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ABSTRACT: Gold nanoparticles have great potential in
plasmonic photothermal therapy (photothermolysis), but
their intracellular delivery and photothermolysis efficiency
have yet to be optimized. We show that TAT-peptide-
functionalized gold nanostars (NS) enter cells significantly
more than bare or PEGylated NS. The cellular uptake
mechanism involves actin-driven lipid raft-mediated
macropinocytosis, where particles primarily accumulate in
macropinosomes but may also leak out into the cytoplasm.
After 4-h incubation of TAT-NS on BT549 breast cancer
cells, photothermolysis was accomplished using 850 nm
pulsed laser under 0.2 W/cm2 irradiation, below the
maximal permissible exposure of skin. These results
demonstrate the enhanced intracellular delivery and
efficient photothermolysis of TAT-NS, promising agents
in cancer therapy.

Nanoparticle (NP) systems have gained wide attention due
to their potential in medicine, e.g., molecular imaging,

immunization, theranostics, and targeted delivery/therapy.1 NP
can be fabricated as strong contrast agents for different imaging
modalities with better signal-to-noise ratios than conventional
agents,2a or as therapeutic agents such as drug carriers,2b

radioenhancers,2c and photothermal transducers.2d Gold nano-
particles (AuNP), offering facile synthesis and biocompatibility,
have been applied for a variety of therapeutics, especially in
cancer therapy.3a,b

Gold nanostars (AuNS), which feature tunable plasmon
bands in the near-infrared (NIR) tissue optical window, have
potential for in vivo imaging and therapeutic applications.4a−c

Previously, metal NP imaging has required the use of
fluorescent labels, which are generally quenched on the gold
surface. Other non-fluorescent optical tracking methods, using
dark-field or differential interference contrast, are typically
inoperable in tissue samples.5 AuNS, with their unique plasmon
resonating with the NIR incident light, create a nonlinear field
enhancement that yields intense two-photon photolumines-
cence (TPL). Their extremely high two-photon action cross
section (e.g., 106 GM), which is several orders of magnitude
higher than that of organic fluorophores, allows both in vitro
and in vivo real-time NS tracking without the use of
fluorescence.4b,c,6 The ability to visualize NS with high temporal
and spatial resolution under multiphoton microscopy provides

tremendous flexibility in studying NP kinetics/trafficking
behavior in biomedical settings.
Moreover, with a high absorption-to-scattering ratio in the

NIR and multiple sharp edges favorable for heat generation, NS
efficiently transduce photon energy into heat for hyperthermia
therapy.4c,7 To date, most photothermolysis studies utilize laser
irradiation higher than the maximal permissible exposure
(MPE) of skin per ANSI regulation.8 Previously, in vitro
photothermolysis using NIR pulsed laser reported irradiances
of 1.5−48.6 W/cm2,6a,9 higher than the MPE of skin (e.g., 0.4
W/cm2 at 850 nm). Insufficient intracellular particle delivery
and low photothermal transduction efficiency may be the main
obstacles. Therefore, there is a strong need to design a more
efficient photothermal transducer for pulsed lasers (e.g., AuNS)
with optimized cellular uptake. Here, we present TAT-peptide-
functionalized AuNS for both enhanced intracellular particle
delivery and efficient in vitro photothermolysis using a NIR
femtosecond laser under an irradiance of 0.2 W/cm2, lower
than the MPE of skin.
To achieve successful and selective photothermolysis, NS

need to be delivered sufficiently to the designated target cells
without compromising cells’ viability. In general, NP’s size,
shape, surface charge, and coating (e.g., protein corona,
polymer, antifouling layer) all affect their cellular delivery.11

People have tried numerous methods to increase the uptake of
NP. One of the most efficient ways to do this is achieved by
surface coating with cell-penetrating peptides (CPPs).10a

CPPs, with 30 or fewer amino acids that are cationic or
amphipathic in nature, facilitate translocation across the cellular
membrane. Human immunodeficiency virus type 1 (HIV-1)-
encoded TAT peptide, one of the most studied CPPs, has been
employed to facilitate not only the intracellular delivery of
various NP12a−c but also the crossing of the blood−brain
barrier (BBB).12d,e TAT functionalization on NS could
therefore enhance intracellular delivery, which in turns allows
efficient photothermolysis with lower irradiance. To date,
although enhanced cellular uptake of TAT-labeled AuNP
(TAT-AuNP) has already been observed,11a,12a,14 the cellular
uptake mechanism remains unreported. We will therefore
employ TAT-functionalized nanostars (TAT-NS) as a model
system to study their cellular uptake mechanism and temporal
profile.
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TAT-NS were synthesized as illustrated in Figure 1a. To
fabricate stable TAT-NS that resist aggregation in physiological
environment and multiple washing cycles, cysteine-terminated
TAT peptide (cTAT) and thiolated polyethylene glycol
(SHPEG) were both used. We noticed that adding cTAT to
NS before adding SHPEG leads to early aggregation. A reverse
sequence,5a adding cTAT into PEGylated NS (PEG-NS),
resulted in stable TAT-NS (Figure S1, Supporting Informa-
tion). The ζ-potential increased from −25.5 (PEG-NS) to
−17.6 mV (TAT-NS). Enhanced intracellular delivery of TAT-
NS (Figure 1b) further confirms the presence of TAT on NS.
Figure 1b clearly shows enhanced intracellular delivery of

TAT-NS, which can be easily visualized under TPL microscopy
with high spatial resolution. Cellular uptake of TAT-NS may
differ between cell lines.5b Here we use the BT549 breast
cancer cell line as a model to demonstrate enhanced particle
delivery. For the first time, the intracellular distribution of
TAT-NS, PEG-NS, and bare NS was investigated with both
transmission electron microscopy (TEM) and TPL imaging. In
the TEM images, numerous TAT-NS are either clustered in
vesicles or scattered in the cytoplasm (Figure S2). This
corresponds to the diffuse white pattern seen in the TPL image
(Figure 1b). Because the two-photon axial point-spread
function for a 20× water objective is ∼1.7 μm,15 each TPL
image may constitute an optical thickness of >20 ultratome thin
sections (∼70 nm). For example, 100 NS seen in a TEM image
correlates to ∼2000 NS in a TPL image. This could explain why
TAT-NS are nearly “saturated” inside cells in the TPL image.
Meanwhile, TAT-NS were observed in the nuclear region on
TPL imaging. However, upon examining several cells by TEM,
we did not find any true intranuclear TAT-NS, except some
particles in the nuclear cleft, which still appeared to be in the
cytoplasm. This agrees with recent studies showing intranuclear
localization of smaller TAT-functionalized NP of 50 nm or
less.14a,b,16 The mismatch between TPL and TEM images
suggests that intracellular particle distribution characterization

using optical methods should be confirmed by TEM. In
agreement with previous studies,3b,11a PEGylation resulted in
only minimal cellular uptake at this particle concentration. Bare
NS without a protective layer tend to aggregate in the vesicles,
forming large dense spots in the TEM image, corresponding to
big white punctates in the TPL image. Comparing these surface
modifications (TAT, PEG, bare), TAT functionalization greatly
facilitates the uptake of AuNS.
TAT peptide operates by anchoring on the plasma

membrane and translocating primarily via macropinocytosis,
i.e., formation of large endocytic vesicles of irregular sizes and
shapes, generated by actin-driven invagination of the plasma
membrane.10b It has been shown that TAT peptide, through
multidentate hydrogen bonding of arginines (not lysines) with
the anionic groups on the membrane (e.g., heparan sulfate
proteoglycans, filamentous actin), causes membrane deforma-
tion and cytoskeleton reorganization (e.g., actin ruffling) to
translocate either directly through the membrane or via
endocytosis.17 TAT-functionalized proteins or QD also enter
cells via macropinocytosis;13 however, this process has yet to be
properly characterized on TAT-AuNP. We therefore applied
both TEM and TPL imaging to assess the TAT-NS intracellular
trafficking pathway.
The TEM images in Figure 2b show numerous TAT-NS

bound to the membrane. The binding was not homogeneous

throughout the membrane but formed a patchy distribution,
possibly as a result of heterogeneous distribution of heparan
sulfate proteoglycans associated with lipid rafts. Figure 2b also
shows the surface ruffling in the process of forming a large
macropinosome to take up TAT-NS. The ruffling is a common
behavior in macropinocytosis.10b In addition, the vesicle sizes in
Figure 2b are ∼500 nm, larger than typical vesicle size for
clathrin- (100−150 nm) or caveola-mediated (50−60 nm)

Figure 1. (a) Schemactics for TAT coating on gold nanostars. Bare NS
was coated with thiolated-PEG to stabilize the NS, then with cysteine-
terminated TAT. (b) Cellular uptake of 0.1 nM bare NS, PEG-NS, and
TAT-NS incubated 24 h on BT549 cells. Aggregated bare NS (red
arrows) in the TEM image correlate to the white big punctates in the
TPL image. PEG-NS showed no uptake. Endosomal (white arrows)
and cytosolic (black punctates) TAT-NS in the TEM image correlate
to the diffuse white pattern in the TPL image. N, nucleus; C, cleft;
scale bar, 2 μm; TPL image size, 125×125 μm2.

Figure 2. TAT-NS cellular uptake. (a) TPL image of TAT-NS
incubated with BT549 cells for 1 h at 37 °C without inhibitors. (b)
TEM images of TAT-NS in vesicles (black arrows), cytoplasm
(circles), membrane (white arrow), and upon invagination (red
arrow). R, ruffle; M, mitochondria; scale bar, 500 nm. (c) TPL images
of TAT-NS-treated cells under different inhibitors. Cellular uptake of
TAT-NS was inhibited by 4 °C, cytoD, MβCD, and AMR but not
CPM and GNT. Nuclei are stained blue. TPL images size, 50×50 μm2.
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endocytosis. In agreement with Kreptic et al. and Berry et al.,
some particles are observed outside the vesicles in the
cytoplasm;14a,b this may reflect particles leaking out from
macropinosomes into the cytoplasm. All these features are in
concordance to the behavior of macropinocytosis.
To further assess the TAT-NS internalization pathway, cells

were pretreated with several inhibitors for 30 min, incubated
with TAT-NS for 1 h, then examined under TPL microscopy
(Figure 2c) following a previous protocol.18 We found that
TAT-NS internalization was inhibited by 4 °C (energy
blockade), amiloride (AMR; lowering sub-membraneous pH),
cytochalasin D (cytoD; F-actin inhibition), and methyl-β-
cyclodextrin (MβCD; lipid raft inhibition), but not chlorpro-
mazine (CPM; clathrin inhibition), genistein (GNT; caveola
inhibition), or nocodazole (NCZ; microtubule disruption; data
not shown). This confirms that TAT-NS internalization is an
energy-dependent, actin-driven, and lipid raft-mediated macro-
pinocytosisy.13 Clathrin or caveola, although previously
reported to facilitate TAT uptake,10a may play a less significant
role in this cell type. TAT-NS adhesion to the plasma
membrane and actin ruffles, however, were not inhibited
because the multidentate hydrogen bonding is not affected by
the inhibitors. Based on the TEM/TPL results and inhibitor
studies, we believe that the primary TAT-NS uptake pathway is
through actin-driven and lipid raft-mediated macropinocytosis.
Before the photothermolysis study, we need to ensure

sufficient intracellular TAT-NS delivery without compromising
cell viability, so we examined the temporal uptake profile along
with the cytotoxicity assay. Figure 3a shows the time-dependent
uptake of TAT-NS on BT549 cells. In 10 min, TAT-NS started
anchoring onto the plasma membrane. Real-time live cell TPL
imaging confirmed surface binding by showing single free-
moving TAT-NS adhering inhomogeneously to the surface
membrane (Video S1). Within 1 h, intracellular uptake can be
seen, forming larger-sized punctates on TPL images. These
large, bright punctates, ∼1 μm by TPL microscopy, were most
likely macropinosomes. Smaller and dimmer punctates might
be smaller vesicles or even single NS. Later, TAT-NS
accumulated toward the perinuclear region and eventually
“saturated” the cytoplasm, with numerous large, bright
punctates at 24 h. Under TEM , these large, bright punctates
in the TPL images were seen to be mostly TAT-NS
accumulated in vesicles (Figure S3). Krpetic et al. also observed
particle accumulation, mostly in the vesicles at 24 h, but
particles were cleared after replacing the growth medium.14a

The fate of TAT-NS after 24 h was not examined in this study.
It is possible that macropinosomes interact little with
endosomal compartments and recycle their contents back to
the extracellular space,10a,14a but a detail discussion is beyond
the scope of this article.
Figure 3b illustrates that cellular metabolic activity was

affected by TAT-NS after 24-h incubation, depending on both
the coating type (bare, PEG, TAT) and particle concentration
(Figure 3c). At 8-h incubation, cell viability is not significantly
different from the control (0 h), but the statistical distribution
of viability is wide. Although a higher particle density under
longer incubation is desired for higher photothermolysis
efficiency, to reduce the confounding effect from altered cell
viability we chose 4-h TAT-NS incubation for the photo-
thermolysis study.
Photothermolysis was performed on the same multiphoton

microscope with raster scanning for 3 min (Figure 3d). Average
irradiance (i.e., the power density) was controlled by the

acoustic-optic modulator and the scanning area from the
microscope’s software. At 1 mW (12.5 pJ/pulse; 0.4 W/cm2

irradiance), no laser-induced damage was seen on cells treated
4 h with media only or PEG-NS. Irradiation also did not
damage cells immersed in PEG-NS (0.1 nM) (data not shown),
most likely because the free-floating PEG-NS were not
concentrated enough in cells. In contrast, a distinct square of
ablation (empty area) was observed when irradiating (0.4 W/
cm2) cells incubated 4 h with TAT-NS. Real-time live cell TPL
imaging showed cells shrinking or moving outward upon
irradiation (Video S2). At 0.5 mW (6.25 pJ/pulse; 0.2 W/cm2

irradiance), a large portion of cells were damaged (showing
red) but still attached on the dish. This irradiance is not only
lower than previously reported values using a pulsed laser6a,9a

but also lower than the MPE of skin to laser irradiation (0.4 W/
cm2 at 850 nm) per ANSI regulation.8 This is the first
demonstration of cellular photothermal therapy at such a low
irradiance. With longer incubation time (more NS inside cells),
the required irradiance could be even lower (Figure S4).
Combination of pulsed laser irradiation and enhanced intra-
cellular delivery of TAT-NS clearly makes a very efficient
photothermolysis system.
Note that our TAT-NS, with TAT and PEG coating, exhibit

beneficial properties of each. For in vitro study, PEGylation
prevents cellular uptake of NP, hence requiring addition of
TAT. For in vivo study, the task is even more challenging,
requiring consideration of, e.g., circulating half-life, reticuloen-
dothelial system clearance, vascular permeation, and active

Figure 3. (a) Time series TPL images of TAT-NS-treated cells
(white) showing incremental accumulation. Cytoplasm is stained
orange. Image size, 50×50 μm2. (b) Time series viability on cells
incubated with TAT-NS up to 24 h. (c) Cell viability at 24 h on NS of
different surface coatings (bare, PEG, TAT) and concentrations (0.1−
0.3 nM). *p < 0.05. (d) Photothermolysis (850 nm, 0.5 or 1 mW,
scanning area 500×500 μm2, 3 min) on BT549 cells incubated 4 h
with media only, PEG-NS, and TAT-NS. Live/dead cells are green/
red. Image size, 612×612 μm2.
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targeting.1a,d,19 PEGylation extends the NP’s circulation half-life
and hence promotes passive accumulation of NP in the area of
enhanced vascular permeability (e.g., large tumors). For regions
with normal vascular permeability or even limited permeability
(e.g., small tumors), PEGylation may not be sufficient. That
may explain why in some cases intra-tumoral injection is
preferred for photothermal therapy.19c As described earlier,
TAT functionalization may facilitate the crossing of the
BBB,12d,e which usually blocks the permeation of many
chemicals and NP. Whether TAT-NS facilitate the accumu-
lation of NP in brain tumors remains to be studied. Such
discussion is beyond the scope of this paper.
Our results demonstrate efficient photothermolysis at an

ultralow irradiance (0.2 W/cm2), which is the lowest value ever
reported for pulsed laser powers. The enhanced intracellular
delivery of TAT-NS substantially potentiates the photo-
thermolysis efficiency without compromising cell viability.
The traceability of NS by multiphoton microscopy greatly
simplifies both the study of the particles’ intracellular trafficking
and the monitoring of the photothermolysis process on live
cells. Since multiphoton microscopes utilize tissue-penetrating
NIR lasers, photothermolysis on deep-seated tumors is
possible. Combining NS and TPL microscopy also makes it
possible to gain a mechanistic understanding of the particles’
kinetic behavior. Uptake of TAT-NS examined by both TEM
and multiphoton microscopy confirms that the uptake
mechanism involves primarily actin-driven lipid raft-mediated
macropinocytosis. Future research would extend this work to
selective delivery of cargo to target tissues (e.g., tumors). With
further development, gold nanostars can be promising
theranostic agents in cancer therapy.
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