of an approved protocol from the Institu-
tional Animal Care and Use Committee (IACUC) of the Catholic
University of Korea (Republic of Korea).

In Vivo Uptake Studies. To prepare in vivo xenografted tumors,
MDA-MB-231 tumor cells (1 � 107 cells in PBS pH 7.4) were
subcutaneously injected into female nude mice. When the
tumor volume reached 50�100 mm3, fluorescent Ce6 dye-
labeled AuNP (2.5 mg/kg) were intravenously injected into the
tumor-bearing nude mice through the tail vein. Fluorescence
images were obtained at 1, 4, 8, and 24 h postinjection using an
Image Station 4000 MM (Kodak, USA) with a special C-mount
lens anda long-waveemission filter (OmegaOptical, Brattleboro,
VT, USA).16,20 At 8 h postinjection, the nudemice were sacrificed,
and the total photon counts per centimeter squared per
steradian (p/s/cm2/sr) in the excised organs (tumor, heart, liver,
spleen, lung, and kidney) were determined using an Image
Station 4000 MM.19 In addition, the tumor tissues extracted
(24 h postinjection) from the sacrificed nude mice were
sliced using a microtome and analyzed using an Image Station
4000 MM.16

In Vivo Photothermal Tumor Therapy. Before performing the
in vivo tumor inhibition test, the temperature change in 1 mL
of PBS (150mM, pH 7.4) containing Tf/Tat-PD-AuNP (10mg) was
monitored using a probe-type thermometer (905-T1, Testo Inc.,
USA) when the aqueous solution was irradiated at a light
intensity of 1 W/cm2 using an 808 nm laser source for 420 s.

Next, each AuNP (2.5 mg/kg, without Ce6 dye) or PBS
(control) was intravenously injected into MDA-MB-231 tumor-
bearing nude mice through the tail vein. At 8 h postinjection,
the tumor sites of the nudemicewere locally irradiated at a light
intensity of 1 W/cm2 using an 808 nm laser source for 6 min.
Thermal body images of the MDA-MB-231 tumor-bearing nude
micewere captured using a thermal imaging camera (T335, FLIR
Systems Inc., USA). The tumor volume was calculated using the
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following formula: tumor volume = length � (width)2/2.16

The relative tumor volume change (V/V0), where V is the tumor
volume at a given time and V0 is the initial tumor volume,17 was
plotted. In addition, the change in the body weight of the nude
mice treated with each AuNP was negligible (data not shown),
which indicates that each AuNP exerted no apparent toxicity
throughout the body.

Statistical Evaluation. All of the results were analyzed via
Student's t test or ANOVA at a significance level of p < 0.01 (**).
The MINITAB release 14 statistical software programwas used for
all statistical analyses.16,17
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