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C
ontrolling the surface chemistry of
mesoscopicnanoparticles (5�100nm)
is particularly important when at-

tempting to develop stimulus-responsive
metal nanoparticles, which have recently
attracted attention due to their potential
utility as localized and noninvasive ablators
of tumors.1,2 The gold nanorod (AuNR) is a
particularly promising type of metal nano-
particle. AuNRs are a highly efficient photo-
thermal conversion material3�5 that can be
used for tumor ablation. AuNRs also emit
strong two-photon luminescence that is
currently being studied for deep tissue
imaging.6�9 Since “raw” AuNRs are extre-
mely cytotoxic, due largely to cetyltrimethyl-
ammoniumbromide (CTAB) ontheir surface,10

poly(ethylene glycol) (PEG), a biocompatible
dispersant, is widely used in the develop-
ment of AuNRs as therapeutic agents.11�13

Theoretically, biocompatible and cell-
interactive AuNRs could be used to
ablate tumors through localized heating,

as well as to deliver oligonucleotides intra-
cellularly.14�17 However, PEGylation does
not enhance the cell interactivity of nano-
particles, and PEGylated AuNRs are repelled
from a number of cell types.18,19 In addition,
conjugation of cell surface receptor ligands
to PEGylated liposomes prepared in a stan-
dardwaydid not enhance their cell uptake,20

perhaps due to the globular mushroom-like
structures of the long PEGmolecules hinder-
ing accessibility of the ligand on the lipo-
some surface.
Our basic strategy for preparation of bio-

compatible and cell-interactive mesoscopic
metal nanoparticles is to utilize natural mol-
ecules that interact with tissues and cells.
(Z)-9-Octadecenoate (oleate)21 and high-
density lipoprotein (HDL)22 (a mediator of
reverse cholesterol transport) are examples
of these molecules. In this study, we sought
to enhance the interaction of mesoscopic
metal nanoparticles with cells by genetically
fusing a cell-penetrating peptide (TAT) to
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ABSTRACT Surface engineering of mesoscopic metal nanoparticles to increase

biocompatibility and cell interaction is important for improvement of their therapeutic

properties. Here, we describe a strategy to stabilize mesoscopic metal nanoparticles and

to enhance their cell interaction by stepwise addition of (Z)-9-octadecenoate (oleate) and

a cell-penetrating peptide-fused high-density lipoprotein (cpHDL). Oleate replaces a

cytotoxic dispersant on the surface of gold nanorods (AuNRs), which enables subsequent

cpHDL binding without causing aggregation. Notably, these two lipidic dispersants are

probably intercalated on the surface. This procedure was also used to stabilize 20 nm

spherical gold nanoparticles and 40 nm aggregates of 10 nm magnetite nanoparticles.

cpHDL-bound AuNRs were internalized greater than 80 times more efficiently than poly(ethylene glycol)-conjugated AuNRs and were able to elicit cancer

cell photoablation.
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the HDL.23 The TAT peptide has high homology with
human protein (85�95%)24 and has been examined in
more than 25 clinical trials for the delivery of thera-
peutic molecules.25

RESULTS AND DISCUSSION

HDLs were prepared bymixing 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) and apoA-I or its
mutant fused with TAT peptide at a lipid/protein molar
ratio of 100 (denoted as R = 100) or 250 (R = 250).26

The mean hydrodynamic diameter of cell-penetrating
peptide-fused high-density lipoprotein (cpHDL) (R =
250) on a volume basis was determined to be 36 nm
by dynamic light scattering analysis, which was larger
than that of cpHDL (R = 100) (14 nm) (Supporting
Information Figure S1). The diameter of cpHDL (R =
250) was 20 ( 9.1 nm under vacuum in mica flake
transmission electron microscopy imaging (Figure 1d)
(see Methods section).
CTAB-capped AuNRs (CTAB-AuNRs) had a length of

54( 10 nm and an aspect ratio of 3.3( 0.3 (Figure 1a).
Upon treatment of CTAB-AuNRs with oleate, the
colloidal stability of the AuNRs (oleate-AuNRs) in phos-
phate buffer saline (PBS) improved relative to CTAB-
AuNRs, and the longitudinal plasmon peak of CTAB-
AuNRs was blue-shifted (Figure S2). Such a blue shift
could in part be due to shortening of the AuNRs during
oleate treatment (42 ( 5.2 nm in length and aspect
ratio of 2.7 ( 0.5) (Figure 1b).17 Simultaneously, we
made the first observation of thin organic layers (ca. 3.8
and 4.0 nm) for CTAB-AuNRs and oleate-AuNRs
(Figure 1a,b and Figure S3a,b) using our TEM tech-
nique. The zeta-potential of the CTAB-AuNRs
markedly decreased from 25( 2.1 to�39( 4.7 mV. In
X-ray photoelectron spectroscopy (XPS) spectra, peaks

arising from CTAB largely disappeared after oleate
treatment (Figure 2a), and peaks assignable to carbox-
ylate groups were detected at 288.4 and 532.2 eV
(Figure 2b,c). These observations unambiguously de-
monstrate that CTAB on the CTAB-AuNRs is almost
entirely replaced by oleate. The O 1s peak was decon-
voluted into two peaks (Figure 2c), suggesting the
presence of an oleate bilayer on the AuNR surface, as
observed for magnetite nanoparticles.27�29 In agree-
ment with the XPS data, the 1H NMR resonance
for the γ-CH3 protons of CTAB disappeared and IR
signals assignable to the carboxylate group of oleate
were detected after oleate treatment of CTAB-AuNRs
(Figures S4 and S5).
Oleate-AuNRswere thenmixedwith cpHDL (R= 250)

at 50 �C in PBS for 1 h at a cpHDL/AuNR weight ratio of
0.4 (vide infra), centrifuged to discard the supernatant,
and redispersed in PBS. After mixing, the thickness of
the organic layer increased significantly (Figure 1c).
The average thickness was ca. 7.0 nm (Figure S3d). The
longitudinal length and aspect ratio (42 ( 3.1 nm and
2.7( 0.4) of the cpHDL (R = 250)-treated oleate-AuNRs
(cpHDL-AuNRs (R = 250)) were almost the same as
those of oleate-AuNRs (Figure 1b). Therewas negligible
broadening of the plasmon peak of oleate-AuNRs
after treatment with cpHDL (R = 250) (Figure S2b).

Figure 1. Mica flake transmission electron microscopy
(TEM) images. (a) CTAB-AuNRs; (b) oleate-AuNRs; (c)
cpHDL-AuNRs (R = 250); (d) cpHDL (R = 250). cpHDL (R =
250) had a discoidal structure with an average diameter of
ca. 20 nm, suggesting that it has a discoidal phospholipid
bilayer, similarly to native HDL. Scale bar, 50 nm.

Figure 2. X-ray photoelectron spectroscopy analysis. Spec-
tra of CTAB-, oleate-, and cpHDL-AuNRs (R = 250) (a) and
magnified spectra for (b) C 1s, (c) O 1s, and (d) P 2p. In (c), the
original spectrum of oleate-AuNRs (;) was fitted by two
Gaussian functions (� 3�) usingOriginPro 8.6. The spectrum
of neat sodium oleate (---) is shown for comparison.
(e) Chemical structure of POPC.
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cpHDL-AuNRs (R = 250) showed excellent colloidal
stability after 1 week of incubation in PBS at 37 �C,
comparable to that of PEG-conjugated AuNRs (PEG-
AuNRs) (Figure S6a,b). The stability only changed
slightly in the presence of serum (Figure S6c). Direct
treatment of CTAB-AuNRs with cpHDL (R = 250) re-
sulted in slight aggregation of AuNRs just after pre-
paration (Figure S7a), clearly showing the advantage of
oleate pretreatment on stabilization using cpHDL. The
AuNRs obtained by direct cpHDL treatment were also
still highly cytotoxic (Figure S7b).
The zeta-potential of cpHDL-AuNRs (R = 250) was

�21( 1.5mV, whichwas higher than that of�39( 4.7
mV for oleate-AuNRs, but still negative. Simulta-
neously, the IR signal for the carboxylate group of
oleate was retained after cpHDL (R = 250) treatment
of oleate-AuNRs (Figure S5), and the N 1s peak
(Figure 2a) and P 2p peak (Figure 2d) derived from
POPC (Figure 2e) appeared in the XPS spectrum of
cpHDL-AuNRs (R = 250). These results demonstrate
that both oleate and cpHDL are present in the organic
layer of cpHDL-AuNRs.
The zeta-potential of cpHDL-AuNRs increased line-

arly with an increasing cpHDL/AuNR weight ratio and
reached a plateau of �21 mV at 0.4 (Figure 3a). In
accordance with this behavior, the increase in the
amount of cpHDL bound to AuNRs was linearly depen-
dent on the cpHDL/AuNR weight ratio and reached a
constant value at the same ratio (Figure 3b). Irrespec-
tive of the lipid/protein molar ratio (R = 100 or 250),
both plots reached a plateau at the same value of 0.4,
but the amount of bound protein for R= 100was about
half of that for R = 250 (Figure 3b), consistent with TEM
data showing a thinner organic layer for R = 100 than
for R = 250 (Figures S3c,d and S8). These results
unambiguously show that cpHDL (R = 250) is more
advantageous for binding to oleate-AuNRs. This bind-
ing was quite stable in PBS, with only 14% of the
protein released from the surface during a 4 h incuba-
tion at 37 �C (Figure 3c). In the presence of serum, the

released amount seemed to be comparable until 4 h
(data not shown).
Based on these results and on the average thickness

of the organic layer of cpHDL-AuNRs (R = 250) (ca.
7.0 nm) and that of the lipid bilayer of cpHDL (5 nm),
twomodels are conceivable for the structure of cpHDL-
AuNRs (Figure 4).30 One structure has a lateral aggre-
gate of cpHDLpartially embedded into the oleate layer,
while the other involves a fused layer of oleate and
cpHDL. We first assessed the possibility of the lateral
aggregation model by comparing the amounts of
protein per AuNR determined from the SDS-PAGE data
in Figure 3b and the amounts derivable from the
model (Table S1). The model-based amounts of 60
and 44 apoA-Is per AuNR for cpHDL (R = 100 and
250, respectively) were found to be much smaller than
the SDS-PAGE values of 115 and 230 for apoA-Is,

Figure 3. Quantitative analyses of cpHDL binding to oleate-AuNRs and cpHDL release from cpHDL-AuNRs (R = 250).
(a) Zeta-potential after addition of cpHDL to oleate-AuNRs at various cpHDL/AuNR weight ratios. (b) Amount of cpHDL
adsorbed to oleate-AuNRs at various cpHDL/AuNR weight ratios. (c) Time-dependent change in the amount of cpHDL in
cpHDL-AuNRs (R = 250). The amount of cpHDL was determined based on fluorescence intensity from the proteinmoiety (see
Methods). cpHDL-AuNRs (R = 250) were dispersed in PBS, incubated at 37 �C, and centrifuged at the indicated times. The
pellets were subjected to SDS-PAGE and densitometry. Data were standardized to the fluorescence intensity before
dispersion.

Figure 4. Schematic illustration of surface-engineered
AuNRs. For cpHDL binding to oleate-AuNRs, two models
are conceivable. In the lateral aggregation model, oleate-
AuNRs are coated with a lateral aggregate of cpHDL,
whereas fusion (more precisely, intercalation) between
the oleate layer and the phospholipid bilayer of cpHDL
occurs upon cpHDL binding in the fusion model.
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respectively. In particular, the similar amounts for the
two cpHDLs clearly contradict the data in Figure 3.
Thus, simple lateral aggregation of cpHDL may be
ruled out as the binding mode of cpHDL to oleate-
AuNRs; rather, fusion between the two lipidic disper-
sants in such a way that the amount of protein on the
AuNR surface is increased may occur in our procedure.
A possible structure of the protein on the surface in this
fusion model is a flexible belt thoroughly wrapping
around the surface because apoA-I is believed to
flexibly wrap around two entirely different surfaces,
spherical lipid emulsions in the mature HDL and the
edge of lipid bilayers in the nascent HDL, and to adopt
extended R-helical structures in both cases.
It should also be noted that cpHDL binding occurred

with 20 nm spherical gold nanoparticles (Figure S9),
which were byproducts of AuNR synthesis, and in
oleate-coated magnetite nanoparticles (oleate-Fe3O4)
of ca. 40 nm in diameter (Figure 5). Like AuNRs, Fe3O4

nanoparticles are stimulus-responsive metal nanopar-
ticles, and they are capable of generating heat upon
the application of an external oscillating magnetic
field.31 cpHDL (R = 250)-treated oleate-Fe3O4 (cpHDL-
Fe3O4) was stable during 24 h incubation in PBS at
37 �C, compared with oleate-Fe3O4 (Figure 5a,b), and
negligible change in the zeta-potential (Figure 5c)
indicates a stable binding of cpHDL (R = 250) on the
Fe3O4 surface as observed for AuNRs (Figure 3c). These
results indicate that cpHDL (R = 250) binds to oleate-
coated metal nanoparticles regardless of their shape

and composition. The apoA-I also binds to metal
nanoparticles, but their size is limited to ∼5 nm.32,33

Moreover, the density (3 apoA-Is per 5 nm spherical
particle = 0.038 protein/nm2) was about half of that for
cpHDL (R=250) (230 apoA-Is per AuNR=0.067 protein/
nm2) (Table S1). Therefore, our approach is suitable for
stabilizingmesoscopicmetal nanomaterials (5�100nm)
that are larger than the native HDL core, as well as
introducing apoA-I proteins at higher density.
Phase contrast images of human cancer cells treated

with surface-functionalized AuNRs at 50 μg AuNR/mL
(=630 μMon a Au atom basis) for 4 h in the presence of
serum are shown in Figure 6a. For cpHDL-AuNRs (R =
250), almost all cell centers were intensely dyed dark
purple, showing internalization of the AuNRs. cpHDL-
AuNRs (R = 100) exhibited poorer internalization than
cpHDL-AuNRs (R = 250), indicating that the degree of
internalization of cpHDL-AuNRs is dependent on the
amount of protein on the surface. In the early phase
(10 min), binding of cpHDL-AuNRs (R = 250) to the
plasma membrane was observed and most were in-
dividually isolated via the organic layer (Figure 6b).
Confocal, two-photon luminescence and TEM ana-
lyses demonstrated that AuNRs delivered by cpHDL
(R = 250) accumulated in endosomes and lysosomes
(Figures S10�S12). Inductively coupled plasma (ICP)
analysis revealed that 6.38(0.07pg/cell of cpHDL-AuNRs

Figure 5. Applicability of our procedure tomagnetite nano-
particles (Fe3O4). (a) Photograph of aqueous dispersions
of oleate-treated (oleate-Fe3O4) and oleate/cpHDL-treated
magnetite nanoparticles (cpHDL-Fe3O4) after 24 h incuba-
tion in PBS at 37 �C. Size (b) and zeta-potential data (c) for
oleate-Fe3O4 and cpHDL-Fe3O4; Fe3O4 in H2O (lane 1);
oleate-Fe3O4 in H2O (lane 2); oleate-Fe3O4 in PBS before
(lane 3) and after (lane 4) 24 h incubation at 37 �C; cpHDL-
Fe3O4 in PBS before (lane 5) and after (lane 6) 24 h incuba-
tion at 37 �C. Fe3O4, aggregates of 10 nm magnetite
nanoparticle, was treated with oleate followed by cpHDL
(R = 250) in a similar manner. Whereas oleate-Fe3O4 rapidly
aggregated in PBS, cpHDL-Fe3O4 showed excellent colloidal
stability. No change in zeta-potential of cpHDL-Fe3O4 dur-
ing incubation clearly demonstrates that cpHDL is stably
bound to Fe3O4.

Figure 6. Cell interaction, cytotoxicity, and photothermal
effect of cpHDL-AuNRs. (a) Phase contrast images of NCI-
H460 cells after 4 h of treatment at 50 μg/mL AuNRs (=630
μM on a Au atom basis). Only the dispersants are indicated
in the images. (b) Freeze-fracture TEM image of the outer
surface of the plasma membrane after 10 min of treatment
with cpHDL-AuNRs (R = 250). (c) Cell viability after 4 h of
treatment. Although CTAB was almost entirely removed,
oleate-AuNRs showed a significant cytotoxicity, probably
due to an adverse effect of oleate being an anionic deter-
gent. (d) Cell viability after treatment followed by laser
irradiation (750 nm, 1.5W, 5min) in a freshmediumwithout
AuNRs. HDLs used in (b�d) were prepared at R = 250. Scale
bar, 50 μm.
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(R = 250) and 1.43 ( 0.05 pg/cell of HDL-AuNRs (R =
250) were taken up by the cells. In sharp contrast,
the amount for PEG-AuNRs was determined to be
0.074 ( 0.008 pg/cell, showing that these nanoparti-
cles were repelled from the cells.18,19 This increased
internalization of cpHDL-AuNRs (R = 250) did not
decrease the cell viability (Figure 6c). Similar behavior
of cpHDL-Fe3O4 occurred in the same cells (Figure S13).
In hyperthermia (41�45 �C), the treatment tempera-

ture and duration are the factors to determine survi-
vability of cells.34 Under near-infrared laser irradiation
for 5 min, cpHDL-AuNRs (R = 250) had stronger pho-
tothermal cytotoxicity than HDL-AuNRs (R = 250)
(Figure 6d). The cell culture medium temperature
increased to 50 �C with cpHDL-AuNRs (R = 250) and
44 �C with HDL-AuNRs (R = 250), both of which were
higher than 38 �C for the control. The temperature
increase was also dependent on the duration of treat-
ment of the cells with cpHDL-AuNRs (Figure S14).

These results clearly show that AuNRs delivered by
cpHDL (R = 250) are photothermally active in cells.

CONCLUSIONS

In conclusion, we have described a stepwise pro-
cedure for preparation of highly biocompatible and
cell-interactive AuNRs using two lipidic dispersants:
oleate and cpHDL. The structures of oleate- and
cpHDL-AuNRs were thoroughly investigated, and
our data indicate fusion of the two lipidic dispersants
on the surface of cpHDL-AuNR as a major mechanism
of the binding. This procedure was applicable to two
other mesoscopic nanoparticles with different shape
and composition. Efficient photothermal cancer cell
cytotoxicity was achieved through massive inter-
nalization of the AuNRs. Thus, utilization of oleate
and cpHDL may be a simple and effective method
for biomedical applications of mesoscopic metal
nanoparticles.

METHODS

Materials. General reagents were purchased from Nacalai
tesque (Kyoto, Japan). Gold nanorods (AuNRs) coated with
cetyltrimethylammonium bromide (CTAB) were obtained from
Dai Nippon Toryo Company, Ltd. (Osaka, Japan). Magnetite
nanoparticles (Fe3O4), which are secondary nanoparticles of
10 nm magnetite, were purchased from Toda Kogyo Corp.
(Hiroshima, Japan). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), sodium cholate, and phenol red-free RPMI 1640
medium were obtained fromWako (Osaka, Japan). Tetramethyl
rhodamine isothiocyanate (TMR) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-lissamine rhodamine B sulfonyl (Liss
Rhod PE) were purchased from Fluka (St. Gallen, Switzerland)
and Avanti Polar Lipid, Inc. (Alabaster, AL, USA), respectively.
Transferrin, Alexa Fluor 488 conjugate (Alexa488-Tf), Alexa
Fluor 546, cysteine-bearing cell-penetrating peptide (cp,
CYGRKKRRQRRR), and fetal bovine serum were obtained from
Invitrogen (Carlsbad, CA, USA). PEG-thiol (Sunbright ME-050SH,
MW 5000) was obtained from NOF Corporation (Tokyo, Japan).
Escherichia coli strain BL21 was purchased from Novagen
(Madison, WI, USA). The expression vector pCOLD I was ob-
tained from Takara Bio Inc. (Shiga, Japan). Spectra/Por dialysis
membranes were purchased from Spectrum Laboratories
(Rancho Dominguez, CA, USA). Hoechst 33342 and cell-count-
ing kit-8 were obtained from Dojindo Laboratories (Kumamoto,
Japan). NAP-5 columns were purchased from GE Healthcare UK
Ltd. (Buckinghamshire, UK). Cell culture dishes were obtained
from BD Bioscience (San Jose, CA, USA). Chamber slide II and
triple-well glass dishes were purchased from Asahi Glass Co.,
Ltd. (Tokyo, Japan).

Preparation of cpHDL�metal Nanoparticles. cpHDL was prepared
as described elsewhere.23 Briefly, a cell-penetrating peptide
(YGRKKRRQRRR)-fused apoA-I mutant (N-terminal 43 amino
acids deleted) was produced as a histidine-tagged protein in
an E. coli expression system and purified on a Ni Sepharose
column (GE Healthcare UK). The lyophilized apoA-I mutant was
solubilized in PBS containing 4 M urea and then mixed with
POPC (NOF Corporation) in PBS containing 30 mg/mL sodium
cholate at a lipid/protein molar ratio of 250 (R = 250).26,35

CTAB-AuNRs (Dai Nippon Toryo) were centrifuged at
14 000 rpm for 10 min and redispersed in deionized water. This
procedure was repeated twice to remove free CTAB. Then,
CTAB-AuNRs were treated with 4 mg/mL sodium oleate at 80 �C
for 30 min and passed through a NAP-5 column equilibrated
with deionized water. The AuNR eluate was mixed with cpHDL

at a protein/AuNR weight ratio of 0.4 at 50 �C for 1 h. cpHDL-
AuNRs were centrifuged and redispersed in PBS to remove
unbound cpHDL. For Fe3O4 (Toda Kogyo Corp.), the same pro-
cedure was applied, except for use of a protein/Fe3O4 weight
ratio of 0.8.

Physicochemical Analyses of AuNRs, cpHDL, and Their Complexes.
UV�vis�NIR spectra of AuNRsweremeasured using a Beckman
Coulter DU800 spectrophotometer. The hydrodynamic dia-
meter of cpHDL in PBS was determined with a Nanotrac UPA-
UT151 (Nikkiso Co., Ltd., Tokyo, Japan). The zeta-potential of
AuNRs in 50mMTris-HCl (pH 7) was determinedwith a Zetasizer
Nano Z (Malvern Instruments, Malvern, UK). XPS data were
acquired using an ULVAC-PHI 5500MT system equipped with
a Mg KR X-ray source (1253.6 eV) and a hemispherical energy
analyzer. The signalswere fitted byGaussian functions using the
program OriginPro 8.6. 1H NMR spectra were measured using a
JEOL JNM-EX400 NMR spectrometer in D2O. FTIR spectra were
obtained using a JASCO FT/IR-470 plus spectrometer with a KBr
pellet. SDS-PAGE was performed for the apoA-I mutant liber-
ated from AuNRs, and the protein band stained with CBB was
densitometrically analyzed using a ChemiDoc XRS Plus system
(Bio-Rad, Hercules, CA, USA). For SDS-PAGE of the apoA-Imutant
in Figure 3c, cpHDL-AuNRs (R = 250) were prepared with cpHDL
(R = 250) labeled with Alexa Fluor 546 on the protein, and the
fluorescence intensity of the protein band was measured using
the instrument above. In the presence of serum, proteins that
bound rapidly to AuNRs and had similarmolecular weight to the
TAT peptide-fused apoA-I slightly enhanced the fluorescent
intensity, which precluded a rigorous evaluation (data not
shown). Analysis was performed in duplicate (n = 2).

Cell Culture. Human non-small cell lung cancer NCI-H460
cells were maintained in phenol red-free RPMI 1640 supple-
mented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin. NCI-H460 cells were cultured in 5% CO2 and 95%
air. Cells were passaged every 2�3 days. Phase contrast images
of the cells were observed using an Olympus IX71 inverted
microscope (Tokyo, Japan).

Transmission Electron Microscopy (TEM) Measurement. The mica
flake EM technique was utilized for fine structural analysis of
cpHDL-AuNRs. Two drops of a suspension of finely ground
muscovite mica flakes were added to 500 μL of a cpHDL-AuNR
suspension at 10�100 μg/mL, and cpHDL-AuNRs were allowed
to gently adsorb to mica for ∼30 s at room temperature. The
rapidly frozen slurry of mica flakes was then fractured in a JEOL
EM-1950 JFDII freezing unit and immediately deep-etched for
2 min at �104 �C. It was rotary-shadowed with platinum at an
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angle of 11� from the surface and with carbon from the top. The
replica was separated from the mica, cleaned with hydrofluoric
acid, and picked up on Formvar-coated 200 mesh EM grids
(copper, hexagonal, thin bar grid; GuilderGrids Co., UK). The
replica was observed in a JEOL JEM1400 at 120 kV. The thickness
of the organic layer of AuNRs was determined with considera-
tion of the thickness of the platinum layer (2 nm). For Fe3O4, this
mica flake EM measurement was precluded by dissolution of
Fe3O4 during hydrofluoric acid treatment.

NCI-H460 cells were seeded at 1.0 � 105 cells/mL and
cultured for 1 day on small sapphire glass disks (3 mm in dia-
meter) coated with carbon. Cells were treated with 50 μg/mL
cpHDL-AuNRs (R = 250) (AuNR basis) for 0.5�4 h and rapidly
frozen. The freeze substitution was carried out in cold 1% OsO4

in acetone for 50 h at�90 �C, 3 h at�40 �C, and 2 h at 0 �C. Then
the specimen was washed with pure dry acetone at room
temperature and embedded in Epon 812 (TAAB, UK). After
polymerization at 65 �C for a few days, ultrathin sections
(∼60 nm) made with an Ultramicrotome (Leica FC6, Vienna,
AU) were mounted in EM grids, stained with lead citrate, and
observed by conventional TEM (JEOL JEM1400, Japan). The
freeze-dry technique for observation of plasma membrane-
bound AuNRs has been described elsewhere.36 EM anaglyphs
were generated from tilted images at (10�. Use red and green
glasses for the 3D structure (with red to the left).

Two-Photon Luminescence Microscopy. After treatment with
cpHDL-AuNRs (R = 250) for 4 h, cell nuclei were stained with
Hoechst 33342. Two-photon luminescence images were ob-
tained using a Carl Zeiss LSM 780 NLO confocal system equip-
ped with a Chameleon femtosecond pulsed laser. AuNRs were
excited at 786 nm.

Confocal Microscopy. cpHDL (R = 250) was labeled on the
protein moiety with tetramethyl rhodamine isothiocyanate
(TMR), as described previously with a minor modification.37

Briefly, cpHDL (R = 250) was mixed with TMR on ice at a
cpHDL/TMR weight ratio of 100 in 0.1 M NaHCO3 (pH 8). After
mild rotation at 4 �C for 4 h, unbound TMR was removed with a
NAP-5 gel filtration column (GE Healthcare) equilibrated with
PBS, followed by dialysis against PBS at 4 �C for a fewdays. Then,
TMR-labeled cpHDL (R = 250) was mixed with oleate-AuNRs. For
Liss Rhod PE labeling of Fe3O4, cpHDL and HDL were prepared
using POPC containing 1% Liss Rhod PE, and then the HDLs
weremixedwith oleate-Fe3O4. NCI-H460 cells were treated with
TMR-labeled cpHDL-AuNRs (R = 250) for 4 h. During the last
30 min, the cells were co-treated with Alexa488-Tf. Confocal
images were acquired using an Olympus confocal laser scan-
ning microscope FV10i-LIV.

ICP Analysis of AuNRs in Cells. After treatment with cpHDL-
AuNRs (R = 250) or HDL-AuNRs (R = 250), cells were washed by
PBS twice, scraped, and centrifuged at 1000 rpm for 5 min. The
cell pelletswere incubated in aqua regia for 4 h, and the reaction
solution was evaporated. The residue was dissolved in 1 mM
HCl, and Au ions were quantified using a Shimadzu plasma
atomic emission spectrometer ICPE-9000 (Kyoto, Japan).

Cell Viability Assay. NCI-H460 cells were seeded at 1 � 105

cells/mL and cultured for 1 day. After treatment with AuNRs (50
μg AuNR/mL) for 4 h in the cell culture medium, the cells were
washed with the medium. For the photothermal study, the cells
were further irradiated at 750 nm laser at 1.5 W (Chameleon-RF,
Coherent) for 5 min. After irradiation, the temperature of
the medium was measured with a fiber optic temperature
sensor ReflexTM (Neoptix). Cell viabilities were evaluated using
a cell-counting kit-8 and a SpectraMax M2 microplate reader
(Molecular Devices) and normalized (OD450�OD620) with re-
spect to untreated cells. Assays were performed in triplicate.

Preparation of PEG-AuNRs and cp-AuNRs. PEG- and cp-AuNRs
were prepared as described elsewhere.11,38 Briefly, CTAB-AuNRs
were first centrifuged at 15 000g for 10 min and redispersed in
deionizedwater to remove free CTAB. Thiol-PEG (MW5000, NOF
Corporation) (5molar equiv) wasmixedwith the AuNRs, and the
mixture was stirred for 24 h at room temperature in the dark.
PEG-AuNRs were purified by dialysis (MWCO 50 000) against 3 L
of deionized water for 3 days. The cysteine-bearing cell-pene-
trating peptide (1 mM) was mixed with the AuNRs (Absmax = 1),
and the mixture was incubated at room temperature for 3 days

in the dark. cp-AuNRs were purified by centrifugation (15 000g,
10 min) and redispersed in deionized water. Successful con-
jugation was indicated by the zeta-potential (�3.6( 0.4 mV for
PEG-AuNRs and 2.3 ( 1.9 mV for cp-AuNRs).
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