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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The development of photothermal therapy (PTT) agents possessing temperature self-response ability and
working in the deep tissues is an urgent need for noninvasive cancer treatment. Herein, a nanocomposite ma-
terial hexagonal phase NaLuF4: Yb®*/Nd** @SiO,@Cu,S is successfully constructed for the purpose of meeting
the above demands. Under the irradiation of 980 nm near-infrared (NIR) light, the prepared nanocrystals (NCs)
exhibit good photothermal conversion capacity and ultrasensitive temperature sensing properties along with
remarkable resolution. The optical thermometry is realized by the fluorescence intensity ratio of Nd>*: 4Fj G=7/
2, 5/2, and 3/2) levels, of which the NIR emission intensities are strongly enhanced with the increasing tem-
perature due to the phonon-assisted energy transfer mechanisms between Yb3* and Nd3*. As the excitation and
emission wavelength of the sample are all located in the biological window, its penetration depth in the bio-
logical tissues can be reached to 8 mm. The adsorptive CuyS NCs on the surface of NaLuFy4: Yb3*/Nd** @Si0,
provide the required light-to-heat conversion capacity, which has been investigated in detail through the laser-
irradiated and bactericidal experiment respectively. These findings provide a feasible strategy to design high-
performance PTT agents integrated with precise temperature self-measurement function for deep-tissue therapy.
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1. Introduction

Nowadays, the emerging concept of noninvasive treatment makes
photothermal therapy (PTT) become a hopeful strategy for cancer
therapy thanks to its advantages of minimal invasiveness, few side ef-
fects, high selectivity, etc. Up to now, a large number of inorganic
nanomaterials with efficient photothermal conversion performance has
been utilized as the PTT agents (PTAs), such as metal nanocrystals
(NCs), metal chalcogenides, semiconductors, carbon materials and so on
[1-4]. Among the numerous numbers of PTAs, copper chalcogenide
(CuxS) NCs are regarded as the ideal candidates for PTT process due to
the strong absorption and heat conversion ability for near-infrared (NIR)
light along with environment-friendly synthetic method, excellent
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stability and low toxicity [5-7].

Unfortunately, the absence of accurate method for temperature
monitoring during the PTT process often causes ineffective treatment to
the pathological cells by lack of heat or undesirable damage to the
normal tissues by the overheating effect [8]. Fluorescence intensity ratio
(FIR) thermometry based on the thermal coupled levels (TCLs) of rare
earth ions is proposed to be an ideal method to settle the above matter,
which can be assembled with PTAs to realize a self-monitored PTT
process [9-12]. The green emitting levels of Er®*: *S3,5/%Hiq 2 with the
energy gap (AE) of approximately 800 cm ™! are the most widely studied
TCLs for temperature sensing. However, the shallow penetration depth
and modest sensitivity severely restrict their availability for biological
applications [13,14]. The thermometric sensitivity of rare earth
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ions-based optical thermometers can be intensely elevated by using the
TCLs with large AE, such as Nd3*: 4F7 /2/4F3 /2 (—1900 em ™). Compared
with other TCLs with considerable AE, such as Tm®*: 3F2,3/3H4 (~1700
cm’l) and Eu®*: 5D0/5D1 (~1750 cm’l), the existence of intermediate
level Nd®: “Fs /2 between “F, /2 and Ty /2 level can effectively avoid the
occurrence of decoupling effect in the low temperature range [15-18].
Meanwhile, the penetration depth can be expected to be improved by
employing Nd>*: *Fy,5/*Fs/5 as the thermometric cursors under the
sensitization of Yb®" ions (excited by 980 nm), resulting from that the
excitation and emission positions in Yb3*/Nd>* codoped NCs all locate
in the biological window (650 nm-1000 nm). In addition, the lumi-
nescence quenching caused by the increasing temperature can also be
drastically suppressed in Yb3*/Nd>* codoped system due to the fact of
phonon-assisted (PA) energy transfer (ET) mechanisms between them
[19-23]. Therefore, it is a reasonable prospect that a high-performance
PTT with the function of precise temperature self-measurement can be
realized in the deep tissues through integrating excellent PTAs with
Yb3*/Nd®* codoped NCs.

In this paper, a new-type nanostructure of hexagonal phase (B)
NaLuF4: Yb3t/Nd*t @Si0,@CusS is successfully fabricated by the wet
chemistry method, in which an excellent temperature sensing property
based on the thermal-enhanced NIR to NIR luminescence and remark-
able photothermal conversion performance based on the CuyS NCs are
simultaneously realized under the excitation of 980 nm wavelength.
Beyond that, the penetration depth and the photothermal conversion
ability of the present NCs are evaluated by the designed ex vivo
experiments.

2. Experimental
2.1. Chemicals

LuCls, NdCl3 and YbClz (99.99%) are supplied by Beijing Founde
Star Science & Technology Co, Ltd. Cyclohexane, methanol, acetone,
hydrochloric acid, ethanol, NH4F, NH4OH (30 wt%), CuCly-2H50,
NayS-9H,0, NagCgHs07-2H20 and NaOH are obtained from Chongqing
Chuandong Chemical (Croup) Co, Ltd. 1-octadecene (ODE, 90%) and
Oleic acid (OA, 90%) are acquired from Alfa Aesar. CO-520, tetrae-
thoxysliane (TEOS) and aminopropyltrimethoxysliane (APTMS) are
supplied by Aladdin. Phosphate buffered saline (PBS), agar medium and
nutrient broth are purchased from Beijing Land Bridge Technology Co,
Ltd. Escherichia coli (ATCC25922) is obtained from Shanghai Luwei
Technology Co, Ltd. All the reagents are used for the present experi-
ments directly without any purification.

2.2. Synthesis of p-NaLuF4: x%Yb>*/y% Nd** (NLYN) NCs (x = 0, 1,
5,10, 20, 30, 40; y = 1, 2, 3)

In a typical preparation procedure, rare earth chlorides are weighed
in an appropriate proportions according to nominal composition
B-NaLuF,: x%Yb%*/y% Nd** NCs (x =0, 1, 5, 10, 20, 30, 40; y = 1, 2, 3)
and then transferred them into a 100 ml three-necked flask containing
12 ml OA and 28 ml ODE. In the nitrogen gas atmosphere, the solution is
first heated to 140 °C and maintained for 30 min to dissolve the solid
powder thoroughly. After that, 10 ml methanol mixed with 3.2 mmol
NH4F and 0.8 mmol NaOH are injected into the reaction solution when
its temperature is cooled down to 70 °C. This status is kept for 30 min to
completely evaporate the methanol. Subsequently, the reactant complex
is raised to 300 °C, kept for 1.5 h and then cooled to room temperature
naturally to form the product NLYN NCs. Finally, the resulting solution
is precipitated by adding ethanol, centrifuged and cleaned with a
mixture of alcohol and tertiary water.

2.3. Synthesis of NLYN@SiOz NCs

Firstly, the prepared NLYN NCs are dispersed in 10 ml cyclohexane
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and 0.1 ml CO-520 along with stirring for 10 min. After that, 0.08 ml
ammonium hydroxide and another 0.4 ml CO-520 are poured into the
above solution accompanied by a 20 min’ ultrasound process under
sealed condition. After the formation of a transparent emulsion, 0.04 ml
TEOS is added to the mixture followed by continuous stirring procedure
for 12 h. Finally, the NLYN@SiO2 NCs is precipitated by adding excess
acetone and washed with tertiary water and ethanol.

2.4. Synthesis of NLYN@SiO2@CuzS NCs

Firstly, 100 ml aqueous solution A containing 2 ml of NayS-9H20
(0.04 M), 0.014 g CuCl,-2H50 and 0.02 g Na3CgHs07-2H,0 is heated to
90 °C for 20 min accompanied by continuous stirring until the formation
of CuyS NCs with dark green color, which should be reserved in 4 °C ice
water for subsequent preparation procedure. Secondly, 0.15 ml APTMS
is added dropwise into 50 ml ethanol solution containing 0.1 g
NLYN@SiO2 NCs under stirring condition for 12 h to form solution B.
After that, 40 ml solution A is mixed with the above solution B along
with a 2 h’ stirring process to generate the target product. Finally, the
NLYN@SiO2@CusS NCs are collected by centrifugation and cleaned by
water and ethanol for several times.

2.5. Bactericidal experiment based on photothermal conversion

E. coli is firstly placed in a sterile nutrient solution diluted with sterile
water and then equal amounts of bacterial solution are transferred to
four flasks. On the one hand, 100 pL PBS buffer solution without NCs are
added in the first two flasks, marked as Control group and NIR group
respectively. On the other hand, the remaining two flasks are all mixed
with 100 pL PBS buffer solution containing NLYN@SiO2@CusS NCs (1
mg mL™1), named NCs group and NCs + NIR group respectively. After
that, the four bacterial groups are migrated to their corresponding agar
mediums. Moreover, the 980 nm NIR light with a power density of 12
mW/mm? is utilized to irradiate the NIR group and NCs + NIR group for
15 min. Finally, the four bacterial groups are all cultivated at 37 °C for
24 h in the air and then taken out to observe the bacterial amount of
each group.

2.6. Characterization

An XD-2 diffractometer produced by Beijing Persee is utilized to
collect the powder X-ray diffraction (XDR) data. The morphology and
element analysis data are acquired by a JEOL JEM 2100 transmission
electron microscope (TEM) equipped with an energy-dispersive X-ray
spectrometer (EDS). A Cary 5000 UV-vis-NIR spectrophotometer is
employed to measure the absorption spectra. The spectroscopic data is
detected by a FLS1000 spectrometer equipped with a 980 nm laser as the
excitation source. The sample temperature during the spectral mea-
surement process is controlled by a HFS600E-PB2 temperature control
device supplied by Scientific Instruments. The photothermal conversion
effect is monitored by a Digi-Sense thermocouple thermometer with a
minimum resolution of 0.1 K.

3. Results and discussion
3.1. Structure and morphology

The XRD patterns of the NLYN NCs doped with various Yb>" and
Nd3* concentrations are shown in Fig. 1 (a) and (b). Notably, the po-
sitions and relative intensity of the diffraction peaks are well indexed to
the standard cards of hexagonal phase NaLuF4 (JCPDS No. 27-0726). No
impure phase is found except the residual NaCl, which is marked by an
asterisk, exhibiting that the Yb>* and Nd3* ions are all inserted into the
f-NaLuF4 matrix to form a so-called solid solution structure. In addition,
the diffraction peaks slightly shift to the low angle direction due to the
substitution of Lu®" (0.85 A) ions by Yb>* (0.86 A) and Nd>* (1.00 A)
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Fig. 1. The XRD patterns of (a) p-NaLuF,: 20% Yb%'/y% Nd>* and (b) p-NaLuF,: x% Yb®*/2% Nd>* NCs.

ions with larger radius.

Subsequently, the obtained NLYN NCs are coated by SiO5 shell and
then adsorbed by small CusS NCs. The corresponding XRD patterns of
the prepared samples are displayed in Fig. 2(a), from which it can be
clearly seen that the NCs synthesized at each step are all matched well
with the standard cards of B-NaLuF4 (JCPDS No. 27-0726), resulting
from the tiny amount of SiO3 and CusS existing in the samples. Fig. 2(b)
illustrates the detailed preparation process of NLYN@SiO2@CusS NCs.
The first step is to epitaxially grow a SiO; shell on the surface of NLYN
NCs utilizing TEOS as the raw material for the purpose of hydrophilia.
Next, the above NCs are modified by APTMS and then combined with
small CuyS NCs by force of electrostatic adsorption.

The TEM technology is used to describe the morphology and size
evolution of the samples caused by Yb>* and Nd>* doping, as shown in
Fig. 3(a)-(h). Obviously, the morphology of the NCs is almost unchanged
with the variation of Yb®" and Nd®' ions concentration, displaying
uniform hexagonal nanoplate with a diameter of about 440 nm. After
the epitaxial growth of SiO,, the size of NCs is increased to approxi-
mately 460 nm without any significant change in morphology, which
means that the SiO; layer with 10 nm thickness has been built on the

surface of NLYN NCs, as shown in Fig. 3(i). Meanwhile, the EDS line
profiles of NLYN@SiO, are also measured to further demonstrate the
successful coating of SiO; shell. As can be seen from Fig. 3(k), the ele-
ments of Na, Lu, F, Yb and Nd are homogenously distributed in the
interior of the NCs, but the Si and O element are mainly found at the
outer surface of the particles. Fig. 3(j) shows the TEM image of a single
NLYN@SiO2@Cu2S nanoparticle, which is fabricated by virtue of elec-
trostatic adhesion effect between APTMS-modified NLYN@SiO5 NCs
with positive charge and small CuyS NCs with negative charge. The well-
resolved lattice fringes detected by high-resolution TEM (HR-TEM) show
an interplanar spacing of 2.82 A in the inner of NCs and 2.01 A in the
attached small NCs, corresponding to (101) crystal plane of f-NaLuF4
(JCPDS No. 27-0726) and (110) crystal plane of CuyS (JCPDS No. 26-
1116) respectively, as presented in Fig. 3(1). In addition, elemental
mapping images are captured in Fig. 3(m) to explore the elemental
composition of the prepared samples, in which Na, Lu, F, Yb, Nd, Si, O,
Cu and S are all emerged in a single nanoparticle, once again demon-
strating the successful construction of NLYN@SiO,@CusS NCs.
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Fig. 2. (a) XRD diffraction patterns of NLYN, NLYN@SiO, and NLYN@SiO,@Cu,S. (b) The flowchart for the preparation of NLYN@SiO,@Cu,S NCs.
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Fig. 3. TEM images of NLYN NCs doped with (a)-(c) 10% Yb>"/y% Nd®>* (y = 1, 2, 3) and (d)-(h) x% Yb®>'/2% Nd*' (x = 0, 1, 5, 20, 30). TEM images of (i)
NLYN@SiO, and (j) NLYN@SiO,@Cu,S. (k) EDS line scan of NLYN@SiO,. (1) HR-TEM image of NLYN@SiO,@Cu,S. (m) Element mapping images of

NLYN@SiO»@Cus,S.
3.2. Luminescence properties

Fig. 4(a) and (b) display the emission spectra of the unmodified
samples under the excitation of 980 nm wavelength. Obviously, three
emission bands appear in the NIR region of 700 nm-900 nm, which
belongs to Nd>*: *F; /5 — *Ig/5 at 741 nm, Nd>*: “Fs /5 — “Ig/» at 794 nm
and Nd®*: F, /2 — o /2 at 864 nm. The overall emission intensity of the
samples doped with a fixed Yb®>" concentration is first enhanced and
then weakened with the increasing Nd** concentration because of the
concentration quenching effect, by which the optimal doping concen-
tration of Nd>* can be determined to be 2%. Similarly, the optimal

doping concentration of Yb>" is ascertained to be 10%, as shown in
Fig. 4(b). That is to say, the strongest emission intensity is obtained in
the NCs doped with 10% Yb®* ion and 2% Nd>* ion, which will be used
as the study subject in the following discussion. In addition, the varia-
tion of Yb®* and Nd3* doping concentration has no influence on the
position of the NIR emission peaks.

Sequentially, the 10% Yb®* and 2% Nd>* codoped NCs are utilized to
synthesize the NLYN@SiO; and NLYN@SiO»@CusS. The photo-
luminescence (PL) spectra of the above NCs excited by 980 nm wave-
length are measured and depicted in Fig. 5(a). Distinctly, the PL
intensity of NLYN NCs is enhanced by a factor of 1.9 after coating a SiO5
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Fig. 4. Emission spectra of NLYN NCs doped with (a) 20% Yb®"/y% Nd** (y = 1, 2, 3) and (b) x% Yb>*/2% Nd*" (x = 0, 1, 5, 10, 20, 30).
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Fig. 5. (a) Emission spectra of NLYN, NLYN@SiO, and NLYN@SiO>@Cu,S. (b
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Apx=980 nm
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) Absorption spectra of NLYN@SiO,, NLYN@SiO>@Cu,S and Cu,S NCs dispersed in

PBS solution as well as blank PBS solution. The inset in (a) is the digital photo of NLYN@SiO,@Cu,S excited by 980 nm wavelength.

shell, which is ascribed to the improvement of light extraction efficiency
from the inside of NCs to the ambience. Specifically, the light travelling
from an optically denser medium (refractive index named n,») to an
optically thinner medium (refractive index named n,;) should be totally
reflected at the interface when its incidence angle (6) is larger than a
critical value (f¢ = arcsin(n;1/ny2)), which is the so-called total internal
reflection (TIR) phenomenon. In the bare NLYN NCs (n ~ 1.52), the
value of critical angle 6¢p for the light travelling from the inside of the
NLYN NGCs to the air (n = 1) is calculated to be about 41" [24]. After
introducing a SiO3 (n ~ 1.46) shell between the NLYN NCs and air, the
corresponding value is increased to be 74" at the interface of the NLYN
and SiO, and 43" at the interface of SiO and air, which means that more
light is allowed to escape the NCs through SiO layer modification [25].
Beyond that, the SiO shell can also reduce the ET processes from the
luminescence centers to surface defects, resulting in the PL enhance-
ment. However, the emission intensity of the sample is dramatically
decreased due to the decoration of small CupS NCs. As shown in Fig. 5
(b), the NLYN@SiO2@CuzS NCs exhibit much stronger absorption for
red and NIR light than NLYN@SiO, NCs benefitting from the
outstanding absorptive capacity of CuyS NCs in the region from 600 nm
to 1200 nm, in which the emission bands of Nd** ions are included.
Hence, the efficient absorption of CusS for the excitation light produced
by 980 nm semiconductor laser and emission light originated from the

Nd>* ions gives rise to the decrease of the whole emission intensity of
the NCs. Even then, the intense emission of Nd®' ions in NLYN@-
Si0O2@CuyS NCs can also be detected under 980 nm excitation, as
visualized in the inset of Fig. 5(a), which belongs to the far-red lumi-
nescence of Nd3*: 4F7/2 - 419/2 transition.

For application in biological tissues, penetration depth is a vital
value to assess the practicality of the optical probes. Therefore, the NIR
emission assigned to Nd>*: 4Fj (j=7/2,5/2, and 3/2) — *Iy/, transition
in NLYN@SiO2@CusS NCs are collected with various biological tissue
thickness at room temperature. Evidently, as depicted in Fig. 6(a), the
NIR luminescence intensity of the NCs is gradually decreased with the
thickened chicken tissues, but no obvious change is found on spectral
profile. Nevertheless, the spectral information of the sample can still be
acquired at a depth of 8 mm, revealing the great potential of NLYN@-
Si02@CusS NCs for utilization in deep tissues, which benefits from the
excitation and emission wavelength of the NCs locating in the biological
window.

As illustrated in Fig. 6(b), the NIR to NIR emission of Nd* ions
sensitized by Yb®* ions results from two possible PA ET pathways,
including a single-phonon process (ET1) and a two-phonon process (ET2
and ET3). In the single-photon process (ET1), excited Yb3* ion transfers
its energy to the nearby Nd3* ion in the ground state via the PA ET1
process, resulting in the population of Nd3': *F3/, state. In the two-
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Fig. 6. (a) Emission spectra of NLYN@SiO,@Cu,S NCs with various biological tissue thickness. (b) Possible ET mechanisms in NLYN@SiO»,@Cu,S NCs. (c) Log(D) -

log(P) diagram of Nd*': *Fs/» — “Iy,» transition in NLYN@SiO»@Cu,S NCs.
photon process, the Nd** ion locating in the ground state is firstly
populated to its “I;5/2 level by gaining energy from the Yb®* ion at the
excited level with the assistance of phonon vibrations (ET2). Sequen-
tially, this Nd>* ion can be populated to *F3 5 state through another ET
process between Yb®>" and Nd** (ET3) followed by a non-radiative (NR)
process from Nd*: 2H;, /5 level, during which the excess energy is
converted into heat. The Nd** at 4F3 /o state can be further excited to 4F5 %
5 and 4F7/2 level with the aid of active lattice phonons, benefiting from
their small AE value.

The power density dependence of the emission intensity in
NLYN@SiO2@CusS NCs is exhibited in Fig. 6(c) to qualitatively analyze
the ET mechanisms in Yb®" and Nd** co-doped system. The relationship
between emission intensity (I) and power density (P) can be written as
follows:

Here, n is the NIR photon number that needs to be absorbed for emitting
a high-energy photon, which can be obtained by the slope of the linear
curve of log(D) - log(P) [26,27]. Evidently, the n value of Nd3*: 4F5/2 -
*19,5 transition changes from 0.96 to 1.78 as the excitation power den-
sity surpasses 6.23 mW/mm? indicating that the single-photon ET
processes are dominant at low power density, and the two-photon ET
processes appear and gradually increase with the rising excitation power
density. Similar situations are also found in NLYN and NLYN@SiO, NCs,
as shown in Fig. S1.

3.3. Optical thermometry

As discussed in the preceding section, lattice phonon is regarded as
the important role for the realization of Nd>*: 4Fj (G="7/2,5/2,3/2) —»

IxP" (€Y *19/5 transition in Yb®*/Nd3" co-doped system, which is intensively
A)NLYN@SiO,@Cu,S b) 5160
(2)NLYN@SiO,@Cu,S v ( }E};'E:‘Fm L i
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Fig. 7. (a) Temperature-dependent NIR spectra of NLYN@SiO»,@Cu,S NCs in the range of 298-573 K. (b) Enhance factor of Nd3+: 4Fj G=17/2,5/2,3/2) > 419/2

transition at different temperature.
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influenced by the ambient temperature. Thereby, the temperature
dependence of Nd*": *F; (j = 7/2, 5/2, 3/2) — Iy, transition in
NLYN@SiOo@CusS NCs is measured under the excitation of 980 nm
wavelength. As shown in Fig. 7(a), remarkable enhancement of NIR
luminescence derived from Nd>*: 4Fj G=17/2,5/2,3/2) > 419/2 tran-
sition is discovered through increasing the temperature from 298 K to
573 K. Especially, the emission intensity of Nd3*: *F, 2= 1o /2 transition
shows a 160-fold improvement from 298 K to 573 K, as displayed in
Fig. 7(b). Such a supernormal enhancement is attributed in part to the
efficiency improvement of PA ET processes from Yb>" to Nd3* at high
temperature. Beyond that, thermal coupling population from the low
energy state *F3/5 and *Fs, to high energy state “F;/, are also dramat-
ically intensified with the rising temperature, resulting in the same order
of thermal-enhanced factors and their corresponding energy level po-
sitions. In addition, the thermal-enhanced luminescence properties in
NLYN and NLYN@SiO; NCs are also investigated under 980 nm exci-
tation, which are similar as that in NLYN@SiO,@Cu»,S NCs, as shown in
Fig. S2 and Fig. S3.

Considering the thermal coupling properties of Nd**: 4Fj (G=7/2,5/
2, 3/2), temperature sensing behaviors can be realized in NLYN@-
Si02@Cu3S NCs based on fluorescence intensity ratio (FIR) technology.
Fig. 8(a) shows the normalized PL spectra of Nd3t: 4Fj (G=7/2,5/2,3/2)
— “g/5 transition driven by 980 nm wavelength, from which regular
variation of relative intensities can be observed with the elevating
temperature. Actually, the FIR value between two TCLs can be expressed
as:

FIR = 12/[1 = (mzAng/mlA1g1)~exp(—AE/k7) = B~CXp(—AE/kT), (2)

where w, A, g, I, k and T represent the angular frequency, spontaneous
emission rate, degeneracy, emission intensity, Boltzmann’s constant and
absolute temperature respectively, B is defined as wsAsga/w1A181
[28-31]. Utilizing equation (2), the FIR fitting curves of NLYN@-
Si02@CusS NCs are calculated and shown in Fig. 8(b), from which the
AE values are obtained to be 965 cm’l, 1042 cm~! and 2125 crn’l,
corresponding to 4F7 /2/4F5 /2 (TCL1), 4F5 /2/4F3 /2 (TCL2) and 4F7 /2/4F3 /2
(TCL3). The above AE values obtained from the fitting curves are closed
to those gained by the PL spectra with relative errors of about 6.6%
(TCL1), 2.1% (TCL2) and 9.6% (TCL3) respectively. Meanwhile, the two
major parameters, absolute sensitivity Sy and relative sensitivity Sg, can

Ceramics International 49 (2023) 22100-22109

be calculated by the following equations to make a quantitative evalu-
ation for the optical thermometers:

Sa = Id(FIR)/AT | = FIR-AE/(Kg-T?), 3)

Sg = Id(FIR)((FIR)-dT | = AE/(Kp-T?). 4)

As depicted in Fig. 8(c) and (d), the Sp curves of TCL1, TCL2 and
TCL3 go up with the rising temperature and reach their corresponding
maximum values of 0.11% K1, 37.8% K~ ! and 19.6% K at 573 K, but
their Sg curves show a downtrend when the temperature increases from
298 K to 573 K. Of these, TCL2 owns the highest Sp value due to the large
FIR between 4F5/2 and 4F3/2 level, and TCL3 exhibits the best perfor-
mance in S benefitting from the considerable AE between 4F7 2 and 4F3 %
2 level. Next, a confirmatory experiment is conducted to estimate the
thermometry accuracy of TCL1, TCL2 and TCL3, in which an electrical
heat gun is used to heat the sample, and both FIR technique and infrared
thermometer are employed to detect the sample temperature. As shown
in Fig. S4, the sample temperature is almost linearly raised under the
heating action of heat gun. Moreover, the temperature measured by FIR
technique matches well with the actual value determined by the infrared
thermometer, especially FIRrc2 and FIRrcrs, manifesting the
outstanding thermometry properties of NLYN@SiO2@CusS NCs. The
small temperature deviation between the actual and measured values
should be ascribed to the heat loss during the spectra collection process.
The repeatability studies of TCL1, TCL2 and TCL3 in the temperature
cycling between 298 K and 573 K are also measured and shown in
Fig. S5. All of them keep almost unchanged after conducting six cycling
process, revealing the excellent repeatability of NLYN@SiO2@CusS NCs
for temperature measurement. In addition, as presented in Figs. S6 and
S7, the temperature sensing properties of NLYN and NLYN@SiOy NCs
are also investigated in detail, of which the corresponding Sy curve is
similar as that of NLYN@SiO2@CusS NCs, resulting from the uselessness
of SiOy coating and CupS adhesion on changing energy separation be-
tween TCLs. However, the Sa values of TCL1, TCL2 and TCL3 in
NLYN@SiO2@CueS NCs show a slight increase after SiOp and CusS
modification, which may be caused by the 10 nm SiO; layer and the
gradually improving light absorption capacity of CusS NCs in the region
from 700 nm to 900 nm. The thermometric parameters of NLYN,
NLYN@SiO5 and NLYN@SiO>@CusS NCs are listed in Table S1.

Another important parameter for optical thermometers is
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Fig. 8. (a) Temperature-dependent normalized PL spectra of NLYN@SiO,@Cu,S NCs. The (b) FIR, (c) absolution sensitivity Sa, (d) relative sensitivity Sg and (e)

temperature resolution T as a function of temperature in NLYN@SiO»,@Cu,S NCs.
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temperature resolution T, which is expressed by the following
equation:

ST = (SFIR/FIR)-(1/SR). ()

Here, 8FIR/FIR denotes the relative uncertainty of FIR, related to the
equipment for spectral measurement [32]. Therefore, 50 times’ repeated
measurement for PL spectra are completed at 298 K and the 8FIR/FIR
value is determined to be approximately 0.033% in our case (see
Fig. S8). Based on the achieved 8FIR/FIR value, the optimal 5T of TCL1,
TCL2 and TCL3 is calculated to be 0.021, 0.019 and 0.009 K respectively
at the beginning temperature, and then the 5T curves are increased with
the rising temperature, as shown in Fig. 8(e). Even so, the 6T value of
NLYN@SiO2@CusS NCs is consistently no more than 0.08 K within the
entire range of the testing temperature, which is well enough to meet the
requirement of biological application [33].

In order to perform an overall comparison with other typical Nd>*-
based optical thermometers reported previously, a detailed statistic
involving operating temperature range and sensitivity is conducted in
Table 1. Strikingly, NLYN@SiO2@CusS NCs possess the largest Sp and Sg
values among the various Nd®>*-based optical thermometers. Particu-
larly, the Sa value of the present NCs (37.8% K1) is 2 times higher than
the reported highest value obtained in LaPOy: Yb®*/Nd** NCs (18.53%
K 1). Moreover, the NLYN@SiO,@CusS NCs also display outstanding
thermometric sensitivity in comparison with Er’*-based optical ther-
mometers, which attract the most extensive attention for optical tem-
perature sensing over the past decades. Until now, the reported optimal
Sa and Sg in Er®*-based temperature sensors realized by the TCLs ’Hyq /
2/*83/9 is 2.3% K ! in NaLa(MoO,): Yb**/Er*t and 1.68% K ! in
NaYF4: YbST/Er®* respectively, far from the values obtained in
NLYN@SiO2@CusS NCs (Sp-max = 37.8% K~ ! and Sg.max = 3.45% KL in
our case) [37,38]. Beyond that, the prepared sample shows superior
performance on ST (below 0.08 K, 6Ty = 0.009 K) compared with
previous reports, such as NaYF4 Yb>'/Er®™ (~0.1 K), BiySiOs:
Yb**/Tm** @Si0; (~0.28 K), [Gd;.45Ndg.40Ybo,15PDC3(H20)3]-H20
(~0.068 K), Laz0s: Yb**/Nd®* (~0.1 K), LaPOy4: Yb®*/Nd3* (~0.02 K)
and Ag/Ag»S (~0.2 K) [5,20,35,38-40]. On the basis of the above dis-
cussion, the optical thermometry realized by the thermally enhanced
NIR to NIR PL in NLYN@SiO2@CusS NCs reveals ultrahigh sensitivity
and resolution, which can be expected to be used for biomedicine.

3.4. Photothermal conversion effect
In order to evaluate the photothermal conversion performance of the

prepared samples driven by NIR light, the temperature variations of
NLYN, NLYN@SiO, and NLYN@SiO@CusS NCs dispersed in PBS
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solution (1 mg/mL) are monitored by a thermocouple thermometer as a
function of 980 nm-excited time and power density respectively, as
illustrated in Fig. 9(a)-(c). Notably, the temperature of CusS-adhered
NGCs is quickly increased from room temperature to equilibrium point
318.6 K (45.6 C) under the continuous 980 nm irradiation (7.04 mW/
mm?) of about 180 s, from which a large temperature increment of about
20 K is obtained. However, the magnitude of temperature change in
NLYN (2.9 K) and NLYN@SiOs (3.8 K) NCs is insignificant, demon-
strating that the remarkable light-to-heat conversion capacity of
NLYN@SiOo@CusS NCs derives from the modification of small CusS
NCs, which possess outstanding absorption and conversion ability for
NIR light. Meanwhile, the power density dependent temperature rising
properties of NLYN@SiO2@Cu,S NCs are also investigated with a fixed
radiation time of 180 s. As plotted in Fig. 9(c), the sample temperature
increases almost linearly with the elevated irradiation intensity and
reaches about 340 K (67 'C) at 13.3 mW/mmZ, which is high enough to
kill the cancer cells in biological tissues. In addition, it can be seen from
Fig. 9(c) that the highest temperature of the NCs can be simply adjusted
by varying the radiation intensity of NIR light to not only treat the tu-
mors effectively but also avoid to damage the normal cells caused by
overheating effect.

Generally speaking, the E. coli can be eliminated when the environ-
ment temperature exceeds 45 ‘C [41]. Coincidently, this temperature
condition can be realized by the NIR-driven NLYN@SiO>@CuzS NCs,
referring to the above description. Therefore, a bactericidal experiment
based on E. coli is designed to ulteriorly assess the photothermal con-
version capability of CupS-modified NCs. In this experiment, four groups
of colonies with almost the same amount of E. coli are incubated in the
PBS buffer solution, named as Group control, Group NIR, Group NCs and
Group NCs+NIR, respectively. Among them, the E. coli in Group NCs and
Group NCs+NIR are all cultured with the same amount of NLYN@-
SiO2@CusS NCs. Meanwhile, Group NIR and Group NCs+NIR are irra-
diated by the 980 nm NIR light with a power density of 12 mW/mm? for
15 min. After that, the four bacterial groups are all cultivated at 37 °C for
24 h in the air and then taken out to observe the bacterial amount of
each group. As visualized in Fig. 9(d), the numbers of surviving bacteria
in Group NIR and Group NCs are similar as that of Group control,
indicating that it is ineffective to kill the E. coli only by the irradiation of
980 nm NIR light or the NLYN@SiO>@CusS NCs. By contrast, most of
the bacteria in Group NCs+NIR are eliminated by the high temperature,
originating from the excellent light-to-heat conversion ability of the
presented NCs driven by NIR light.

Table 1
Various Nd**-based optical thermometers with relevant parameters.
Material Dopant EX TCLs Wavelength (nm) T (K) AE (em™ 1) SR (KD Sa (%KY Ref.
NLYN@SiO>,@Cu,S Yb3t/Nd* 980 nm *Fy 9, *Fs/2 700-900 298-573 965 1388/T2 0.11 This work
“Fs/2, *F3/0 700-900 298-573 1042 1498/T2 37.8 This work
“Fy 2, *Fa/2 700-900 298-573 2125 3055/T2 19.6 This work
LaPO, Yb**/Nd** 980 nm “F7/2, “Fs/2 700-900 280-490 943 1356/T> 0.11 [5]
“Fs/2, “Fs/2 700-900 280-490 938 1348/T> 18.53 [51
“Fy 2, *F3/0 700-900 280-490 1914 2752/T? 7.36 [51
CaWO, Yb3*/Nd3/Lit 980 nm *Fy /2, *Fs/2 700-950 303-773 817 1174/T? 0.1 [15]
“Fs /o, *Fa/n 700-950 303-773 846 1216/T? 0.39 [15]
“Fy 2, *F3/0 700-950 303-773 1654 2377/T? 0.36 [15]
NaYF, Yb3*/Nd3* 980 nm “Fy 5, *Fs/2 720-950 297-400 896 1288/T2 - [19]
“Fs /o, *Fa/n 720-950 297-400 719 1033/T> - [191]
“F7/9, F3/n 720-950 297-400 1444 2076/T> - [19]
BayLa,TisNbgOso b3 /Nd* 980 nm “Fy 2, *Fs/2 700-950 303-573 795 1143/T2 0.08 [34]
“Fs /o, *Fa/n 700-950 303-573 1087 1563/T> 3.1 [34]
“Fy 9, *Fasn 700-950 303-573 1882 2706/T> 1.3 [34]
La,03 b3 /Nd* 980 nm “Fy 2, *Fs/2 725-850 293-1233 928 1334/T2 0.03 [35]
Glass ceramic Yb**/Nd** 980 nm “Fy/2, “Fs/2 720-900 303-623 1226 1763/T? 0.07 [36]
“Fs 0, F3/0 720-900 303-623 1311 1884/T2 2.7 [36]
*F7/2, "F3/2 720-900 303-623 2094 3010/72 0.9 [36]
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of E. coli incubated under various conditions.
4. Conclusions

In summary, thermal-enhanced NIR to NIR luminescence is obtained
in NLYN@SiO2@CusS NCs, by which the outstanding temperature
sensing behaviors operating in the biological window are realized with
ultrahigh thermal sensitivity (Sa.max = 37.8% KL Sr-Max = 3.45% K
and resolution (below 0.08 K, 6Tmin = 0.009 K). The NIR emission of
Nd*": *F; ( = 7/2, 5/2, 3/2) — g transition driven by 980 nm
wavelength can still be captured under 8 mm tissue thickness. More
importantly, the CusS-modified NCs show excellent photothermal con-
version capacity with the irradiation of NIR light, further demonstrated
by a bactericidal experiment based on E. coli. The temperature around
the sample can be elevated to 318.6 K (45.6 °C) under 180 s’ NIR irra-
diation with a fixed power density of 7.04 mW/mm?, and the final
temperature can be linearly adjusted through changing the excitation
power density to meet the actual requirements of PTT. The superior
photothermal conversion performance combined with self-monitored
temperature sensing ability based on thermal-enhanced NIR to NIR
emission makes NLYN@SiO,@CuysS NCs a potent competitor for PTT
application.
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