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HIGHLIGHTS 

• The laser of 1275 nm exhibited excellent ablation of tumors with 5-mm porcine muscle tissue blocking, while 808 nm laser failed.

• Polyethylene glycol-stabilized copper sulfide nanoparticles with similar absorption efficiency at wavelength of 808 and 1275 nm were 
employed to compare the potential of these two lasers in deep-tissue photothermal therapy.

ABSTRACT  Photo the r mal 
therapy (PTT) using near-infrared 
(NIR) light for tumor treatment 
has triggered extensive atten-
tions because of its advantages 
of noninvasion and convenience. 
The current research on PTT usu-
ally uses lasers in the first NIR 
window (NIR-I; 700–900  nm) 
as irradiation source. However, 
the second NIR window (NIR-II; 
1000–1700 nm) especially NIR-
IIa window (1300–1400 nm) is considered much more promising in diagnosis and treatment as its superiority in penetration depth and 
maximum permissible exposure over NIR-I window. Hereby, we propose the use of laser excitation at 1275 nm, which is approved by Food 
and Drug Administration for physical therapy, as an attractive technique for PTT to balance of tissue absorption and scattering with water 
absorption. Specifically, CuS-PEG nanoparticles with similar absorption values at 1275 and 808 nm, a conventional NIR-I window for 
PTT, were synthesized as PTT agents and a comparison platform, to explore the potential of 1275 and 808 nm lasers for PTT, especially 
in deep-tissue settings. The results showed that 1275 nm laser was practicable in PTT. It exhibited much more desirable outcomes in cell 
ablation in vitro and deep-tissue antitumor capabilities in vivo compared to that of 808 nm laser. NIR-IIa laser illumination is superior to 
NIR-I laser for deep-tissue PTT, and shows high potential to improve the PTT outcome.
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1 Introduction

Photothermal therapy (PTT) is a novel therapeutic method 
for treatment of diseases especially tumor, which employs 
photo-absorbers to generate heat with irradiation of light. 
Compared to traditional therapeutic modalities, PTT dis-
plays excellent performance in tumor treatment owing to 
not only high specificity but also precise spatial and tem-
poral selectivity [1]. The crucial factors that determine the 
PTT outcomes of solid tumors are mainly the absorption of 
photothermal transduction agents (PTAs) and the penetration 
depth of irradiation into tumor tissue [2–4]. Though great 
efforts have been devoted to increase the photothermal con-
version efficiencies of PTAs, current PTT applications are 
still only suited for superficial tumors because of the limited 
penetration depth of light illumination [4–6]. To promote 
the application of PTT in the clinic, especially PTT for the 
treatment of deep-seated tumor, the penetration depth of the 
irradiation laser is expected to be improved.

The laser wavelength in the near-infrared (NIR) range is 
highly desired to be used in PTT because of less scattering 
and absorption by the tissues, which endow deeper penetra-
tion in comparison with visible light [7]. Two biological 
transparency windows are located in NIR region: the first 
NIR window (NIR-I; 700–900 nm) and the second NIR win-
dow (NIR-II; 1000–1700 nm) [1]. Recently, the application 
of NIR-II light as either emission or excitation [8–10] source 
for optical imaging or PTT, respectively, is receiving more 
and more attentions because of the intrinsic merits of light 
in the NIR-II window, including even deeper penetration 
depth and higher maximum permissible exposure (MPE) 
over NIR-I [11–14]. These advantages imply that NIR-II 
laser may be superior to NIR-I for deep-tissue treatment, 
which have been demonstrated by several studies recently. 
But all of these studies mainly focus on the comparison 
between 808 and 1064 nm laser [6, 15–17]. Laser excitation 
with wavelength longer than 1064 nm has not been explored 
for treatment.

NIR-II laser with wavelength between 1100 and 1400 nm 
possesses inviting prospect. In some recent research, using 
lasers of optical sub-windows such as 1300–1400  nm 
(termed as NIR-IIa window) and 1500–1700 nm (termed 
as NIR-IIb window) has been explored for better per-
formance of fluorescence imaging [1, 18–21]. Spectra 
range of 1300–1400 nm is considered to be preferable to 

1500–1700 nm since it avoids the increase in light absorp-
tion by water vibrational overtone over ~ 1.4 μm [18]. The 
choice of light at NIR-IIa also minimizes the adverse photon 
scattering effects in brain tissue. More importantly, laser 
with 1275 nm wavelength has been approved by the Food 
and Drug Administration (FDA) to be applied for physical 
therapy. It produces long-lasting beneficial effects for the 
treatment of chronic pain and fibromyalgia [22, 23]. As a 
laser with wavelength very close to NIR-IIa window, it may 
serve as a promising candidate for deep-tissue PTT. There-
fore, in this study, the capacity of 1275 nm laser for PTT was 
investigated. Laser with 808 nm wavelength, which is most 
widely studied in PTT, was selected as a control wavelength 
for comparison. Polyethylene glycol (PEG)-stabilized cop-
per sulfide nanoparticles (CuS NPs), which possess similar 
absorption efficiency at 808 and 1275 nm, were employed as 
a PTT agent and excited by either 1275 or 808 nm laser for 
in vitro and in vivo studies. For the first time, 1275 nm laser 
was evaluated for PTT in a xenograft tumor mouse model.

2  Experimental Section

2.1  Synthesis and Characterization of CuS NPs

CuS NPs were synthesized based on the method published 
before with slight modification [24]. In brief, 24 mg of 
 Na2S·9H2O was added into 25 mL of an aqueous solution 
dissolved  CuCl2 (13 mg) and sodium citrate (20 mg) under 
stirring at room temperature. Five minutes later, the reac-
tion mixture was heated to 90 °C and stirred for another 
15 min. Then, the mixture was transferred to ice-cold water. 
For purification, unreacted ingredients were dialyzed out 
through dialysis membranes (10 kDa).

TEM image was performed by using a JEM-2100 trans-
mission electron microscope (JEOL Ltd, Japan) with an 
acceleration voltage of 200 kV. The hydrodynamic parti-
cle size distribution and zeta potential of CuS NPs were 
determined by using a Malvern Mastersizer 2000 (Malvern 
Instruments Ltd, UK).

2.2  Synthesis and Characterization of CuS‑PEG NPs

The PEGylation of CuS NPs was based on the method pub-
lished before with some modification [25]. Briefly, 2 mg of 
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methoxy-PEG-thiol (PEG-SH; 5 kDa) was added into 5 mL 
of CuS NPs solution. The reaction was allowed to proceed 
for 36 h at 4 °C. The reaction liquid was filtered through 
a 0.22 μm filter membrane first and was then centrifuged 
at 6000 rpm for 2 min using ultra-centrifugal filter units 
(50 kDa) to remove unreacted PEG-SH.

To evaluate the stability of CuS-PEG NPs in fetal bovine 
serum (FBS), CuS-PEG NPs were preserved in 50% FBS at 
37 °C and the sizes of CuS-PEG NPs were determined by 
DLS in the following 7 days. To determine the relationship 
between PA signals and concentrations of CuS-PEG NPs, 
1 mL of CuS-PEG NPs solution with different concentra-
tions (0.125, 0.25, 0.5, 1, and 2 mg mL−1) were added into 
4 mL centrifuge tubes. Then, the PA signals were detected 
under a 950 nm laser. Absorption spectra were recorded by 
using a Cary 5000 spectrophotometer (Agilent Technologies, 
CA, USA) with a 1.0 cm quartz cell.

2.3  Comparison of Tissue Penetration Capabilities

Laser with wavelength of 808 or 1275 nm (QPC Lasers Inc. 
Sylmar, California) was conducted to pass through por-
cine muscle tissues of a series of thicknesses (2, 4, 6, 8, 
and 10 mm). Laser intensities before and after tissue block-
ing were recorded by a near-infrared spectrometer (NIR-
Quest512, Ocean Optics, Inc).

2.4  Comparison of Tissue Scattering Effects to 808 
and 1275 nm Laser

Porcine muscle tissues (2.5 cm long, 2.5 cm wide, and 
0.8 cm in thickness) were laid flat. Different dosages of 808 
or 1275 nm laser were conducted to irradiate at the center 
of the sagittal side of meat for 2 min to make similar tem-
perature rise of meat. Thermal images of sagittal and axial 
sides of meat were taken before and after irradiation by an 
infrared thermal imager (FLIR T430sc, USA).

2.5  Test of Heating Effect to CuS‑PEG NPs Without 
Tissue Blocking

For “808 nm” group, CuS-PEG NPs solution with concen-
tration of 0.25 mg mL−1 was plotted in 96-well plates, while 
for “1275 nm” group, the concentration of CuS-PEG NPs 
was 0.30 mg mL−1. The concentration of CuS-PEG NPs 

solution for each group is determined by a concentration 
correction experiment (Fig. S1). Then, 808 or 1275 nm laser 
with power density of 0.33 or 1 W cm−2 was conducted for 
5 min. The temperature rises of CuS-PEG NPs in each well 
were calculated by the temperature rise values of the solu-
tion minus those of the solvent, deionized water.

2.6  Comparison of Photothermal Heating Capabilities 
In Vitro

To compare photothermal heating capabilities between 808 
and 1275 nm laser in deep-tissue environment, CuS-PEG 
NPs solution was added into 96-well plates with different 
concentrations for 808 and 1275 nm laser groups as men-
tioned above. Then, the wells were covered by porcine mus-
cle tissues of different thicknesses (2, 5, 10, 15, and 20 mm), 
followed by exposure to 808 or 1275 nm laser with different 
power densities of 0.33 or 1 W cm−2 for 5 min. Temperature 
changes of CuS-PEG NPs solution of different groups were 
recorded by a thermal imager.

2.7  Cell Line and Cell Culture

4T1 mouse breast cancer cell line was obtained from the 
Chinese Academy of Medical Sciences (Beijing, China), and 
DMEM cell culture medium was purchased from GIBCO 
(BRL, Rockville, MD, USA). 4T1 cells were cultured in 
DMEM (10% FBS and 1% penicillin/streptomycin) with 5% 
 CO2 at 37 °C in a humidified incubator. Cells were generally 
harvested by treatment with 0.25% trypsin–EDTA solution.

2.8  Comparison of Photothermal Capabilities In Vitro

In brief, 4T1 cells were seeded in a 96-well plate with 2 × 104 
cells per well and incubated at 37 °C in an atmosphere of 5% 
 CO2 and 95% air overnight. Then, the culture medium was 
removed, and cells were rinsed with PBS. Then, 60 μL of PBS 
with or without CuS-PEG NPs (0.5 mg mL−1) was added into 
the wells. The wells were covered by porcine muscle tissues of 
different thicknesses (0, 2, 5, and 10 mm), followed by exposure 
to 808 or 1275 nm laser of 1 W cm−2 for 5 min. The wells were 
then rinsed with PBS and 200 μL of fresh medium with 10% 
FBS was added to each well. After incubation for another 6 h, 
cell viability was evaluated by a standard MTT assay. For cells 
staining, cells after different PTT treatments were rinsed with 
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PBS, and 1 μL of propidium iodide (PI) and 15 μL of Hoechst 
33,342 were added and incubated for 10 min. Then, cells were 
observed by fluorescence microscope with the excitation of 
352 nm laser for Hoechst 33,342 and 488 nm laser for PI.

2.9  Tumor Model

To establish tumor model, 3 × 106 4T1 cells suspended in 
100 μL of serum-free DMEM were injected subcutaneously 
into the left back of mice. The tumor sizes were measured 
by a Vernier caliper and calculated as the volume = (tumor 
length) × (tumor width)2/2. Animal care followed institutional 
guidelines, and all experiments were approved by the local 
animal research authorities.

2.10  Comparison of Deep‑Tissue PTT Capabilities 
In Vivo

PTT was carried out when the tumor volume reached 
≈ 60 mm3. Before laser irradiation, mice were anesthetized 
with 2% isoflurane using a MATRX VIP 3000 anesthesia 
machine. Then, CuS-PEG NPs (50 μL, 1 mg mL−1) or PBS 
(1 × , pH = 7.4) were intratumorally injected into tumors. The 
tumors were covered by 5-mm-thick porcine muscle tissues 
and then exposed to 808 or 1275 nm laser with power density 
of 1 W cm−2 for 5 min. After treatment, tumor sizes and mice 
weights were recorded every other day. The photographs of 
mice were also taken. On day 16, mice were sacrificed and 
tumors weights were recorded. There were three mice for each 
treatment group.

2.11  Accumulation Study of CuS‑PEG NPs in Tumor 
Through PAI

PAI was performed at different time points to monitor the 
accumulation of CuS-PEG NPs in tumors before and after 
CuS-PEG NPs (200 μL, 2 mg mL−1) were intravenously 
injected into mice (i.e., pre, 1, 2, 3, 6, 12, and 24 h). PA signals 
were detected under a laser of 950 nm.

2.12  PTT with 1275 nm Laser

When tumors volume reached ≈ 60 mm3, mice (n = 3 per 
group) were anesthetized and injected with CuS-PEG NPs 

(200 μL, 2 mg mL−1) or PBS through tail vein. PTT with 
1275 nm laser (0.2 W cm−2, 5 min) was performed 2-h post-
injection. The temperatures of tumors were recorded dur-
ing irradiation by an infrared camera. Tumor sizes, mice 
weights, and photographs were also collected after treatment 
as the same that mentioned in Sect. 2.10.

2.13  Histology Analysis

To observe the histological change of tumor after PTT, the 
tumor tissues were excised from mice after PTT treatment 
and fixed with paraformaldehyde, dehydrated, sliced into 
5-mm sections and subjected to H&E staining assay.

2.14  Statistical Method

Measurement data were expressed as the mean ± standard 
deviation (SD). Statistical analyses of the data were per-
formed with GraphPad Prism 7.0 (GraphRad Software, Inc., 
San Diego, CA, USA). A Student’s t test was applied to 
identify significant differences between groups.

3  Results and Discussion

3.1  Synthesis and Characterization of CuS NPs 
and CuS‑PEG NPs

In the study of Li et al. [24], they successfully synthesized 
 [64Cu]CuS nanoparticles with small diameter (~ 11 nm) 
and strong NIR absorption which is suitable for molecular 
imaging and PTT. The absorption values of this type of 
nanoparticles at wavelengths of 808 and 1275 nm are rela-
tively close, suggesting that it is suitable for comparison 
of PTT efficacy using NIR-I or NIR-II laser excitation. 
Moreover, as previously reported, for nanoparticles with 
diameter between 5 and 100 nm, lager nanoparticles gen-
erally show better tumor accumulation and longer reten-
tion than smaller nanoparticles, because of their favored 
enhanced permeation and retention (EPR) effect [26]. 
Therefore, in this study, larger-sized CuS NPs were syn-
thesized according to the method published before [27] 
with a modification. TEM was used to evaluate the mor-
phology of CuS NPs. As illustrated in Fig. 1a, CuS NPs 
were found to be well-dispersed and relatively uniform in 
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size. The hydrodynamic diameter of CuS NPs was deter-
mined to be 28 nm using DLS.

For further comparative tests involving cell or in vivo 
experiments, the stability of CuS NPs is critical. PEG is 
one of the most commonly used stabilizing ligands as it 
can provide nanoparticles with steric hindrance to main-
tain their dispersity in a biological environment and thus 
achieving extended circulation life, increased stability, 
and protection against detection and degradation by the 
immune system [26, 28, 29]. Therefore, PEG was chosen 
for the modification and stabilization of CuS NPs. The 
average hydrodynamic diameter of the resulted CuS-PEG 
NPs is about 57 nm (Fig. 1b), which is 29 nm larger than 
that of CuS NPs. The average apparent zeta potential of 
CuS-PEG NPs is − 13.2 mV, which is 14 mV higher than 
that of CuS NPs (Fig. 1c). Subsequently, the stability of 
CuS-PEG NPs in FBS was monitored. The nanoparticle 
size did not show significant change, which proved that 
CuS-PEG NPs were stable in FBS for 7 days (Fig. 1d). 
Photoacoustic (PA) effect of CuS-PEG NPs was also deter-
mined. As shown in Fig. 1e, the intensity of PA signal was 
proportional to the concentration of CuS-PEG NPs. The 
R2 value was calculated to be 0.993. Absorption spectrum 

measurement (from 400 to 1350 nm) (Fig. 1f) showed 
that the absorption values at 808 and 1275 nm were close 
which were 1.33 and 1.08, respectively. The maximum 
absorption peak of the CuS-PEG NPs prepared located at 
~ 1000 nm. Therefore, the CuS-PEG NP was chosen to act 
as a nanoplatform for the comparative studies between 808 
and 1275 nm laser. The concentration of the samples was 
adjusted to make up the absorption difference.

3.2  Tissue Penetration Capabilities Ex Vivo

Theoretically, NIR-II window is more desirable than the 
traditional NIR-I window owing to the much deeper tissue 
penetration [30]. Porcine muscles with different thicknesses 
were used to mimic deep-tissue environment in living sub-
ject. Comparison of laser transmittance through tissues was 
carried out. As shown in Fig. 2a, 1275 nm laser illumina-
tion exhibited much higher transmittance ratios than those of 
808 nm laser under the same power density and tissue depth. 
For the testing group with 2-mm porcine muscle block, the 
transmittance ratio of 1275 nm laser was 2.2-fold of that 
of 808 nm laser. The transmittance superiority of 1275 nm 
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over 808 nm laser is partly due to the less tissue scattering 
effect of 1275 nm light. Another reason is that compared 
with 808 nm, 1275 nm has reduced absorption by hemo-
globin, melanin, and other human tissues [31].

To test the scattering effect of tissue to 808 and 1275 nm 
laser, we visualized it by monitoring the temperature distri-
bution of porcine muscle after the laser irradiation. Porcine 
muscles (2.5 cm long, 2.5 cm wide, and 0.8 cm in thickness) 
were laid flat and exposed to 808 or 1275 nm laser. Ther-
mal images were taken before and after irradiation by infra-
red camera. The power of both lasers was adjusted, so that 
the porcine muscle could be heated to similar temperature. 
As shown in Fig. 2b, the center temperature of the porcine 
muscle in 808 nm group increased from 21.1 to 42.7 °C, 
while in 1275 nm group, it increased from 21.3 to 42.4 °C. 
The temperature increments in two groups were at similar 
level. Then, the relative area of the region where tempera-
ture was above a certain value was plotted (Fig. 2c). It was 
found that the sample in 808 nm group had a more diffuse 
distribution of temperature increment, while in 1275 nm 
group, the same temperature area distributed in a focused 
region. The area where temperature was above 30 °C of the 
axial side of 1275 nm group was only 43% of that in 808 nm 
group. These differences are related to the different scat-
tering effects of porcine muscle tissue to laser at different 
wavelengths. Porcine muscle had a stronger scattering effect 
to 808 nm laser than that to 1275 nm laser. This finding is 
in consistence with the previous results in the literature that 
the scattering coefficients of several human tissues decrease 
when laser wavelength increases from 600 to 1300 nm [14]. 
Significantly, the tissue scattering effect to 1275 nm laser 
was much lower than that to 808 nm laser, which allowed 

PTT with 1275 nm laser to cause localized temperature rise, 
thus improving the spatial control accuracy of PTT.

3.3  Deep‑Tissue Photothermal Heating Capabilities

The temperature changes of CuS-PEG NPs were recorded 
under the continuous laser irradiation of 0.33 or 1 W cm−2 of 
two lasers for 5 min. It was found that under the same laser 
power density, temperature rise of the 808 nm group was at 
the same level as that of the 1275 nm group (Fig. 3a). This 
indicated that without tissue blocking, when CuS-PEG NPs 
(0.25 mg mL−1 for 808 nm group and 0.30 mg mL−1 for 
1275 nm group) were irradiated by 808 or 1275 nm laser 
with the same power density, the photothermal effects of 
these two CuS-PEG NPs by the two lasers were almost the 
same. A fair platform for the comparison between 808 and 
1275 nm laser in deep-tissue photothermal capabilities had 
thus been established.

We further compared the deep-tissue photothermal heat-
ing capabilities of 808 and 1275 nm laser using porcine mus-
cle tissues of different thicknesses (2, 5, 10, 15, and 20 mm) 
to mimic the deep-tissue environment. The MPE limit for 
skin for lasers of 808 nm laser is 0.33 W cm−2, while that 
of 1275 nm laser is 1 W cm−2 [32]. Therefore, these two 
power densities were chosen for the experiments. As shown 
in Fig. 3b, under the same laser power density, the tempera-
ture increments in CuS-PEG NPs solutions under 1275 nm 
irradiation were significantly higher than that under 808 nm 
groups. Moreover, if we compare the photothermal effect of 
808 and 1275 nm laser under their MPE power density, the 
temperature increments in CuS-PEG NPs solution irradiated 
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by 1275 nm laser at tissue depths of 2, 5, 10, 15, and 20 mm 
were 10.5-, 9.1-, 6.5-, 6.2-, and 4.8-fold of that by 808 nm 
laser. This further demonstrated the superiority of 1275 nm 
over 808 nm laser in photothermal capability for PTT, espe-
cially in treatment of deep-tissue tumors.

On the one hand, 1275 nm laser possesses deeper tissue 
penetration capability than 808 nm laser. The penetration 
capability of lasers to tissue depends upon the absorption 
and scattering effect of tissues to lasers of various wave-
lengths [33]. Biological tissues such as oxyhemoglobin, 
deoxyhemoglobin and fat absorb and scatter less photons 
of longer wavelength. The lower extinction coefficients 
of these contents contribute to the excellent penetration 
capability of lasers in the NIR-II region [4, 11, 34, 35]. On 
the other hand, the MPE limit of 1275 nm is higher than 
that of 808 nm. This is due to the lower photon energy 
at the longer wavelength [26]. It is worth pointing out 

that the power density used in most researches on PTT 
applying 808 nm laser is much higher than the MPE limit 
of 0.33 W cm−2 for 808 nm laser. This could raise safety 
concerns in their future clinical translation.

3.4  Deep‑Tissue Photothermal Capabilities In Vitro

Photothermal capabilities of 808 and 1275 nm lasers in tis-
sue-mimicking phantoms were further compared in vitro. 
4T1 cells were covered with a series of porcine muscle 
tissues and incubated with CuS-PEG NPs. Then, 808 or 
1275 nm laser was applied for 5 min. Finally, cell viabil-
ity was assessed through the 3-(4,5-dimethylthiazol2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. As shown 
in Fig. 4a, CuS-PEG NPs or laser irradiation alone exhibited 
little effect on cell viability. CuS-PEG NPs plus 1275 nm 
laser irradiation showed prominent photothermal killing 
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of 4T1 cells with covering porcine muscle tissues of up to 
5 mm thickness, while CuS-PEG NPs plus 808 nm laser 
irradiation only efficiently killed cells without tissue cover-
ing. These results supported the notion that 1275 nm laser 
was superior to 808 nm laser in photothermal capability in 
deep-tissue treatment applications.

Fluorescence microscopy was also performed to evaluate 
cell treatment in different groups. Blue fluorescence Hoe-
chst 33,342 and red fluorescence PI were used to distinguish 
living cells, apoptotic cells, and necrotic cells, respectively 
(Fig. 4b). Weak blue fluorescence was observed in all con-
trol groups, including incubation with PBS or CuS-PEG NPs 
or irradiation by 808 or 1275 nm laser, which indicated that 
CuS-PEG NPs or laser irradiation nearly did no harm to 4T1 
cells when they were applied alone. Both strong blue and red 
fluorescence appeared in cells of “CuS-PEG NPs + 808 nm” 
group or “CuS-PEG NPs + 1275 nm + 5 mm porcine mus-
cle tissue” group, revealing that both apoptosis and necrosis 
occurred. Cells in the “CuS-PEG NPs + 1275 nm” group 
without tissue covering showed red fluorescence, indicating 

that most cells were necrotic. These results clearly demon-
strated that 1275 nm was superior to 808 nm for PTT in both 
penetration and efficacy.

3.5  Deep‑Tissue Antitumor Capabilities In Vivo

Comparison of the antitumor capabilities in deep-tissue 
environment between 808 and 1275 nm lasers in vivo was 
carried out using 4T1 tumor-bearing mice models. PBS or 
CuS-PEG NPs (50 μL) were intratumorally injected into 
tumors. Deep-tissue environment was mimicked by covering 
5-mm-thick porcine muscle tissues on the top of the tumors. 
Different lasers of 1 W cm−2 were applied for 5 min. Infrared 
thermal images of mice captured after different treatments 
are shown in Fig. 5a. The temperatures of PBS-injected 
tumor irradiated by 808 or 1275 nm laser were 29.8 and 
36.2 °C, respectively, which were both below the threshold 
temperature required to induce tumor destruction (43 °C). 
Meanwhile, the temperature of CuS-PEG NPs-injected 
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tumor irradiated by 1275 nm laser reached 46.8 °C, which 
was 1.6-fold of that irradiated by 808 nm laser (29.8 °C). 
The pictures of mice treated with different conditions on 
day 0, 2, 8, and 16 are shown in Fig. 5b, clearly exhibiting 
the outcomes of different treatments. Also, tumor volumes 
(Fig. 5c) and body weights (Fig. 5e) of mice were continu-
ously recorded every 2 days in the following 16 days. The 
mice were sacrificed and tumor weights were also recorded 
on day 16. As shown in Fig. 5c, d, tumors injected with CuS-
PEG NPs only or irradiated by 1275 nm laser only showed 
quick growth similar to the PBS-injected ones, indicating 
that CuS-PEG NPs or 1275 nm laser irradiation alone was 
not able to inhibit tumor growth. Tumor with PBS injection 
expanded as large as 16.3 times to its volume at the begin-
ning of the therapy. Tumors injected with CuS-PEG NPs or 
PBS irradiated by 808 nm laser also grew nearly as fast as 
those treated with PBS alone. In contrast, tumors injected 
with CuS-PEG NPs irradiated by 1275 nm laser were totally 
ablated after the treatment. Among all these treatments, only 
1275 nm laser irradiation along with intratumoral injection 
of CuS-PEG NPs displayed high antitumor efficacy. Moreo-
ver, no significant weight loss of mice was observed for all 
groups (Fig. 5e), indicating the safety of all treatments dur-
ing the period of time monitored. Thus, compared to 808 nm 
laser, 1275 nm laser provided more efficient antitumor capa-
bility in PTT for tumor tissues in depth.

This superiority should be attributed to the deeper tis-
sue penetration of 1275 nm laser, which had been proved 
by comparative experiments in vitro. In addition, accord-
ing to the skin-tolerance threshold set by the America 
National Standards Institute, 808 nm laser has a MPE limit 
of 0.33 W cm−2, while that of 1275 nm laser is 1.0 W cm−2. 
The MPE regulation also limits the application of 808 nm 
laser for deep-tissue PTT. Therefore, the intrinsic merits of 
NIR-II light over NIR-I light that 1275 nm laser possesses 
deeper tissue penetration and higher MPE limit, contributes 
to the superiority of 1275 nm laser than 808 nm laser in 
deep-tissue PTT.

3.6  PTT with 1275 nm Laser

To further evaluate the efficacy of the 1275 nm laser for 
PTT, CuS-PEG NPs were intravenously injected to 4T1 
tumor-bearing mice. PTT with 1275 nm laser was con-
ducted. To identify the optimal therapeutic window, PA 

signals of CuS-PEG NPs accumulated in the tumors were 
monitored through photoacoustic imaging (PAI), an emerg-
ing biomedical imaging technology combining the high 
contrast of optical imaging and the high spatial resolution 
of ultrasonic imaging [36–38]. CuS-PEG NPs accumulated 
in the tumor due to the EPR effect. The abnormally tortuous 
and leaky tumor vasculature combined with poor lymphatic 
drainage caused heightened accumulation of long-circulat-
ing macromolecules [39–41]. Three-dimensional recon-
structed PA images were obtained before and after 1, 2, 3, 
6, 12, and 24 h of intravenous injection of CuS-PEG NPs. 
The average PA amplitudes at different times are shown in 
Fig. 6a. It was noticed that at 2-h post-injection, PA signals 
reached the maximum level.

PTT was carried out at 2-h post-injection. The sur-
face temperature changes of tumor during irradiation are 
recorded and shown in Fig. 6d. The infrared thermal images 
of mice of the different group right after irradiation are cap-
tured and shown in Fig. 6c. In the “CuS-PEG NPs + laser” 
group, tumor temperature raised to 46.9 °C, which was 
above the effective PTT threshold temperature of 43 °C. In 
comparison, tumor in the “PBS + laser” group only raised to 
42.3 °C. The temperature increment in this group would give 
credit to the abundant blood flow in 4T1 tumor compared to 
surrounding tissue.

3.7  Outcome Evaluation of PTT with 1275 nm Laser

After photothermal treatment, mice were sacrificed. Hema-
toxylin and eosin (H&E) staining analysis was performed to 
evaluate the histopathologic damage of tumors (Fig. 7a), and 
ICP-OES analysis was conducted to detect the distribution 
of Cu in normal tissues at 2-h post-injection (Fig. S4). No 
evident histopathological damage was observed in tumors 
in “CuS-PEG NPs” or “PBS + laser” group, while obvious 
histopathological changes were observed in tumors of mice 
treated with intratumoral injection of CuS-PEG NPs with 
laser irradiation, including cell shrinking, chromatin con-
densation, and tissue extracellular matrix corruption. These 
results demonstrated that 1275 nm laser caused efficient 
destruction to tumors with intravenous injection of CuS-
PEG NPs.

Tumor volumes (Fig. 7b) and body weights (Fig. 7d) of 
mice were continuously monitored after different treatments 
to quantitatively evaluate the PTT efficacy. After monitoring 
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the tumor volumes and body weights, we sacrificed the mice 
and weighted the tumors (Fig. 7c). Among all groups, mice 
weight did not show significant loss, which indicated the 
safety of different treatments during the period of this study. 
Tumors of mice treated with CuS-PEG NPs or laser alone 

exhibited quick growth trends similarly to PBS treated ones, 
which expanded about 12-fold on day 16. Only the group 
treated with CuS-PEG NPs plus laser irradiation showed 
significant ablation of tumors.
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It is worth noting that the power density used in this treat-
ment was only 0.2 W cm−2, which was much lower than the 
1 W cm−2 in most current researches. By reducing the power 
density used in PTT, the safety of the treatment is expected 
to be promoted. Besides, the temperature increment in this 
therapy was mild. The high temperature in PTT not only 
kills cancer cells but also does damage to the surrounding 
normal tissue by heat conduction, which decreases the thera-
peutic accuracy and brings about casualties [42]. Therefore, 
applying an appropriate laser dosage to achieve desirable 
PTT outcomes and reducing damage to normal tissue are of 
great importance to the clinical application of PTT. Lasers 
with a relatively low energy and improved penetration not 
only suffice for the requirement of PTT, but also reduce 
potential safety concerns.

4  Conclusion

In conclusion, the capacity of 1275 nm laser in PTT has been 
thoroughly evaluated in this study. Moreover, the deep-tissue 
PTT efficacy of 1275 nm laser has also been compared with 
NIR-I laser which represented by 808 nm laser. Our results 
show that 1275 nm laser is more efficient than 808 nm laser 
to cause temperature rise in vitro and tumor destruction 
in vivo. PTT with 1275 nm laser after intravenous injection 
of CuS-PEG NPs exhibits excellent ability for ablation of 
tumor. NIR-IIa 1275 nm laser would be a promising candi-
date for clinical translations of PTT.
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