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 Cancer Cell Internalization of Gold Nanostars Impacts 
Their Photothermal Effi ciency In Vitro and In Vivo: Toward 
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 Gold nanoparticles are prime candidates for cancer thermotherapy. How-
ever, while the ultimate target for nanoparticle-mediated photothermal 
therapy is the cancer cell, heating performance has not previously been 
evaluated in the tumoral environment. A systematic investigation of gold 
nanostar heat-generating effi ciency in situ is presented: not only in cancer 
cells in vitro but also after intratumoral injection in vivo. It is demonstrated 
that (i) in aqueous dispersion, heat generation is governed by particle size 
and exciting laser wavelength; (ii) in cancer cells in vitro, heat generation is 
still very effi cient, but irrespective of both particle size and laser wavelength; 
and (iii) heat generation by nanostars injected into tumors in vivo evolves 
with time, as the nanostars are traffi cked from the extracellular matrix into 
endosomes. The plasmonic heating response thus serves as a signature of 
nanoparticle internalization in cells, bringing the ultimate goal of nanopar-
ticle-mediated photothermal therapy a step closer. 

and focused ultrasound, [ 7 ]  but these 
approaches also damage healthy tissues sit-
uated between the source and the target. [ 8 ]  
In contrast, energy-absorbing nanoparticles 
can be used to induce heating restricted 
to the target tissue. [ 9 ]  Nanoparticle-based 
thermal therapy is divided into two main 
categories: magnetothermal and photo-
thermal therapy. Magnetothermal therapy, 
also called magnetic hyperthermia, is based 
on the use of a high-frequency alternating 
magnetic fi eld to excite magnetic nanopar-
ticles and thereby generate local heating. [ 10 ]  
Decades of research have moved the con-
cept of magnetothermal therapy forward 
from in vitro mechanistic studies [ 11,12 ]  to 
preclinical investigations. [ 13,14 ]  Photothermal 
therapy is a more recent concept in which 
light is converted to heat by plasmonic 

nanoparticles, [ 15 ]  semiconductor nanocrystals, [ 16 ]  or carbon-based 
nanosystems. [ 17 ]  In recent works, magnetic hyperthermia could 
be combined with photothermia to amplify heat generation. [ 18,19 ]  
The use of laser sources at 650–950 nm (fi rst near infrared (NIR) 
window) and 1000–1350 nm (second NIR window) ensures 
minimal light absorption by surrounding tissues. [ 20 ]  Efforts to 
improve light-to-heat conversion effi ciency have focused on the 
size, shape, or surface coating of plasmonic nanoparticles, as well 
as surface plasmon resonances in the NIR. [ 21 ]  Gold nanostars are 
promising candidates, as their plasmon resonance spectra and 
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  1.     Introduction 

 When malignant tumors are deeply embedded within the body 
or entangled around vital organs, making them inoperable, non-
invasive thermal therapy promises to yield better patient out-
comes and fewer adverse effects than conventional treatments. [ 1 ]  
Thermal therapy can infl ict direct, irreversible cancer cell damage 
by disrupting their membranes [ 2 ]  or by denaturing proteins and 
DNA. [ 3 ]  Thermal therapy can also be used to enhance cancer 
cell sensitivity to radiation and chemotherapy. [ 4 ]  A variety of heat 
sources have been investigated, including lasers, [ 5 ]  microwaves, [ 6 ]  
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light absorption effi ciency can be precisely tuned by adjusting 
their width, length, or number of spikes. [ 22,23 ]  

 Despite advances in nanoparticle design, the factors deter-
mining light-to-heat conversion effi ciency in the tumor envi-
ronment, which is the ultimate destination of nanoparticles for 
accomplishing therapy, remain to be fully elucidated. Indeed, most 
heating studies have used aqueous nanoparticle dispersion, which 
fail to take into account the effect of the biological environment. 
For example, magnetic nanoparticles are known to behave dif-
ferently following protein corona formation or confi nement into 
cellular compartments such as endosomes and lysosomes. [ 11,24,25 ]  
Indeed, magnetic nanoparticles undergo the formation of aggre-
gates in the biological environment, which leads to a divergence 
in heating effi ciency when comparing nanoparticle characteriza-
tion in aqueous dispersion and real performance in cells. 

 Decades of intense studies have shown that the effi ciency 
of light energy conversion into heat using plasmonic particles 
increases with decreasing interparticle distances, i.e., when the 
particles are in an aggregated state. To enhance such properties 
in a biological system, nanoparticles can be pre-aggregated, thus 
controlling beforehand the optical properties and addressing them 
into the desired system. As an example, Niu and co-workers [ 26 ]  
developed plasmonic vesicles with strong plasmonic coupling 
that served not only for in vivo imaging but also for remote drug 
delivery. Nevertheless, such an approach of “pre-aggregation” is 
synthetically challenging and requires complex surface chemistry. 
We propose a different strategy, in which living cells (in vivo) 
take up the initially stable nanoparticles and aggregate them in 
situ, inducing plasmon coupling and therefore changing their 
effi ciency toward hyperthermia treatment. We thus investigated 
the light-to-heat conversion effi ciency of gold nanostars in envi-
ronments of increasing complexity, from aqueous dispersion to 
cancer cells in vitro and then to solid tumors in vivo. This series 
of heating measurements revealed a thermal fi ngerprint of plas-
monic nanostar internalization by cancer cells.  

  2.     Heating Effi ciency of Gold Nanostars in 
Aqueous Dispersion is Size and Laser-Dependent 

 We synthesized a panel of fi ve different Au nanostars with 
sizes ranging from 25 to 150 nm ( Figure    1  A). Transmission 
electron microscopy (TEM) shows that the nanoparticles com-
prise a central core from which multiple sharp tips protrude, 
with narrow size distributions: 27.1 ± 2.2 nm (25-nm sample), 
52.6 ± 3.4 nm (55-nm sample), 85.9 ± 4.5 nm (85-nm sample), 
121.6 ± 2.9 nm (120-nm sample), and 150.9 ± 2.4 nm (150-nm 
sample). Size distributions are displayed in Figure S1, Sup-
porting Information. Z-potential and dynamic light scattering 
(DLS) of the different Au nanostars are shown in Table S1, 
Supporting Information. As expected, the fi ve samples display 
distinct UV–vis–NIR optical spectra, all of them featuring a 
broad plasmon band (Figure  1 B). The 25-nm sample yielded 
two absorbance maxima at around 550 nm and 700 nm, which 
were attributed to plasmon modes localized at the core and 
the tips, respectively. [ 27,28 ]  As the nanostar diameter increased, 
together with the number of spikes, the infl uence of the core 
on the extinction spectrum gradually declines, [ 28 ]  eventually 
resulting in a single band. Regarding 55-nm, 85-nm, 120-nm, 

and 150-nm nanostars, the single absorbance band gradually 
shifts toward the NIR region, at 790, 800, 900, and 950 nm, 
respectively, confi rming that nanostar plasmon resonances are 
strongly dependent on size and morphology, especially spike 
length and number of spikes. [ 23,29,30 ]  

  The photothermal heating effi ciency of the nanostar sam-
ples, dispersed in water at the same Au concentration of 
0.75 × 10 −3   M , was monitored with an infrared (IR) thermal 
camera (images are shown in Figure  1 C and Figure S2, Sup-
porting Information) during laser irradiation at 680, 808, and 
1064 nm, at the same power setting of 1 W cm −2 . The tempera-
ture was observed to rise as a function of time at all wavelengths 
and with all fi ve samples, reaching saturation after 5–10 min 
(see typical temperature curves in Figure  1 D and Figure S3, 
Supporting Information). The average values of temperature 
increment recorded after 1 min, Δ T  1min , as well as the tem-
perature increase reached at saturation Δ T  plateau  are plotted in 
Figure  1 E,F, respectively. A remarkable correlation between the 
light-to-heat conversion profi les and the UV–vis–NIR absorp-
tion spectra was observed (see Figure S4, Supporting Infor-
mation, for quantitative comparison). For instance, the 25-nm 
nanostars displayed the best heating effi ciency (Δ T  1 min  = 19 °C; 
Δ T  plateau  = 44 °C) when irradiated at 680 nm, close to the max-
imum of the localized surface plasmon resonance (LSPR) band. 
Conversely, the weakest heating effect (Δ T  1 min  = 3 °C; Δ T  plateau  = 
6 °C) was observed at the wavelength at which spectral absorb-
ance was lowest (1064 nm). Similar results were obtained with 
the 85-nm nanostar sample, for which the maximum of the 
LSPR band was near 808 nm. This sample showed average 
temperature increments of (Δ T  1 min  = 13 °C; Δ T  plateau  = 33 °C), 
(Δ T  1 min  = 18 °C; Δ T  plateau  = 42 °C), and (Δ T  1 min  = 5 °C; Δ T  plateau  = 
10 °C) at laser wavelengths of 680, 808, and 1064 nm, respec-
tively. With the 150-nm nanostar sample, because the laser 
wavelength settings corresponded to neither the maximum 
nor the minimum absorption, Δ T  values were similar at 
all three wavelengths ((Δ T  1 min  = 10 °C; Δ T  plateau  = 28 °C), 
(Δ T  1 min  = 13 °C; Δ T  plateau  = 30 °C), (Δ T  1 min  = 16 °C; Δ T  plateau  = 
29 °C) for 680, 808, and 1064 nm, respectively). 

 As shown in Figure  1 E,F, for a given laser wavelength (dotted 
lines on the graphs), the heating effi ciencies were red-shifted 
as the nanostar size increased. At 680 nm, the 25-nm sample 
was most effi cient, whereas the 150-nm sample dominated at 
1064 nm. The intermediate sizes (55, 85, and 120 nm) were simi-
larly effi cient at 808 nm, and all three were more effi cient than the 
25 and 150 nm samples. Thus, precise nanostar design features 
result in distinct and well-defi ned photothermal conversion pro-
fi les, which is consistent with their absorption spectral features. 

 Importantly, excellent absolute heating effi ciency was obtained 
at the appropriate laser settings. To eliminate the infl uence of 
the experimental conditions (sample concentration, geometry 
determining the saturation temperature), this heating effi ciency 
is expressed with a parameter called the specifi c absorption rate 
(SAR, expressed in W g −1  of Au, see the Supporting Informa-
tion), which is calculated from the initial slope of the tempera-
ture curves as a function of time (values are presented in Figure 
 1 E). Under optimal conditions, all fi ve samples reached a SAR of 
nearly 10 kW g −1  at a laser power of 1 W cm −2 . This is one of the 
highest SAR values reported at this laser power. Higher values, 
such as 430 ± 40 and 190 ± 20 kW g −1  (at 800 nm), have been 
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reported with gold nanorods and nanostars, respectively, but at 
much stronger laser powers (13 W cm −2 ). [ 2,31 ]  

 As cancer cells are the main target of nanostar-based photo-
thermal therapy, we next investigated Au nanostar heating effi -
ciency in vitro (nanostars internalized by cancer cells), and in 
vivo (after intratumoral injection).  

  3.     Interaction of Au Nanostars with Cancer Cells: 
Internalization and Heating Effi ciency 

 The photothermal conversion effi ciency of the three most rep-
resentative nanostar samples covering the whole size range 
were selected (25, 85, and 150 nm) and fi rst monitored in vitro, 
using the human prostate cancer cell line PC3. Nanostar uptake 

was investigated by TEM using fi xed samples and Au elemental 
analysis (see the Supporting Information).  Figure    2  A (and 
Figure S5, Supporting Information) shows cells incubated with 
nanostars in complete culture medium Dulbecco’s modifi ed 
Eagle’s medium (DMEM supplemented with 10% fetal bovine 
serum (FBS)) overnight (16 h) at [Au] = 0.02 × 10 −3   M . The 
nanostars, visualized as electron-dense spots, were all located 
within endosomes, close to one another. No nanostars were 
found in the extracellular medium or attached to the cell outer 
membrane. These observations are in agreement with those 
of previous studies where accumulation of Au nanostars was 
observed by TEM within endosomes. [ 32,33 ]  

  Elemental analysis (inductively coupled plasma atomic 
emission spectroscopy (ICP-AES)) confi rmed such an effi -
cient cellular uptake, which increased with nanostar size from 
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 Figure 1.    Gold nanostars in aqueous dispersion: infl uence of nanostar size and laser excitation wavelength on plasmonic resonances and heating 
effi ciency .  A) Representative TEM images of the fi ve samples of Au nanostars, at low (top, scale bar = 200 nm) and high (bottom, scale bar = 50 nm) 
magnifi cation. B) UV–vis–NIR absorption spectra of the same samples: the LSPR band shifts from 600 to 1000 nm as the nanostar size increases. 
C) Infrared thermal images of aqueous dispersions (150 µL) of Au nanostars (25, 85, and 150 nm samples) at [Au] = 0.75 × 10 −3   M , after 1 min of laser 
irradiation at 680, 808, and 1064 nm and 1 W cm −2 . D) Temperature increase curves for the 25, 85, and 150 nm samples upon irradiation at 808 nm 
(1 W cm −2 ). E,F) Temperature increments achieved with all fi ve samples (25, 55, 85, 120, and 150 nm) as a function of laser wavelength (680, 808, and 
1064 nm), after E) 1 min (Δ T  1 min ) or F) 10 min (plateau, Δ T  plateau ) of exposure at 1 W cm −2 .
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1.4 ± 0.1 pg Au/cell for the 25-nm sample to 2.6 ± 0.3 and 
3.0 ± 0.3 pg Au/cell for the 85 and 150 nm samples, respectively 
(graph shown in Figure S6A, Supporting Information). Uptake 
was within the same range, whatever the nanostar size. Besides, 
as shown also in Figure S6B, Supporting Information, nanostar 
internalization did not affect cell metabolic activity, regardless 
of the particle size, in agreement with previous reports. [ 30,33,34 ]  
It then clearly appeared that nanostar heating effi ciency was 
modifi ed following cellular internalization. Nanostar-loaded 
cells were harvested in a pellet. The number of cells per mL was 
then determined (through cell counting in a Malassez chamber) 
to fi nally obtain the Au mass per mL (Au concentration of the 

pellet). They were resuspended in a volume 
of 150 µL to match the Au concentration 
of 0.75 × 10 −3   M , the same as used for the 
aqueous nanostar dispersion. The heating 
was recorded with IR camera and the same 
set-up as the one used for the aqueous dis-
persions (Figure  2 B,C shows typical IR 
images and average temperature increase, 
respectively, after 1 min laser exposure). At 
the highest laser wavelength (1064 nm), the 1 
min temperature increment Δ T  1min  rose from 
3 up to 13 °C with the 25-nm nanostars and 
from 5 up to 13 °C with the 85-nm nanostars, 
while it dropped from 16 down to 11 °C 
with the 150-nm nanostars. With the 25-nm 
nanostars, Δ T  1min  was still higher at 680 nm 
than at 1064 nm (15 vs. 13 °C), but its highest 
value was found at 808 nm (17 °C). At a wave-
length of 680 nm, the decline in heating effi -
ciency with size observed in aqueous disper-
sion (nanostar size is represented by dotted 
lines in Figure  2 C) was much less marked 
when the nanostars were confi ned within 
cells (data in aqueous dispersion are shown 
as empty bars in Figure  2 C for a direct com-
parison). Similarly, the maximum heating 
observed at 808 nm with the intermediate-
size nanostars in aqueous dispersion was not 
observed, and neither was the size-dependent 
increase in heating effi ciency at 1064 nm. 

 We thus conclude that the wavelength 
dependence of nanostar heating effi ciency was 
reduced upon confi nement in endosomal com-
partments. Indeed, while the laser wavelength 
markedly infl uenced heating effi ciency in 
aqueous dispersion (respective 95% and 80% 
decreases in heating effi ciency with the 25-nm 
and 85-nm nanostars irradiated with the “cor-
rect” and “incorrect” wavelengths), this was far 
less the case in the cellular environment (−20% 
and −17%, respectively). Finally, the heating 
power (SAR) (also shown in Figure  2 C) of the 
different nanostar-loaded cell samples followed 
the same trend: the SAR inside cancer cells was 
much less dependent on nanostar size but still 
reached high values, in the range of 10 kW g −1 . 

 The most likely explanation for this 
attenuation of wavelength dependence upon cellular uptake is 
nanostar confi nement within endosomes. Indeed, Au nanopar-
ticle aggregation in endosomes was recently measured and led 
to LSPR red-shift and broadening. [ 35 ]  Similarly, using plasmon-
ically enhanced Rayleigh imaging of living cells, the subcel-
lular aggregation of Au nanoparticles in endosomes was dem-
onstrated through the red-shift and broadening of the plasmon 
band. [ 36 ]  The macroscopic UV–vis–NIR spectra of Au nanostars 
in cells are shown in Figure S7, Supporting Information. 
While acquisition was hindered by cellular background struc-
tures, these spectra reveal a fl attening of the extinction bands, 
a decline in the peak-to-valley distance, and a red-shift.  
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 Figure 2.    Interaction of Au nanostars with cancer cells, and intracellular heating effi ciency. 
A) TEM images of PC3 cancer cells after incubation with Au nanostars, at different magni-
fi cations (scale bars 2 µm and 100 nm). B) Typical infrared thermal images of the cell sam-
ples (about 15 million cells containing Au nanostars dispersed in 150 µL of PBS, adjusted 
to a concentration of [Au] = 0.75 × 10 −3   M ). From top to bottom, cells incubated with 25, 
85, and 150 nm nanostars after 1 min of laser irradiation at 680, 808, and 1064 nm and 
1 W cm −2 . C) Average temperature increase for all cell samples as a function of laser wave-
length (680, 808, and 1064 nm) after 1 min at 1 W cm −2 . On the same graph the calcu-
lated values for nanostars in aqueous dispersion are shown (empty bars). SAR (in kW g −1 , 
secondary right axis) was also calculated (see Experimental Details in the Supporting Infor-
mation) for all cellular samples.
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  4.     Heating Effi ciency of Au Nanostars In Vivo: 
Evolution Post-injection 

 Heating effi ciency in vivo was evaluated by injecting nanostars 
(at the same [Au] = 0.75 × 10 −3   M  ) into PC3 tumors induced in 
mice. The uptake and heating effi ciency of 25, 85, and 150 nm 
nanostars were investigated on days 0 and 3 post-injection. 
Intratumoral nanostar localization was assessed by TEM, and 
local tumoral temperature changes were monitored in living 

mice with the infrared thermal camera during the entire period 
of irradiation. 

 On day 0, TEM images ( Figure    3  A, top) showed individual 
nanostars dispersed close to vessels, throughout the extra-
cellular medium, or within bundles of collagen fi bres (see 
also Figures S8–S10, Supporting Information). Of note, no 
nanostars were observed in the cytoplasm. On day 3, the 
nanostars were located solely in endosomes (Figure  3 A, bottom 
and Figures S11–S14, Supporting Information), inside tumor 
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 Figure 3.    Heating effi ciency of Au nanostars in tumors in vivo: evolution over time .  A) TEM images of nanostars on day 0 and day 3 after intratumoral 
injection. B) In vivo infrared thermal images of tumors injected with 25, 85, and 150 nm nanostars and exposed for 1 min to 680, 808, and 1064 nm 
laser irradiation at 1 W cm −2 , on day 0 (1 h after injection, upper panel) and on day 3 (lower panel). C) Average tumoral temperature increase as a 
function of the laser wavelength (680, 808, and 1064 nm) and nanostar size, after 1 min of exposure at 1 W cm −2 , on day 0 (left) and day 3 (right). 
Dotted lines serve to visualize the evolution of heat generation according to nanostar size, for a given laser wavelength (light gray for 680 nm, gray for 
808 nm, and dark gray for 1064 nm).
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cells, forming small random clusters, but retaining the original 
branched morphology, i.e., no reshaping has taken place within 
the tumor. This is an important point considering that nanostar 
reshaping may further infl uence nanoparticle LSPR. [ 37 ]  Thus, 
as previously observed in cancer cells in vitro, all Au nanostars 
were processed into subcellular compartments in vivo where 
they accumulate. 

  Figure  3 B shows thermal images after 1 min of tumor 
irradiation on day 0 (1 h after injection) and on day 3, while 
Figure  3 C shows the average temperature increment Δ T  1min . 
On day 0, the photothermal conversion profi le was similar 
to that of dispersed nanostars (Figure  3 C, left). Note that the 
nanostar dispersion (50–100 µL) at [Au] = 0.75 × 10 −3   M  was 
injected into tumors. The volume injected depended on the 
tumor volume; For each tumor, the nanostars injected volume 
was adjusted in order to keep the dilution factor constant. It 
clearly appears from the thermal images that heating remains 
localized close to the site of injection. In keeping with this 
observation, the values of temperature increase were found 
to be in the same range as those obtained in dispersion or in 
cancer cells (at [Au] = 0.75 × 10 −3   M ). For instance, with 25-nm 
nanostars, the tumor temperature rose (at day 0, right after 
injection) by respectively 12, 8, and 5 °C after 1 min of irradia-
tion (1 W cm −2 ) at 680, 808, and 1064 nm. In the same condi-
tions, the respective temperature increments were about 10, 14, 
and 5 °C with 85-nm nanostars and about 6, 10, and 9 °C with 
150-nm nanostars. Untreated tumors exposed to laser irradia-
tion showed a negligible temperature rise of 3–4 °C (Figure S15, 
Supporting Information). The in vivo light-to-heat conversion 
profi le evolved with time, markedly differing between day 0 and 
day 3 with both 25-nm and 85-nm nanostars (Figure  3 C, right). 
Remarkably, the photothermal effi ciency on day 3 showed the 
same pattern as that of nanostars internalized by cancer cells 
in vitro. This is in perfect agreement with TEM observations, 
which showed that all nanostars were confi ned in endosomes. 
On day 3 the recorded temperature increments were thus inde-
pendent of nanostar size and laser wavelength.  

  5.     In Vivo Thermal Signature of Intratumor 
Localization of Plasmonic Nanoparticles 

 Here, we demonstrate that the heating effi ciency at different 
laser wavelengths remarkably matches the degree of plas-
monic gold nanostars internalization by cancer cells in vivo. 
We therefore provide information on the nanoscale cellular 
fate of plasmonic nanoparticles within a tumor, through simple 
measurement of heat generation upon irradiation at different 
wavelengths, by contrast with the initial wavelength-dependent 
heating profi le in aqueous dispersion. 

 The relationship between macroscopic physical measure-
ments (magnetic, optical, thermal, etc.) and the nanoscale 
localization of nanomaterials in living environments has rarely 
been studied. Recently, Di Corato et al. [ 11 ]  and Soukup et al. [ 24 ]  
showed that magnetic heat generation (magnetic hyperthermia) 
can reveal the local organization of magnetic nanoparticles, 
providing a magnetic heating signature related directly to the 
nanoparticles’ local anisotropy and interactions. These meas-
urements were performed in situ in cellular samples (in vitro), 

with magnetic nanoparticles confi ned within endosomes and in 
very close mutual contact. The strong confi nement of the par-
ticles and their interactions provoked steric frustration which 
in turn modifi ed the magnetic dynamics responsible for heat 
generation, resulting in a drop in heating effi ciency after cancer 
cell uptake. 

 Here, we demonstrate that intracellular confi nement of plas-
monic nanoparticles in endosomes also impacts their photo-
thermal effi ciency. Whereas magnetic hyperthermia measure-
ments had previously only been made in vitro, we show that 
this thermal signature also exists in vivo, after cellular inter-
nalization within a tumor. To the best of our knowledge, this 
is the fi rst report on photothermal measurements as a way for 
real-time probing the effect of the biological microenviron-
ment on the plasmonic properties of nanoparticles in situ. By 
providing insights into nanoparticles/microenvironment inter-
actions, this approach offers the opportunity to non-invasively 
assess cellular uptake of nanoparticles. Considering in vivo 
applications, depicting the interplay of nanoparticles with bio-
logical media at each step of their lifetime cycle (from aqueous 
dispersion to cell internalization) is a critical point for ultimate 
implementation of nanostar-mediated photothermal therapy 
settings. 

 Besides, these results are in agreement with the observation 
that the plasmon characteristics of individual gold nanoparti-
cles evolve when the particles form clusters, [ 35 ]  sometimes even 
producing a synergistic effect. This is what is observed here, at 
a given laser wavelength, with 25-nm gold nanostars: when irra-
diated at 808 nm, at the same concentration, these nanostars 
deliver only a  6 °C temperature increase when individually dis-
persed in solution, while the temperature increment leaps to 
almost 20 °C upon aggregation inside cells.  

  6.     Strategy Selection for Photothermal Therapy 

 This particular case of 25-nm nanostars raises questions as to 
the best strategy for translating plasmonic photothermia from 
the laboratory to the clinic. Measurements in aqueous disper-
sions suggested that 25-nm nanostars would not be suitable for 
in vivo applications, given their low NIR absorption. Indeed, at 
808 nm, larger nanostars (>50 nm) yielded a 200% increase in 
heat generation. Yet, in vivo, after processing by cancer cells 
(day 3), 25-nm nanostars were as effi cient as 85-nm and even 
150-nm nanostars. 

 Advances in colloid chemistry have enabled the synthesis 
of nanoparticles with tightly controlled sizes and shapes, [ 38 ]  
allowing fi ne-tuning of their physical properties. Here we dem-
onstrate that gold nanostar heating effi ciency in dispersion can 
be tuned by adjusting their size or the laser excitation wave-
length. Although spectroscopy and thermal measurements 
have been widely used to characterize and optimize the design 
of plasmonic nanoparticles in aqueous dispersion, we show 
here that the recorded photothermal conversion effi ciencies 
are not predictive of the values achieved in either isolated cells 
or living tissues. Moreover, we show that, regardless of their 
size, nanostars confi ned within tumor cell endosomes exhibit 
similar heating effi ciencies upon near-infrared laser excitation. 
Thus, because their small size should facilitate biodistribution 
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in vivo, we propose that 25-nm nanostars are the candidates of 
choice for photothermal tumor therapy. 

 From a pharmacokinetic standpoint, nanoparticle size is a 
key property as it determines interactions with cells, the vascu-
lature and interstitial transport. Indeed, the size of nanoparti-
cles directly infl uences the interaction with the local fenestrated 
vasculature. Nanoparticle size should be inferior to vasculature 
fenestration cut-off in order to allow tumor accumulation by 
the enhanced permeability and retention effect. [ 39 ]  Considering 
gold nanoparticles, it has been reported that they should feature 
sub-100 nm size range to be able to cross tumor vasculature 
and move throughout the tumor interstitium. [ 40 ]  In this regard 
and taking into account the photothermal conversion profi le 
reported herein after processing by cancer cells, the smallest 
gold nanostars in the 25–50 nm size range should defi nitely be 
considered best suited for photothermal cancer therapy. 

 Concerning the in vivo model, intratumoral injection in 
subcutaneous mice tumor is a convenient cancer model for 
assessing nanoscale cellular heating conversion of plasmonic 
nanoparticles. This model is suitable to track the nanophysical 
properties of nanomaterials measuring the thermal effi ciency 
feature in a superfi cial (accessible to laser irradiation) and local-
ized tumor, ensuring high accumulation of nanomaterials. In 
the case of systemic administration, the injected nanoparticles 
would probably be uptaken by several organs such as lungs, liver, 
and spleen and only a fraction of it would reach the tumor site. 
As a result, we could expect to observe similar heating conver-
sion to the applied laser wavelengths but at a reduced intensity 
degree, as a function of the amount of nanomaterial that would 
reach the tumor site. However, it is noteworthy to mention 
that even if nanoparticles would be distributed throughout the 
organism, the heating effect would remain confi ned to tumor 
site as it is triggered by local laser exposure at the tumor region.  

  7.     Conclusion 

 In summary, by testing a variety of gold nanostars with average 
diameters ranging from 25 to 150 nm, and plasmonic reso-
nance peaks between 500 and 1000 nm, we found that heating 
effi ciency in aqueous dispersion depends on both particle size 
and excitation laser wavelength. However, when the nanostars 
were internalized by cancer cells and confi ned in endosomes, 
size and wavelength dependence are strongly attenuated or even 
suppressed. Attenuation was also observed in vivo when the 
nanostars were injected into solid tumors, but only after cellular 
uptake, which is refl ected in the temperature profi les obtained 
at different laser wavelengths. In view of this measured in vivo 
behavior, we infer that the most important design feature of 
gold nanostars for thermotherapy is not their adjusted plas-
monic peak measured in aqueous dispersion, but rather their 
size and coating to ensure optimal biodistribution in vivo.  

  8.     Experimental Section 
  Gold Nanostar Synthesis — Chemicals : Gold (III) chloride trihydrate 

(HAuCl 4 ), sodium citrate tribasic dihydrate, polyvinylpyrrolidone (PVP, 
average  M  W  = 10 000),  N , N -dimethylformamide (DMF) were purchased 

from Sigma–Aldrich. Ethanol was purchased from Sharlau. All reactants 
were used without further purifi cation. 

  Gold Nanostar Synthesis — Synthesis of Gold Seeds (14 and 40 nm) : Two 
batches of citrate-stabilized gold seeds were prepared. Gold seeds with 
diameter of 14.3 ± 0.2 nm were prepared according to the method by 
Enustun and Turkevich. [ 41 ]  The seeds with diameter of 40.2 ± 1.2 nm 
were prepared according to method by Puntes and co-workers. [ 42 ]  

  Gold Nanostar Synthesis — Functionalization with PVP : Citrate-stabilized 
gold seeds (14 and 40 nm) were functionalized with PVP using Graf 
method. [ 43 ]  The amount of PVP was calculated to provide ≈60 molecules 
per nm 2  of particles surface. The PVP was dissolved in water in ultrasonic 
bath for 15 min. Subsequently, the solution containing PVP was added 
dropwise to the solution containing citrate-stabilized gold seeds under 
stirring. To ensure the adsorption of the polymer on particles surface, 
the reaction mixture was stirred overnight at room temperature. Finally, 
the PVP-stabilized gold seeds were centrifuged (14 nm–4000 rpm; 
40 nm–1200 rpm) and redispersed in ethanol. The fi nal concentration of 
gold was adjusted to 3 × 10 −3   M  for both seeds solution. 

  Gold Nanostar Synthesis — Synthesis Gold Nanostars (25 nm, 
55 nm) : Gold nanostars were prepared by following the protocol by 
Kumar et al. [ 44 ]  Briefl y, an aqueous solution of HAuCl 4  (0.041 mL, 100 × 
10 −3   M ) was mixed with a solution of PVP (15 mL, 10 × 10 −3   M ) in DMF. 
The mixture was stirred until complete disappearance of the Au +3  CTTS 
band at 325 nm, followed by rapid addition of gold seeds (14 nm) in 
ethanol under vigorous stirring. To obtain nanostars with 25 and 55 nm 
of diameter, the volume of seeds was found to be 0.292 and 0.023 mL, 
respectively. The color of the solution changes from colorless to blue 
within 40 min, indicating the formation of gold nanostars. The samples 
were centrifuged three times and redispersed in water. 

  Gold Nanostar Synthesis — Synthesis Gold Nanostars (85 nm, 120 nm, 
150 nm) : An aqueous solution of HAuCl 4  (0.041 mL, 100 × 10 −3   M ) was 
mixed with a solution of PVP (15 mL, 10 × 10 −3   M ) in DMF. The mixture 
was stirred until complete disappearance of the Au +3  CTTS band at 
325 nm, followed by rapid addition of gold seeds (40 nm) in ethanol 
under vigorous stirring. To obtain nanostars with 85, 125, and 150 nm 
of diameter, the volume of seeds was found to be 0.159, 0.053, and 
0.026 mL, respectively. The color of the solution changes from colorless 
to blue within 40 min, indicating the formation of gold nanostars. The 
samples were centrifuged three times and redispersed in water. 

  Dynamic Light Scattering Analysis : DLS curves of the size distribution 
were obtained using NanoSizer (Zeta-Sizer, Malvern Instrument, UK). 

  Cell Culture, Labelling and Uptake Assays : Human prostate cancer 
cells (PC3, ATCC CRL-1435) were cultured in DMEM supplemented with 
10% FBS and 1% penicillin, and maintained at 37 °C with 5% CO 2  until 
confl uence. 

 Cells were incubated with nanostars of different sizes (from 25 
to 150 nm) at [Au] = 0.02 × 10 −3   M  for 16 h in Roswell Park Memorial 
Institute medium (RPMI) at 37 °C in two 150-cm 2  fl asks (≈30 million 
cells). The medium was then removed and the cells were washed 
with culture medium. Labelled cells were detached, centrifuged and 
resuspended in PBS for further experiments. 

  Elemental Analysis : The concentration of gold in nanostar aqueous 
dispersion and cells was analyzed by ICP-AES. The samples were 
digested in concentrated HNO 3  for 1 h at 90–100 °C, then recovered and 
diluted in 1% HCl. 

  UV–vis–NIR Spectroscopy : Optical absorption measurements of Au 
nanostars in aqueous dispersion and in cancer cells in vitro were carried 
out in commercial spectrophotometers (Agilent 8453 and 50 scan 
Cary, Varian) in the 300–1100 nm spectral range. Sample preparation 
(preparation of a cell lysate excluding the nuclei) for acquiring the 
cellular spectra is described in the caption of Figure S7, Supporting 
Information. 

  Cytotoxicity Assay : Cell viability after incubation with the different Au 
nanostars was evaluated in the Alamar Blue assay (Life Technologies). 
Labelled cells were incubated with 10% Alamar Blue in DMEM without 
red phenol for 2 h and then transferred to a 96-well plate for analysis 
with a microplate reader (BMG FluoStar Galaxy) at an excitation 
wavelength of 550 nm with fl uorescence detection at 590 nm. Viability 
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was determined by comparison with control cells (100%). All reported 
experiments were performed in triplicate. 

  Photothermal Measurements in Aqueous Dispersion and in Cells In Vitro : 
Photothermal measurements were made with visible and NIR lasers 
(680, 808, and 1064 nm; Laser Components S.A.S (France)) with external 
adjustable power settings (0–5 W). The sample (aqueous nanoparticle 
dispersion or suspension of Au nanostar-loaded cells) contained in a 
0.5-mL tube was illuminated at 2.5–3 cm distance with a laser spot of 
1 cm 2 . The laser power was fi xed at 1 W cm −2 . The temperature elevation 
was recorded with an infrared thermal imaging camera (FLIR SC7000) 
in real time, every second, in the temperature range of 25 to 70 °C. The 
temperature elevation was measured as a function of time (d T /d t ) at 
the initial linear slope ( t  ≈ 30 s) in order to evaluate the heating effect in 
terms of SAR, power dissipation per unit mass of element (W g −1  ). SAR 
was calculated using the following formula: 

 
SAR =

CV
m

dT
dt

s

   
 where  m  is the total mass of gold in the sample,  C  is the specifi c heat 
capacity of the sample ( C  water  = 4185 J L −1  K −1 ,  C  cell  = 4125 J L −1  K −1 ), and 
 V  s  is the sample volume. 

  Photothermal Measurements In Vivo : Six-week-old Naval Medical 
Research Institute (NMRI) male nude mice weighing 20 ± 1 g, provided 
by Janvier Laboratories France, were hosted in the facilities of Animalerie 
Buffon, Institute Jacques Monod, Paris 7 University. They were 
acclimatized for 1 week before use, in keeping with European standards 
of animal care and well-being. 

 Solid tumors were induced by subcutaneous injection of 2 × 10 6  PC3 
human prostate carcinoma cells in 100 µL of physiological saline (PBS) 
in the left and right fl anks. When the tumors reached a volume of about 
125 mm 3 , they were injected with 100 µL of Au nanostars (25, 85, or 
150 nm) in saline dispersion at [Au] = 0.75 × 10 −3   M . Twenty-one tumors 
in 12 animals were divided into four groups: 6 tumors were injected with 
25-nm Au nanostars, 6 with 85-nm Au nanostars, and 6 with 150-nm Au 
nanostars; 3 noninjected tumors served as controls. The tumors were 
illuminated with three lasers (680, 808, and 1064 nm) at 1 W cm − ² at a 
distance of 3 cm for 5 min on days 0, 1, and 3 postinjection. The tumor 
surface temperature was monitored with an infrared thermal camera (FLIR 
SC7000, FLIR Systems, Inc.), each measurement being made in triplicate. 
During the measurements the animals were anesthetized with ketamine/
xylazine. The animals were sacrifi ced when collateral tumors reached 1 cm 3 . 

  TEM : TEM images of aqueous dispersion were obtained with a 
JEOL JEM-1400PLUS transmission electron microscope operating at an 
acceleration of 120 kV (CIC biomaGUNE, Spain). 

 TEM micrographs of Au nanostars in cells were acquired using a 
Hitachi HT7700 operating at 80 kV (MIMA2 platform, INRA, Jouy-en-
Josas, France). Tumor cells were incubated with Au nanostars and fi xed 
with 5% glutaraldehyde in 0.1 mol L −1  sodium cacodylate buffer, then 
gradually dehydrated in ethanol and stained with 1% osmium tetroxide 
and 1.5% potassium cyanoferrate. The samples were embedded in Epon 
and sectioned for analysis. Mouse tumors were cut into 1 mm 3  pieces, 
fi xed with 2% glutaraldehyde in 0.1  M  sodium cacodylate buffer and kept 
in 0.1  M  sodium cacodylate and 0.2  M  sucrose buffer, then postfi xed with 
the same protocol as for isolated tumor cells before being cut into thin 
sections (70 nm) for observation.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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