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temporal, and spatial controllability, and 
minimized adverse side effects. Research 
into developing nanomaterials as photo-
thermal agents has bloomed in the past 
few years, such as noble metal nanostruc-
tures,[1–12] main group metal,[13] transition 
metal chalcogenides,[14–24] carbon nano-
materials,[25–28] organic/bioorganic mate-
rials,[29–31] and so on. However, the most 
widely used excitation lights in PTT are 
mainly located in the first near-infrared 
biowindow (NIR-I, 700−1000 nm), which 
has a low maximum permissible exposure 
(MPE, 0.33 W cm−2 at 808 nm according 
to ANSI Z136.1-2014, American National 
Standard for Safe Use of Lasers) for skin 
exposure, resulting in limited application 
in cancer clinical therapy. Comparatively, 
the light in the second near-infrared bio-
window (NIR-II, 1000−1350 nm) has a 
deeper penetration depth of biological 
tissue, lower photon scattering, and higher 
MPE (1.0 W cm−2), indicating that it is 
more suitable for PTT.[32] Therefore, it is 

highly desired to explore novel photothermal agents with high 
absorption and photothermal conversion efficiency (PCE, η)  
in NIR-II.

Photothermal therapy triggered by near-infrared light in the second bio-
window (NIR-II) has attracted extensive interest owing to its deeper penetra-
tion depth of biological tissue, lower photon scattering, and higher maximum 
permissible exposure. In spite of noble metals showing great potential as the 
photothermal agents due to the tunable localized surface plasmon resonance, 
the biological applications of platinum are rarely explored. Herein, a mono-
component hollow Pt nanoframe (“Pt Spirals”), whose superstructure is 
assembled with three levels (3D frame, 2D layered shells, and 1D nanowires), 
is reported. Pt Spirals exhibit outstanding photothermal conversion efficiency 
(52.5%) and molar extinction coefficients (228.7 m2 mol−1) in NIR-II, which 
are much higher than those of solid Pt cubes. Simulations indicate that the 
unique superstructure can be a significant cause for improving both adsorp-
tion and the photothermal effect simultaneously in NIR-II. The excellent 
photothermal effect is achieved and subsequently verified in in vitro and in 
vivo experiments, along with superb heat-resistance properties, excellent  
photostability, and a prominent effect on computed tomography (CT) 
imaging, demonstrating that Pt Spirals are promising as effective theranostic 
platforms for CT imaging-guided photothermal therapy.
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Photothermal therapy (PTT) based on near-infrared (NIR) 
light induced local hyperthermia for ablating tumors has 
aroused significant interest owing to its noninvasiveness, high 
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Noble-metal nanostructures have great potential as the 
photothermal agents owing to their tunable localized surface 
plasmon resonance (SPR) resulting from the resonant collec-
tive oscillation of conduction electrons, and self-thermalization 
effect resulting from electron–phonon scattering.[33–48] Although 
regulating the structure, such as shape and size is a well-known 
strategy to tune the SPR wavelength across the visible and near-
infrared spectral range, biological applications of noble metal 
nanostructures are rarely extended to NIR-II.[1–5] Because the 
high order longitudinal SPR mode of Pt nanostructures locates 
in the near-infrared zone,[49–51] it is promising to extend their 
plasmon wavelengths beyond ≈1000 nm through finely adjusting 
their structures. Moreover, Pt nanostructures have good biocom-
patibility and high K-edge value (78.4 keV), offering them great 
potential for X-ray computed tomography (CT) imaging guided 
PTT. However, to the best of our knowledge, there are only 
a few reports to date on the applications of Pt nanostructures 
compared with that of Au nanostructures in the field of PTT, let 
alone developing their photothermal therapy effect in NIR-II.

In this study, we design and synthesize unique hollow Pt 
nanoframes (“Pt Spirals”) with multilevel structure by a simple 
selective etching strategy, which exhibited high extinction 
coefficients and strong SPR covering both NIR-I and NIR-II 
biowindows. As shown in transmission electron microscopy 
(TEM) and scanning transmission electron microscopy (STEM-
HAADF) images (Figure 1a–d; Figures S1–S3, Supporting 
Information), uniform hollow cubic nanoframes with an 
average size of ≈30 nm are formed after the etching process, 
and no evident size change occurs comparing to as-prepared 
Pd@Pt templates.[52] The obtained nanoframes exhibit an 
apparently spiral shape consisting of 2 to 3 layers with an 
average thickness of 2 nm. Energy-dispersive X-ray analysis 
(EDX) results of Pt Spiral (Figure 1e,f) suggest Pd cores are 
removed in the etching process and confirm the hollow struc-
ture. Rotational TEM images (Figure 1h) reveal that the Pt 
layer is composed with Pt nanowires. The apparently spiral 
shape emerges in specific viewing angles, which is in good 
compliance with the simulated images. The broken particle in 
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Figure 1. a,b) TEM images and c,d) STEM-HAADF images of Pt Spirals. Scale bar: (a,c) 50 nm; (b,d) 10 nm. e,f) Corresponding STEM-EDX profile 
(e) and mapping analysis (f) of Pt Spirals: Pt (cyan) and Pd (magenta). Scale bar: 10 nm. g) Schematic illustrations of the formation and the three-level 
structure of a Pt Spiral. h) Rotational TEM images of Pt Spirals with various angles and corresponding schematic 3D model images rendered as translucent 
and reflectance textures. i) Schematic illustration of Pt Spirals as theranostic platforms for CT imaging-guided photothermal therapy.
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Figure S4 (Supporting Information) clearly shows how 2 nm Pt 
nanowires and their bifurcations assemble the monocompo-
nent layered superstructure, i.e., 1D nanowires assemble tan-
gentially into 2D shells, and then assemble layer-by-layer into 
hollow 3D frame superstructure.

Benefited from the unique three-level structure, Pt Spirals 
have plenty of interfaces, which induce strong SPR. Compared 
to the solid Pt cubes and superstructured porous Pt dendritic 
spheres with radial channels, Pt Spirals exhibit strong broad 
absorption along the entire measured range of 250–1350 nm, 
indicating their good adsorption properties in both biowin-
dows (Figures S5–S7, Supporting Information). The broadband 
absorption of Pt Spirals is simulated and proved by finite-dif-
ference time-domain (FDTD) approach (Figure S8, Supporting 
Information). Considering that the SPR mode in Pt depends on 
the aspect ratio,[50,51] we deduce that the impressive absorption 
properties could be ascribed to the unique structure assembled 
by Pt nanowires. Owing to the various aspect ratios of Pt nano-
wires, the longitudinal SPR broad peaks in near-infrared zone 
superposed, generating the strong and smooth absorption in 
near-infrared zone, whereas the transverse mode at ultraviolet 
zone attributed to the uniform diameter of Pt nanowires.

To quantify the structural influences, molar extinction, 
absorption, and scattering coefficient (ε) of Pt cubes, porous 
Pt spheres, and Pt Spirals are calculated and simulated as 
shown in Figure 2a,b. It is demonstrated that the calculated 
and simulated results have an astonishing resemblance, espe-
cially in the near-infrared zone, further illustrating the influ-
ence of the superstructure of Pt on extending the adsorption 
of near-infrared light. Both superstructured Pt nanomaterials 
have stronger adsorption than solid nanoparticles in the near-
infrared zone owing to the better atomic utilization efficiency. 
At 808 nm in NIR-I, the measured extinction coefficient (εext) 
of Pt Spirals is 4.7 times higher than that of Pt cube. More-
over, the ratio continues to rise as the wavelength increasing. 
At 1120 nm, the ratio is 8.5, and the highest ratio is up to 11.4 
in NIR-II (Figure S9, Supporting Information). The simula-
tion also gives the information of scattering. Both platinum 
superstructures have outstanding adsorption efficiencies (Φabs, 
the ratio of absorption and extinction cross-section, shown in 
Figure 2c) in the near-infrared zone. For example, only no more 
than 1.8% photons are scattered at 1120 nm for Pt Spirals, 
which are much lower than that of porous Pt spheres and Pt 
cubes (5.1% and 8.0%). Such low scattering could ascribe to the 

multilayer structure of Pt Spirals, resulting in that the scattered 
photons could be occasionally absorbed by the adjacent layer.

Motivated by the good adsorption properties, the photo-
thermal performances of Pt Spirals in NIR-II are further 
investigated employing 1120 nm laser as representative exci-
tation light. As shown in Figure 3a–d, the temperature varia-
tion depends on both the concentrations of Pt Spirals and the 
power density of the 1120 nm laser. In contrast to the water, the 
temperature of Pt Spirals (100 µg mL−1) increases to 53.1 °C  
within 1000 s at a power of 1.2 W, and the ΔTmax (equilibrium 
temperature vs ambient temperature of the surroundings) 
is over 20 °C even at the low concentration of 25 µg mL−1, 
indicating a highly efficient photothermal effect. PCE (η) of 
Pt Spirals is high at 52.5% (calculation details in Figure S10, 
Supporting Information), which is much higher than those of 
Pt cubes (32.3%) and porous Pt (43.2%). Importantly, it is the 
highest for reported platinum nanoagents in NIR-II to date 
(22.98–38.9%; see Table S1, Supporting Information). Such 
good photothermal performances further validate the structural 
advantages of Pt Spirals. The aging test, photostability test, and 
the extreme test of Pt Spirals in high-boiling-point solvent N,N-
dimethyl formamide demonstrate the excellent stability, strong 
photothermal effect, and superb heat-resistance properties of Pt 
Spirals (Figure 3e; Figures S11–S14, Supporting Information).

For investigating the structural influence on PCE, FDTD 
simulations, and density functional theory (DFT) simulations 
are performed to show the electric field enhancement (denoted 
as |E|/|E0|, the ratio of enhanced electric field to incident one) 
and hot electron generation. As shown in Figure 3g, although 
Pt Spirals exhibit higher electric field enhancement than 
porous Pt, the strongest |Emax|/|E0| appears in bare Pt cube. DFT 
results (Figure 3f; Figure S15, Supporting Information) suggest 
that the dimer structure selected for simulating the superstruc-
ture decreases the system energy after ionization and promotes 
the hot electrons separating from the cavities and escaping. The 
weak correlation between PCE and the electric field enhance-
ment demonstrates that the efficiency could not be entirely 
determined by the enhancement. Coincidentally, the similar 
phenomenon that plasmonic nanoparticles with superstructure 
exhibit weaker electric field enhancement but superior proper-
ties to solid structures is also observed by other researchers.[33] 
Furthermore, the electric field enhancement is determined 
to dominate the amount of hot electrons.[43,53] A probable 
energy transfer process in Pt Spirals can be drawn that the hot 

Adv. Mater. 2019, 1904836

Figure 2. a) Molar extinction coefficient (εext) of Pt Spirals, Pt cubes, and porous Pt spheres in aqueous solutions. b) Simulated molar extinction, 
absorption, and scattering coefficient (ε) and c) simulated adsorption efficiency (Φabs) of Pt Spirals, Pt cubes, and porous Pt spheres in water. Inset in 
(b) uses logarithmic coordinate for clearance.
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electrons acquire energy from photons, then with effective sep-
aration, and finally dissipate to phonons in nonradiation pro-
cess. The excitation and the separation processes synergistically 
influence PCE. Thus, the superstructure of Pt Spirals is the sig-
nificant cause for its excellent photothermal performance.

To improve their biocompatibility, polyethylene glycol thiol 
(PEG-SH) has been successfully modified on the surface of Pt 
Spirals, proved by the significant change of zeta potential. The 

obtained nanoagents maintained the good adsorption and pho-
tothermal stabilities in biological medium (Figures S16–S19, 
Supporting Information). Prior to the further biological appli-
cations of Pt Spirals, the biocompatibility is evaluated by a tra-
ditional CCK-8 assay using the human cervix cancer cell line 
(HeLa) and the mouse mammary tumor cell line (4T1). As 
shown in Figure S20 (Supporting Information), the viabili-
ties are higher than 89.5% for both HeLa and 4T1 cells at the 
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Figure 3. a,b) Temperature rising curves and temperature difference (ΔT) of Pt Spirals with various concentrations (a) and radiant fluxes (b). c) Tempera-
ture rising-decay curves, temperature difference (ΔT), photothermal conversion efficiencies (η), and d) relative infrared thermal images of Pt Spirals, 
porous Pt spheres, and Pt cubes. e) Cyclical photothermal test of Pt Spirals. The experiments in (a)–(e) are carried out with 2 mL aqueous solution 
with a concentration of 100 µg mL−1 under 1120 nm irradiation at a power of 1.2 W, unless otherwise specified. The cyclical photothermal test in (e) is 
repeated five times with irradiation for 600 s and then shutting off for the same period in each on/off cycle. f) Simulated system energy gap in dimer 
structure. g) Electric field enhancement distributions of Pt Spiral, porous Pt sphere, and Pt cube at 1120 nm excitation.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1904836 (5 of 7)

www.advmat.dewww.advancedsciencenews.com

concentration of 20 µg mL−1 after the incubation for 24 h, 
which shows good biocompatibility without significant cyto-
toxicity. For the anticancer effect, the cell viability significantly 
decreases when increasing the concentration of Pt Spirals 
after irradiating with a beam of 1120 nm laser for 10 min at  
0.5 W cm−2. The hyperthermia inducing apoptosis of tumor 
cells in a matter of minutes, indicating remarkable PTT effect. 
These results demonstrate that Pt Spirals are promising for 
highly effective PTT for cancer.

Due to the strong X-ray attenuation of Pt, we further access 
the potential of Pt Spirals as CT contrasts for tumor diagnosis. 

As shown in Figure 4a, Pt Spirals exhibited higher contrast effi-
cacy than that of commercial iodine-containing agent (Omni-
paque) at equivalent concentrations, which could be attributed 
to their high K-edge value. To verify the imaging effect in vivo, 
mice bearing U14 tumors are intravenously or intratumor-
ally injected with Pt Spirals and then imaged by a CT scanner 
(Figure 4b,c; Figure S21, Supporting Information). The remark-
able enhancement of CT signals in tumor position is detected 
after 24 h post intravenous injection, indicating the enhanced 
permeability and the retention effect of Pt Spirals in tumor. 
After intratumoral injection, the tumor is clearly presented in 
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Figure 4. a) In vitro CT images and CT value as a function of the concentration of Pt Spirals and Omnipaque. b,c) In vivo CT images of a tumor-bearing 
mouse: b) CT cross-section and longitudinal section images taken before and post intravenous injection of Pt Spirals, c) CT tomographic reconstruction 
images of before and post intratumoral injection of Pt Spirals. d) Time-dependent in vivo distribution of platinum in tumor-bearing mice. e) Infrared 
thermal images of tumor-bearing mice irradiated with 1120 nm laser (0.5 W cm−2). f) Relative tumor volume, g) survival rate, and h) weight of tumor-
bearing mice from different groups after various treatments, counting survival mice only.
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the CT tomographic reconstruction images. The CT results 
suggest Pt Spirals could act as powerful candidates for tumor 
imaging.

The blood circulation time and in vivo distribution experi-
ments of Pt Spirals are investigated by intravenous injection and 
ICP for determining the Pt concentration. The half-time of the 
blood circulation is estimated to be 2.91 ± 0.51 h (Figure S22,  
Supporting Information), allowing the enrichment of Pt Spirals 
in tumors. Meanwhile, the major organs (including heart, liver, 
spleen, lung, and kidney) and tumors are collected at various 
times post injection (Figure 4d). The results show that Pt Spi-
rals mainly accumulate in the liver, matching the approach of 
the mononuclear phagocyte system,[31] and accumulate by the 
tumor cells through the enhanced permeability and retention.[54] 
The analysis also reveals that the accumulation of Pt Spirals in 
tumors reaches a maximum at 24 h post injection, providing 
more information for the optimal treatment time. Encouraged 
by the good antitumor effect in vitro, the PTT effect in vivo is 
further studied using the mouse U14 cancer xenograft model. 
The mice are randomly divided into four groups and intrave-
nously injected with 0.66 mg kg−1 Pt Spirals (experiment and 
material groups) and 0.9% NaCl aqueous solution (laser and 
control groups) on the first day. At 24 h post injection, the tumor 
areas of the mice in the experiment and laser groups are irradi-
ated by 1120 nm laser (0.5 W cm−2, lower than MPE: 1 W cm−2)  
for 10 min. During the laser irradiation, the skin temperature 
is monitored by an infrared thermal camera (Figure 4e). In 
contrast to the laser group of 41.9 °C, the experiment group 
reaches an average value of 49.9 °C of the highest skin tem-
perature at the tumor position after 10 min of irradiation. The 
hyperthermia could cause unfolding of proteins in short time, 
leading irreversible damage to cancer cells. Normal tissues 
outside the irradiation area maintain a quite low temperature 
(around 40 °C), which may cause cell inactivation (if lasting sev-
eral hours) but is not irreversible.[55] The tumor sizes and sur-
vival rate are then recorded (Figure 4f,g; Figures S23 and S24, 
Supporting Information). In the experiment group, in spite of 
the slight increase in tumor volumes observed over the next 
two days, the lesions of hyperthermia emerge from the inte-
rior of the tumors and induce bruising and then scarring at the 
same time. The tumors gradually shrink, and then the scabs 
gradually vanish ten days after the irradiation. The tumors are 
almost eliminated and all mice survive after the experimental 
period. By contrast, tumors in the other three groups grow rap-
idly. The hematoxylin–eosin (H&E) staining images of tumors 
show necrosis in the experiment group (Figure S25, Supporting 
Information), suggesting that neither laser-only nor material-
only could prevent the tumor growth. The body weight of mice 
in all groups shows no obvious variation, indicating few influ-
ences of PTT on mice. In addition, the insignificant cytotoxicity 
of Pt Spirals is also confirmed by the H&E staining images of 
the major organs and the blood analysis in experiment and 
control groups (Figures S26 and 27, Supporting Information). 
These positive results demonstrate that Pt Spirals with good 
biocompatibility are promising for ablating tumors without 
recurrence using the light in NIR-II at the safe power density 
in vivo.

In summary, we have successfully developed a Pt superstruc-
ture assembled at three levels (3D frame, 2D layered shells, and 

1D nanowires), which exhibits high PCE (52.5%) and molar 
extinction coefficient (228.7 m2 mol−1) in NIR-II. The out-
standing photothermal properties are proved by the FDTD and 
DFT simulations, which indicate that the excitation and sepa-
ration processes of hot electrons synergistically influence PCE. 
Obviously, the superstructure of Pt Spirals is the significant 
cause of its excellent photothermal performance. Most impor-
tantly, PCE of Pt Spirals is also significantly higher than that of 
reported platinum nanoagents in NIR-II, resulting in the out-
standing photothermal effect in vitro and in vivo. Superb heat-
resistance properties, excellent photostability, good biocompat-
ibility, effective tumor imaging, and anticancer effects afford 
Pt Spirals great potential as effective theranostic platforms for 
CT imaging-guided photothermal therapy. Moreover, from solid 
nanoparticles to superstructures, adsorption and photothermal 
properties are boosted at the same time within the monocom-
ponent without any tradeoff, which provides insight for further 
developing high-performance theranostic materials through 
structural design and SPR tuning. We hope that the results are 
also informative for other field, such as photocatalyst, plasmon-
based sensors and devices.
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