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A B S T R A C T

In this work, different lanthanides (Tm3+, Er3+; Yb3+, Ho3+, Nd3+) were doped into NaYF4 via a high- 
temperature coprecipitation method, and followed by SiO2 coating to improve the water dispersibility, result-
ing in NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 nanoparticles (NPs). The 
two NPs both exhibited the temperature-dependent second near-infrared (NIR-II) downshifting luminescence 
over the physiological range. The luminescence ratio of Tm3+ emission at 1460 nm to Er3+ emission at 1525 nm 
(Tm3+:3H4 → 3F4; Er3+:4I13/2 → 4I13/2) varies with temperature increase, as well as Yb3+ emission at 980 nm and 
Ho3+ emission at 1150 nm (Yb3+:2F5/2 → 2F7/2; Ho3+:5I6 → 5I8). The highest relative sensitivity of NaYF4:Tm3+, 
Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 aqueous suspension is 0.36% K− 1 (at 298 K) and 
0.76% K− 1 (at 343 K), respectively. The biological tests prove the good biocompatibility and low toxicity of the 
water-soluble NPs. In vitro tissue penetration experiments verify a much better penetration ability of the syn-
thesized NaYF4:Tm3+, Er3+@NaYF4@SiO2 compared with NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 NPs. The 
excellent physiological luminescent thermometry with favor wave penetration depth provides a promising 
platform in deep tissue temperature measurement, which is very important in vivo biosensing.   

1. Introduction

Accurate temperature measurement plays a very important role in
the development of technology. The temperature measuring devices can 
be divided into contact thermometers and contactless thermometers [1, 
2]. The traditional contact thermometers have certain limitations in 
their usage, especially nowadays the test objects have changed from 
macro-scale to micro-scale, such as electronic components, microbial 
cells, etc. While contactless temperature measurement device can 
accurately and quickly detect the internal temperature of target object 
without system calibration, and the measurement results are not 
affected by medium changes [3–8]. Luminescent nanothermometer, one 
of contactless temperature measurement devices, is based on the 
temperature-dependent luminescence changes, such as emission 

intensity, luminescent lifetime, spectral linewidth, polarization direc-
tion, or the intensity ratio between two emission peaks. 
Lanthanide-doped luminescent materials have demonstrated their great 
potential in the field of temperature sensing due to the advantages of 
good photostability and chemical stability, narrow-band emission, 
tunable emission wavelength, long luminescent lifetime [9–13]. 

Compared to ultraviolet (UV) and visible light, the near-infrared 
(NIR) light has lower scattering and autofluorescence, high penetra-
tion depth in biological tissues [14–17]. The NIR window can be divided 
into the first NIR region (NIR-I, 650–1000 nm) and the second NIR re-
gion (NIR-II, 1000–1500 nm) [18]. The Ln luminescence emits the 
emission from UV to NIR, and the NIR-II light can be obtained by the 
choice of Ln3+. Therefore, Ln3+-doped luminescent NPs were developed 
for temperature sensors. Marcin Runowski et al. obtained water 
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dispersible β-NaYF4:Yb3+, Er3+@SiO2 nanorods for a bright dual-center 
physiological thermometer (λex = 975 nm), based on the intensity ratio 
of Yb3+/Er3+ at 1010 nm/810 nm (2F5/2 → 2F7/2/4I9/2 → 4I15/2) or 
Yb3+/Er3+ at 1010 nm/660 nm (2F5/2 → 2F7/2/2F9/2 → 4I15/2), obtaining 
the thermal sensitive (Sr) up to 1.64% K− 1 or 0.96% K− 1, respectively 
[19]. Li et al. successfully synthesized novel flower-like α-NaYb(Mn)F4: 
Tm3+@NaYF4 NPs. The synthesized NPs exhibits strong upconversion 
luminescence and temperature dependence performance ranging from 
123 K to 423 K, with Sr of 0.24% K− 1 at 123 K. The intensity ratios of 
Tm3+ (1G4→ 3H5 and 4F9/2 → 4I15/2) NIR-I emission bands at 776 nm and 
803 nm change regularly with the increased temperature [20]. How-
ever, those reported luminescent nanothermometers have not yet been 
able to achieve precise and real-time physiological temperature sensors 
in deep tissues. Therefore, it is imperative to design a physiological 
luminescent nanothermometer with a deep penetration depth and good 
biocompatibility. 

In this work, we first synthesized two NIR-II downshifted emitting 
NPs (NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4: 
Nd3+@SiO2), and their morphologies and structures were characterized. 
The temperature dependence of optical properties and the performance 
of luminescence thermometers was also evaluated. In order to explore 
the optical thermometry application in the deep tissue, in vitro hemo-
lysis, cytotoxicity, mouse blood biochemistry, histology analysis and in 
vitro tissue penetration experiments were conducted. 

2. Experimental section 

2.1. Materials 

Y(CH3CO2)3⋅4H2O (99.9%), Yb(CH3CO2)3⋅4H2O (99.9%), Tm 
(CH3CO2)3⋅4H2O (99.9%), Ho(CH3CO2)3⋅4H2O (99.9%), Er 
(CH3CO2)3⋅4H2O (99.9%), Nd(CH3CO2)3⋅4H2O (99.9%), ammonium 
fluoride (NH4F, 99.99%), cyclohexane (99.5%), 1-octadecene (ODE, 
90%), oleic acid (OA, 90%), sodium oleate (96%), sodium hydroxide 
(NaOH, 96%), methanol (99.5%), tetraethyl orthosilicate (99.99%), 
Igepal CO-520 and ammonia solution (25%) were purchase from Sigma- 
Aldrich. All chemicals were used without any further purification. 

2.2. Synthesis of α-NaYF4:Ln3+ NPs 

For the synthesis of α-NaYF4:2%Tm3+, 5%Er3+, 0.744 mmol Y 
(CH3CO2)3⋅4H2O, 0.016 mmol Tm(CH3CO2)3⋅4H2O and 0.04 mmol Er 
(CH3CO2)3⋅4H2O were mixed with 5.0 mL OA and 5.0 mL ODE in a 
three-neck flask. The solution was heated to 100 ◦C under vacuum, and 
maintained 30 min. Afterwards sodium oleate was added, and the so-
lution was then degassed under vacuum for 15 min to form a clear so-
lution. Thereafter, 5.0 mL methanol solution with 3.2 mmol ammonium 
fluoride was added to the mixture under N2 flow. Then, the mixed so-
lution was degassed under vacuum for 30 min, and then heated to 200 ◦C 
for 1 h under N2 flow. After cooling down to room temperature, the 
resulting NCs were precipitated by the addition of ethanol, and washed 
twice with ethanol. 

For the synthesis of α-NaYF4:30%Yb3+, 5%Ho3+, 0.52 mmol Y 
(CH3CO2)3⋅4H2O, 0.24 mmol Yb(CH3CO2)3⋅4H2O and 0.04 mmol Ho 
(CH3CO2)3⋅4H2O were mixed with 5.0 mL OA and 5.0 mL ODE in a 
three-neck flask. The rest of the steps are the same as mentioned above. 

2.3. Synthesis of β-NaYF4:Ln3+ NPs 

The α-NaYF4:Ln3+ NPs were dissolved in the mixture of 5.0 mL of 
ODE and 5.0 mL of OA, followed by outgassing at 100 ◦C for 30 min 
under vacuum, then the mixture was heated to 300 ◦C under N2 flow for 
90 min with a heating rate of 10 ◦C min− 1. After the solution was cooled 
down to room temperature, the colloidal solution was washed by 
ethanol for three times. 

2.4. Synthesis of core-shell NPs 

For the synthesis of β-NaYF4:2%Tm3+, 5%Er3+@β-NaYF4, 0.8 mmol 
as-synthesized α-NaYF4 and 0.8 mmol β-NaYF4:2%Tm3+, 5%Er3+ were 
dissolved in the mixture of 5.0 mL of ODE and 5.0 mL of OA, followed by 
outgassing at 100 ◦C for 30 min under vacuum. Then, the mixture was 
heated to 300 ◦C under N2 flow for 90 min with a heating rate of 10 ◦C 
min− 1. After cooling down, the colloidal solution was washed by ethanol 
for three times. 

For the synthesis of β-NaYF4:30%Yb3+, 5%Ho3+@β-NaYF4:30% 
Nd3+, the synthesized steps are the same as the aforementioned 
β-NaYF4:2%Tm3+, 5%Er3+@β-NaYF4, except 0.8 mmol α-NaYF4: 30% 
Nd3+ and 0.8 mmol β-NaYF4:30%Yb3+, 5%Ho3+ were dissolved in the 
mixture of 5.0 mL of ODE and 5.0 mL of OA, instead of 0.8 mmol 
α-NaYF4 and 0.8 mmol β-NaYF4:2%Tm3+, 5%Er3+. 

2.5. Synthesis of SiO2 coated NPs 

0.1 mL CO-520, 6 mL cyclohexane and 4 mL of 0.01 mol/L NaYF4 
cyclohexane solution were mixed and stirred for 10 min. Then 0.4 mL 
CO-520 and 0.08 mL of 30% (by mass) ammonia water solution was 
added, sealed and ultrasonically shaken for 20 min until a transparent 
emulsion was formed. 0.04 mL ethyl orthosilicate was then added to the 
solution and stirred at 600 rpm for two days. The resulting NPs were 
precipitated by the addition of acetone, washed twice with ethanol/ 
water (1:1 V/V) and dispersed in water. 

2.6. Characterization 

X-ray diffraction (XRD) measurements were performed on a Shi-
madzu XRD-7000 diffractometer with Cu Kα (λ = 1.54 Å) radiation in the 
2θ range from 10 to 90◦. The photoluminescence spectra were recorded 
on an Edinburgh Fluorescence Spectrometer FLS1000 with the excita-
tion source of external 808 nm and 1208 nm continuous-wave diode 
lasers (Changchun New Industries Optoelectronics). Transmission 
Electron Microscope (TEM) studies were performed on a JEOL JEM 
2100F filed emission electron microscope equipped with the energy 
dispersive X-ray spectrum (EDS). Fourier transform infrared (FT-IR) 
spectroscopy studies was carried out using a PerkinElmer Spectrum Two 
spectrometer. The NIR-II window fluorescence images were collected by 
a digital visible-short-wave infrared InGaAs camera (Raptor Launches 
Ninox1280) along with long-pass emission filters (1300 nm longpass, 
935 nm longpass). 

2.7. Cytotoxicity assay and in vitro hemolysis assay 

The cytotoxicity of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 and 
NaYF4:Tm3+, Er3+@NaYF4@SiO2 was assessed by cell counting kit-8 
(CCK-8) assay kit, and L929 mouse fibroblasts were used for cytotox-
icity experiments. The cells were seeded into 96-well plates, and com-
plete medium was added. The number of cells in each well was 5000. 
After 24 h incubation, 0, 50, 100, 150, and 200 μg/mL of NaYF4:Yb3+, 
Ho3+@NaYF4:Nd3+@SiO2 and NaYF4:Tm3+, Er3+@NaYF4@SiO2 solu-
tion were added to each well to replace the original culture medium. The 
medium was removed from the well plate after 24 h of incubation, 100 
μL CCK-8 solution was added to each well, and incubated for 1.5 h. Then 
the absorption at 450 nm was tested with a microplate reader. 

The hemolysis assay experiments were carried out to evaluate in 
vitro biocompatibility of synthesized SiO2 coated NPs. 2 mL of whole 
blood in anticoagulant sodium citrate was obtained from BALB/c mice. 
The whole blood was diluted by adding 2 mL of PBS buffer, then 
centrifuged at 1000 rpm for 10 min, the supernatant was removed to 
obtain red blood cells, and the obtained red blood cells were re- 
dispersed in 2 mL of PBS buffer. 0.1 mL of the dispersed red blood cell 
suspension was mixed with 0.9 mL of PBS as a negative control, 0.9 mL 
of distilled water as a positive control. 0.9 mL of NaYF4:Yb3+, 
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Ho3+@NaYF4:Nd3+@SiO2 NPs were dissolved in PBS at concentrations 
of 0, 1.25, 2.5, and 5 mg/mL as experimental groups, and incubated at 
37 ◦C for 6 h. The solution was centrifuged at 10,000 rpm for 5 min, and 
the absorbance of the supernatant was measured at 540 nm. Hemolysis 
rate = (sample absorbance − absorbance of negative control)/(absor-
bance of positive control − absorbance of negative control) × 100%. 

2.8. Blood biochemistry and histology analysis 

BALB/c mice were used for the blood routine test. Nine mice were 
divided into three groups, 1 mg/mL NaYF4:Tm3+, Er3+@NaYF4@SiO2 
and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 in PBS buffer solution were 
prepared. The mice were injected with 200 μL of two solution via the tail 
vein, respectively. The injection of the same amount of PBS buffer 

solution was served as a control group, and blood samples were collected 
from the fundus artery of the mice three days later. The main organs, 
including heart, liver, spleen, lung, kidney, were fixed with formalde-
hyde solution, and stained with hematoxylin-eosin (H&E). The H&E 
staining histological images were collected by an inverted fluorescence 
microscope (Olympus IX71). 

2.9. In vitro penetration depth test 

5 mg/mL of NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, 
Ho3+@NaYF4:Nd3+@SiO2 aqueous solutions were prepared. The solu-
tions were then added to a 96-well plate, different pieces of 1, 3, 6, 9 mm 
thick pork muscle tissue was placed above the plates, and excited with 
1208 nm and 808 nm lasers with the same power density (15W/cm2), 

Fig. 1. (a, d, g, h) TEM images of NaYF4:Tm3+, Er3+@NaYF4, NaYF4:Yb3+, Ho3+@NaYF4:Nd3+, NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4: 
Nd3+@SiO2 NPs, (b, e) HRTEM images of NaYF4:Yb3+, Ho3+@NaYF4: Nd3+ and NaYF4:Tm3+, Er3+@NaYF4 NPs. (c, f) The selected area electron diffraction (SAED) 
pattern of NaYF4:Tm3+, Er3+@NaYF4 NPs and NaYF4:Yb3+, Ho3+@NaYF4: Nd3+ NPs. (i) XRD patterns of NaYF4:Tm3+, Er3+@NaYF4, NaYF4:Yb3+, Ho3+@NaYF4: 
Nd3+, NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 NPs. 
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respectively. And the NIR-II fluorescence images were obtained by a 
digital InGaAs array detector (Raptor Ninox1280) with long-pass emis-
sion filters (1300 nm, 935 nm). 

3. Results and discussion 

3.1. Structure and morphology characterization 

The synthesized oleic acid capped NaYF4:Ln3+ NPs via a high- 
temperature coprecipitation method [21] have poor water solubility 
and biocompatibility. To improve the water solubility of NaYF4 NPs, 

Fig. 2. (a) FT-IR spectra of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+ NPs. (b) FT-IR spectra of NaYF4:Tm3+, Er3+@NaYF4@ SiO2 
and NaYF4:Tm3+, Er3+@NaYF4 NPs. Absorption spectra of NaYF4:Tm3+, Er3+@NaYF4@ SiO2 (c) and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 (d). 

Fig. 3. (a) Room temperature luminescence emission spectrum of NaYF4:Yb3+, Ho3+ @NaYF4:Nd3+@SiO2 aqueous suspension under excitation at 808 nm. (b) Room 
temperature luminescence emission spectrum of NaYF4:Tm3+, Er3+@NaYF4@SiO2 aqueous suspension under excitation at 1208 nm. Absorption spectra of (c) NaYF4: 
Yb3+, Ho3+@NaYF4:Nd3+@SiO2 and (d)NaYF4:Tm3+, Er3+@NaYF4@SiO2. 
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surface coating of silicon dioxide was chosen [22–24]. From Trans-
mission Electron Microscope (TEM) images in Fig. 1a and b, we can see 
the shape of NaYF4:Tm3+, Er3+@NaYF4 NPs is roughly elliptical, and the 
particles size is of around 23.5 nm with a uniform size distribution. The 
corresponding high-resolution TEM (HRTEM) image of NaYF4:Tm3+, 
Er3+@NaYF4 NPs in Fig. 1b shows the high crystallinity of the NPs. The 
lattice fringes were measured to be 3.2 Å, which corresponds to the 
d-spacing for the (111) lattice planes of β-NaYF4. TEM images represent 
the uniform spherical shape of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+ (Fig. 1d 
and e) with the average size of 17.2 nm, and the corresponding HRTEM 
image in Fig. 1b also indicated the high crystallinity of the NPs. The 
d-spacing of lattice fringes were measured as 3.2 Å, corresponding to the 
(111) lattice planes of β-NaYF4 [25]. NaYF4: Tm3+, Er3+@NaYF4 
(Fig. 1a) is larger than that of NaYF4: Yb3+, Ho3+@NaYF4: Nd3+

(Fig. 1d). The difference in the morphology and size of the two NPs may 
be related to the doping concentration of Ln3+. 

SiO2 coating could increase the size of NPs, but would not influence 
the shape. Fig. 1g shows the particle size of NaYF4: Tm3+, 
Er3+@NaYF4@SiO2 NPs is around 32 nm, and the thickness of SiO2 shell 
is about 9 nm. With regard to NaYF4:Yb3+, Ho3+@NaYF4:Nd3+, the 
average size increases from 17.2 nm to 28 nm after SiO2 coating, with a 
thickness of 10.8 nm. And element mappings measurements were pre-
sented to determine the element distribution. From the element map-
ping images (Fig. S2), we could see that all the elements of NaYF4: Tm3+, 
Er3+@NaYF4@SiO2 and NaYF4: Yb3+, Ho3+@NaYF4: Nd3+@SiO2 NPs 
were evenly distributed. 

X-ray diffraction (XRD) patterns in Fig. 1i shows that the diffraction 
peaks of NaYF4:Tm3+, Er3+@NaYF4 and NaYF4:Yb3+, Ho3+@NaYF4: 

Nd3+ both matches well with the standard hexagonal β-NaYF4 (JCPDS 
No.16-0334) [26], and no other peaks were found. Similarly, the 
diffraction peaks of NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, 
Ho3+@NaYF4:Nd3+@SiO2 were in good accordance with the standard 
hexagonal β-NaYF4. SiO2 coating would not influence the crystal struc-
ture of NPs, due to the amorphous SiO2 has no diffraction peaks [27]. 

In order to identify the characteristic functional groups of the NPs, 
we measured the Fourier transform infrared (FT-IR) spectra of NaYF4: 
Yb3+, Ho3+@NaYF4:Nd3+@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+

NPs (Fig. 2a), NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Tm3+, 
Er3+@NaYF4 NPs (Fig. 2b). The FT-IR spectra of NaYF4:Yb3+, 
Ho3+@NaYF4:Nd3+ NPs shows absorption peaks at 3450 cm− 1 and 
1635 cm− 1, which are caused by O–H stretching (ν) and deformation (σ) 
vibrations from water molecules attached to the surface of NPs. The 
absorption peaks at 2925 cm− 1 and 2850 cm− 1 are assigned to the νC-H 
vibration in the OA -capped NaYF4. Additional absorption peaks were 
observed in the FT-IR spectra of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 
NPs, νSi-O-Si at 800 and 1090 cm− 1, νSi-OH at 950 cm− 1, and σSi-O at 460 
cm− 1 [19], Fig. 2b shows the similar phenomenon as that observed in 
Fig. 2a. In conclusion, the above experimental results show that the SiO2 
coated NPs were successfully synthesized. 

3.2. Luminescence properties 

Next, we investigated the room temperature luminescence properties 
of NaYF4:Tm3+, Er3+@NaYF4@SiO2 (Fig. 3a) and NaYF4:Yb3+, 
Ho3+@NaYF4:Nd3+@SiO2 aqueous solutions (Fig. 3b). The synthesized 
NaYF4:Tm3+, Er3+@NaYF4@SiO2 NPs showed two main downshifted 

Fig. 4. (a, b) Temperature-dependent NIR emission spectra of NaYF4:Tm3+, Er3+@NaYF4@SiO2 aqueous suspension under 1208 nm excitation. (c) Calibration curve 
for the relationship between Δint and temperature of NaYF4:Tm3+, Er3+@NaYF4@SiO2 aqueous suspension. (d) Sr values at different temperatures for NaYF4:Tm3+, 
Er3+@NaYF4@SiO2 aqueous suspension. 
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emission peaks corresponding to 3H4 → 3F4 transition (Tm3+) at 1460 
nm and 4I13/2 → 4I15/2 transition (Er3+) at 1525 nm (Table S2) under 
1208 nm excitation. NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 showed 
downshifting luminescence 4F3/2 → 4I11/2 emission of Nd3+ at 1060 nm, 
2F5/2 → 2F7/2 emission of Yb3+at 980 nm and 5I6 → 5I8 emission of Ho3+

at 1150 nm (Table S1) under the laser excitation at 808 nm. 
To further study the optical thermometric properties of NPs, the 

luminescence emission spectra of above two samples at different tem-
peratures were characterized. Temperature-dependent NIR emission 
spectra of NaYF4:Tm3+, Er3+@NaYF4@SiO2 aqueous suspension under 
1208 nm excitation was presented in Fig. 4a, and its corresponding 
contour map is shown in Fig. 4b. When temperature increases from 298K 
to 353K, the integrated emission intensity of the 3H4→3F4 transition of 
Tm3+ increases, while the integrated emission intensity of the 4I13/2 → 
4I15/2 transition of Er3+ is nearly unchanged, suggesting that NaYF4: 
Tm3+, Er3+@NaYF4@SiO2 has great potential in temperature sensing. 

Temperature sensing performance of NaYF4:Tm3+, 
Er3+@NaYF4@SiO2 were evaluated through calculating temperature 
parameter Δint (Fig. 4c) and relative thermal sensitivity Sr (Fig. 4d). Δint 
can be calculated by using the following formula: 

Δint =
ITm

IEr
=

Δ0

1 + α exp(− ΔE
kBT)

1  

Where ITm and IEr are the integrated emission intensity of Tm3+ at 1460 
nm and Er3+ at 1525 nm, respectively; Δ0 is thermometric parameter at 
T = 0 K; α is a constant depending on the ratio between nonradioactive 
and radiative rates; kB is the Boltzmann constant; ΔE is the difference 

between the two excited energy levels [28]. 
Sr is also a very important parameter for temperature sensing, it re-

fers to the relative change in Δ at a temperature change of 1 K, which can 
be used to quantitatively compare the performance of different optical 
thermometers. Sr can be expressed using the following formula [29]: 

Sr = 100% ×
1

Δint

dΔint

dT
2 

From Fig. 4c, we can see that data points of Δint at different tem-
peratures fit well by the calibration curve (R2 = 0.996), and it is linearly 
related to temperature (Δint = 0.03936 + 0.01075 T). It can be seen from 
Fig. 4d that NaYF4:Tm3+, Er3+@NaYF4@SiO2 have the highest Sr at 
298K, Srmax = 0.36% K− 1. Therefore, physiological nanothermometers 
based on NaYF4:Tm3+, Er3+@NaYF4@SiO2 with both excitation and 
emission in the NIR-II region may provide an efficient platform for in 
situ deep tissue temperature detection. 

Temperature-dependent NIR emission spectra and contour map of 
NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 aqueous suspension under 808 
nm excitation was presented in Fig. 5 The integrated emission intensity 
of 2F5/2 → 2F7/2 transition (Yb3+) at 980 nm decreases with temperature 
increase, while the integrated emission intensity of 5I6→5I8 transition 
(Ho3+) at 1160 nm is almost unchanged with the change of temperature. 

Temperature sensing performance of NaYF4:Yb3+, Ho3+@NaYF4: 
Nd3+@SiO2 were assessed by Δint and Sr mentioned above. Δint can be 
calculated using the following formula: 

Δint =
IYb

IHo
=

Δ0

1 + α exp(− ΔE
kBT)

3 

Fig. 5. (a, b) Temperature-dependent NIR emission spectra of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 aqueous suspension under 808 nm excitation. (c) Calibration 
curve for the relationship between Δint and temperature of the NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 aqueous suspension. (d) Sr values at different temperatures for 
the NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 aqueous suspension. 
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Where IYb and IHo are the integrated emission intensity of Yb3+ at 980 
nm and Ho3+ at 1160 nm, respectively. The Δint data at different tem-
peratures match the calibration curve (Fig. 5c) very well (R2 = 0.999), 
Δint and temperature are linearly dependent (Δint =

128.79267–0.48317 T + 4.86275 × 10− 4 T2), It can be seen from Fig. 5d 
that the NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 has the highest Sr at 
343K, Srmax = 0.76% K− 1. Therefore, NaYF4:Yb3+, Ho3+@NaYF4: 
Nd3+@SiO2 can be used as a nanothermometer in the physiological 
temperature range. 

The regularly change in Δint of Tm3+/Er3+ or Yb3+/Ho3+ couple with 
the increased temperature may be closely related to the energy transfer 
(ET) between Ln3+. The schematic energy level diagram for Tm3+ and 
Er3+ is shown in Fig. 6a. Tm3+ absorbs a 1208 nm photon and transits 
from the ground state 3H6 to the excited state 3H5 through ground state 
absorption (GSA), then energy is transferred to the excited state 4I13/2 of 
Er3+ by ET process, and back to the ground state (4I15/2) by radiation 
transition, resulting in a 1525 nm emission. Besides, the ground state 3F4 
of Tm3+ captures a 1208 nm photon to fill the excited state 3F3 via 
excited state absorption (ESA), and then reaches the excited state 3H4 
through multi-phonon-assisted relaxation (MPR), finally radiatively 
transits to the ground state 3F4 and the emission 1460 nm emanated. The 
MPR process is gradually enhanced with temperature increase [30], so 
ITm increases with the increase of temperature. ET from energy level 3H5 
to 4I13/2 occurs in the Tm3+-Er3+ system instead of MPR, and ET process 
is not affected by temperature, so IEr is insensitive to temperature 
changes. 

Fig. 6b presents the schematic energy level diagram for Nd3+, Yb3+

and Ho3+. Nd3+ absorbs an 808 nm photon and is activated from the 
ground state 4I9/2 to the excited state 4F5/2 by GSA, then relax to the 
excited state 4F3/2. The energy from 4F3/2 of Nd3+ transits to 2F5/2 of 
Yb3+ through multi phonon-assisted energy transfer, then back to the 
ground state 2F7/2 by radiation transition, resulting in a 980 nm emis-
sion. The partial excitation energy of 2F5/2 of Yb3+transfers to the 
excited state 5I6 of Ho3+ through multi phonon-assisted energy transfer, 
and then back to the ground state 5I8 by radiation transition by emitting 
1150 nm emission. In general, IYb at 980 nm should also enhance as the 
multi phonon-assisted energy transfer process from Nd3+ to Yb3+ is 
gradually enhanced with temperature increase, however, IYb shows a 
decreasing trend with the raising temperature, due to efficient multi 
phonon-assisted energy transfer from 2F5/2 of Yb3+ to 5I6 of Ho3+. In 
addition, IHo at 1150 nm basically remains unchanged due to the 
stretching O–H mode from water shifts to higher energies with the 
increased temperature, giving enhanced water assisted non-radiative 
relaxation from 5I6 to 5I8 of Ho3+ [31]. 

Table 1 lists excitation and emission wavelengths, Sr, temperature 
range of some typical nanothermometers based on different Ln3+ doped 
materials. The synthesized NaYF4:Tm3+, Er3+@NaYF4@SiO2 and 
NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 reveal favorable temperature 
sensing capability, moreover, the two nanotherometers are both oper-
ated in physiological temperature range, the excitation and emission 
wavelengths of NaYF4:Tm3+, Er3+@NaYF4@SiO2 are in the NIR-II re-
gion simultaneously, making them potentially for temperature sensing 
in biological systems. 

3.3. Biosafety evaluation and in vitro penetration test 

In order to prove the optical thermometry application of NaYF4: 
Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 
in the deep tissue, we first evaluated their biocompatibility by the 
following experiments. 

L929 mouse fibroblasts were used to verify the cytotoxicity of SiO2 
coated Ln3+ doped NPs. Fig. S8 shows the survival rates of L929 mouse 
fibroblasts cells are all above 80% at different concentrations, the results 
indicate that NaYF4:Yb3+, Ho3+@NaYF4:Nd3+ @SiO2 and NaYF4:Tm3+, 
Er3+@NaYF4@SiO2 NPs have desirable biocompatibility and low 
cytotoxicity. 

The hemocompatibility of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+ @SiO2 
and NaYF4:Tm3+, Er3+@NaYF4@SiO2 NPs was assessed using a hemo-
lysis assay, and the hemolysis rate can reflect the interaction strength of 
NPs and erythrocytes. If the hemolysis rate of NPs is less than 5%, 
meaning that they have good hemocompatibility and meet the re-
quirements for hemolysis of medical materials. Fig. S8 shows the 

Fig. 6. Schematic energy level diagram for (a) Tm3+ and Er3+ and the emission mechanism under 808 nm excitation; (b) Yb3+, Ho3+ and Nd3+ and the emission 
mechanism under 1208 nm excitation. 

Table 1 
Comparison of temperature sensitive optical parameter for the chosen reported 
materials.  

Nanothermometers Excitation 
(nm) 

λ (nm) Sr (% 
K− 1) 

Reference T (K) 

NaGdF4: Nd3+ & PbS/ 
CdS/ZnS@PLGA 

808 1060/ 
1250 

2.5 [32] 283–338 

YVO4: Nd3+ 808 1063/ 
1071 

0.15 [33] 123–873 

NaYF4: Yb3+, Ho3+, 
Er3+

980 1150/ 
1550 

1.87 [34] 298–329 

LaF3: Nd3+, Yb3+ 790 1000/ 
1350 

0.41 [35] 283–333 

LaF3: Nd3+@Yb3+ 808 1350/ 
1000 

0.74 [36] 288–333 

NaYF4:2%Tm3+,5% 
Er3+@NaYF4@SiO2 

1208 1460/ 
1525 

0.37 This work 298–353 

NaYF4:30%Yb3+,5% 
Ho3+@NaYF4:30% 
Nd3+@SiO2 

808 980/ 
1150 

0.76 This work 298–353  
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hemolysis rates of the red blood cells incubated with two NPs are all 
below 5% at different concentrations, indicating the two NPs did not 
produce obvious hemolytic effects, and are capable of satisfactory 
hemocompatibility. 

To assess in vivo toxicity of SiO2 coated NPs, blood biochemical and 
histological analyses were performed. The photographs of H&E staining 
of major organs collected from BALB/c mice. Fig. S7 shows the main 
organs of mice have no obvious abnormality. In addition, routine blood 
analysis was performed including red blood cells (RBC), white blood 
cells (WBC), hemoglobin (HGB), hematocrit (HCT), platelets (PLT), 
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC) and mean corpuscular volume (MCV) (Fig. S6), 
the results show that most of the parameters are within the normal level. 
All biosafety evaluations prove excellent biocompatibility of NPs and the 
potential for in vivo thermometry. 

Subsequently, we investigated the penetration depth of NaYF4:Tm3+, 
Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 in 
vitro. Fig. 7 shows NIR-II emission signals follow a gradient decay trend 
with increased tissue depth, and which of NaYF4:Tm3+, 
Er3+@NaYF4@SiO2 can be detected through 9 mm pork muscle tissue; 
while the emission signals of NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 
disappears when the thickness of pork muscle tissue reaches to 6 mm. 
The NIR-II fluorescence imaging has the advantages of strong penetra-
bility and low tissue attenuation compared to the NIR-I fluorescence 
imaging. Therefore, NaYF4:Tm3+, Er3+@NaYF4@SiO2 with NIR-II exci-
tation and emission is more suitable for deep tissue temperature detec-
tion in vivo. 

4. Conclusion 

In conclusion, we have synthesized two biocompatible Ln3+ doped 
NPs (NaYF4:Tm3+, Er3+@NaYF4@SiO2 and NaYF4:Yb3+, Ho3+@NaYF4: 
Nd3+@SiO2), which exhibit the temperature-dependent NIR-II down-
shifting luminescence over the physiological temperature range under 
1208 nm and 808 nm laser excitation, respectively. Regarding to NaYF4: 
Tm3+, Er3+@NaYF4@SiO2 aqueous suspension, the NIR-II emission ratio 
between ITm at 1460 nm (3H4 → 3F4) and IEr at 1525 nm (4I13/2 → 4I13/2) 
gradually enhances with temperature increase, and the highest Sr is 
0.36% K− 1 at 298 K; while for NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 
aqueous suspension, the emission ratio between IYb at 980 nm (2F5/2 → 
2F7/2) and IHo at 1150 nm (5I6 → 5I8) declines with the increase of 
temperature, and the highest Sr is 0.76% K− 1 at 343 K. Good biocom-
patibility of the developed NPs is proved by hemolysis, cytotoxicity, 
mouse blood biochemistry, histology analysis. In vitro tissue penetration 
experiment demonstrates that the NIR-II emission has better tissue 
penetration over NIR-I emission. Both NaYF4:Tm3+, Er3+@NaYF4@SiO2 
and NaYF4:Yb3+, Ho3+@NaYF4:Nd3+@SiO2 NPs are suitable for deep 
tissue temperature sensing, while NaYF4:Tm3+, Er3+@NaYF4@SiO2 

with NIR-II excitation and emission displays better performance in deep 
tissue temperature detection. This work exploits a strategy for the 
development of NIR-II luminescent nanothermometers, via selecting 
suitable Ln3+ combinations and doping concentration to regulate ET 
process. 
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F. Sanz-Rodríguez, J.G. Solé, D. Jaque, E.M. Rodríguez, Hybrid nanostructures for 
high-sensitivity luminescence nanothermometry in the second biological window, 
Adv. Mater. 27 (2015) 4781–4787, https://doi.org/10.1002/adma.201501014. 

[33] I.E. Kolesnikov, A.A. Kalinichev, M.A. Kurochkin, E.V. Golyeva, E.Y. Kolesnikov, A. 
V. Kurochkin, E. Lähderanta, M.D. Mikhailov, YVO4:Nd3+ nanophosphors as NIR- 
to-NIR thermal sensors in wide temperature range, Sci. Rep. 7 (2017), 18002, 
https://doi.org/10.1038/s41598-017-18295-w. 

[34] S. Sekiyama, M. Umezawa, S. Kuraoka, T. Ube, M. Kamimura, K. Soga, 
Temperature sensing of deep abdominal region in mice by using over-1000 nm 
near-infrared luminescence of rare-earth-doped NaYF4 nanothermometer, Sci. Rep. 
8 (2018), 16979, https://doi.org/10.1038/s41598-018-35354-y. 

[35] E.C. Ximendes, W.Q. Santos, U. Rocha, U.K. Kagola, F. Sanz-Rodríguez, 
N. Fernández, A.d.S. Gouveia-Neto, D. Bravo, A.M. Domingo, B. del Rosal, C.D. 
S. Brites, L.D. Carlos, D. Jaque, C. Jacinto, Unveiling in vivo subcutaneous thermal 
dynamics by infrared luminescent nanothermometers, Nano Lett. 16 (2016) 
1695–1703, https://doi.org/10.1021/acs.nanolett.5b04611. 

[36] E.C. Ximendes, U. Rocha, K.U. Kumar, C. Jacinto, D. Jaque, LaF3 core/shell 
nanoparticles for subcutaneous heating and thermal sensing in the second 
biological-window, Appl. Phys. Lett. 108 (2016), 253103, https://doi.org/ 
10.1063/1.4954170. 

X. Yuan et al.                                                                                                                                                                                                                                    

https://doi.org/10.1021/acs.jpcc.6b08271
https://doi.org/10.1021/acs.jpcc.6b08271
https://doi.org/10.1016/j.snb.2017.02.159
https://doi.org/10.1016/j.snb.2017.02.159
https://doi.org/10.1016/j.jlumin.2019.01.005
https://doi.org/10.1016/j.jlumin.2019.01.005
https://doi.org/10.1016/j.materresbull.2019.03.003
https://doi.org/10.1016/j.materresbull.2019.03.003
https://doi.org/10.1016/j.jallcom.2019.152691
https://doi.org/10.1002/adfm.201402061
https://doi.org/10.1016/j.jallcom.2016.03.201
https://doi.org/10.1016/j.jallcom.2016.03.201
https://doi.org/10.1039/C7TC02182H
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref12
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref12
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref12
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref12
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref13
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref13
http://refhub.elsevier.com/S0272-8842(22)02896-6/sref13
https://doi.org/10.1016/j.biomaterials.2007.10.051
https://doi.org/10.1002/adma.202000678
https://doi.org/10.1002/adma.202000678
https://doi.org/10.1002/ange.201801226
https://doi.org/10.1002/ange.201801226
https://doi.org/10.1038/s41551-016-0010
https://doi.org/10.1016/j.jre.2020.01.021
https://doi.org/10.1021/acsami.9b00445
https://doi.org/10.1021/acsami.5b05876
https://doi.org/10.1039/D0NR07136F
https://doi.org/10.1039/D0NR07136F
https://doi.org/10.1002/adma.200801224
https://doi.org/10.1002/adma.200801224
https://doi.org/10.1016/j.jcis.2016.07.025
https://doi.org/10.1007/s11051-013-2068-5
https://doi.org/10.1007/s11051-013-2068-5
https://doi.org/10.1021/nl070235&plus;
https://doi.org/10.1111/j.1551-2916.2011.04518.x
https://doi.org/10.1111/j.1551-2916.2011.04518.x
https://doi.org/10.1021/acssuschemeng.8b06606
https://doi.org/10.1021/acssuschemeng.8b06606
https://doi.org/10.1039/C8NR08348G
https://doi.org/10.1016/j.jlumin.2018.01.049
https://doi.org/10.1016/j.omx.2021.100102
https://doi.org/10.1016/j.omx.2021.100102
https://doi.org/10.1039/C6NR08472A
https://doi.org/10.1039/C6NR08472A
https://doi.org/10.1002/adma.201501014
https://doi.org/10.1038/s41598-017-18295-w
https://doi.org/10.1038/s41598-018-35354-y
https://doi.org/10.1021/acs.nanolett.5b04611
https://doi.org/10.1063/1.4954170
https://doi.org/10.1063/1.4954170

	Lanthanide-doped NaYF4 near-infrared-II nanothermometers for deep tissue temperature sensing
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of α-NaYF4:Ln3+ NPs
	2.3 Synthesis of β-NaYF4:Ln3+ NPs
	2.4 Synthesis of core-shell NPs
	2.5 Synthesis of SiO2 coated NPs
	2.6 Characterization
	2.7 Cytotoxicity assay and in vitro hemolysis assay
	2.8 Blood biochemistry and histology analysis
	2.9 In vitro penetration depth test

	3 Results and discussion
	3.1 Structure and morphology characterization
	3.2 Luminescence properties
	3.3 Biosafety evaluation and in vitro penetration test

	4 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


