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Abstract: Photothermal therapy (PTT) is in dire need of an accurate, efficient and high-resolution thermometer
working in the deep tissues to assist its treatment process. In this paper, the high temperature solid state method is

employed to synthesize the BaY,0,: Nd** powder, in which the thermally coupled Stark sublevels of Nd*: *F5, are uti-

lized to measure the temperature based on the fluorescence intensity ratio (FIR) technology. The optimal value of its

absolute sensitivity, relative sensitivity and temperature resolution is 0.09%-K™, 0. 69%:-

K™ and 0.05 K, which
are superior to majority of the same type thermometers. Moreover, the penetration depth of the present sample in the
biological tissues can be reached to 8 mm, benefiting from the fact that its excitation and emission wavelength are all
located in the biological windows.

Beyond that, the sample owns photothermal conversion ability under the irradia-

tion of 808 nm wavelength. All the findings show the potential of Nd** single-doped BaY,0, in deep-tissue PTT.
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Fig.1 The XRD patterns of BaY,0,: 2% Nd" (x =1, 2, 3,
4, 5) as well as the standard XRD data of BaY,0,
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Fig.2 (a)The emission spectra of BaY,0,:x% Nd** (x = 1, 2, 3, 4, 5). (b) The power dependence curves for the Nd* : *F;,—
g P p p

*I, ), transition in BaY,0,:2% Nd™*. (¢) The energy level diagram of Nd** excited by 808 nm wavelength. (d) The photo-
thermal conversion effect of BaY,0,:2% Nd* and blank BaY,0, excited by 808 nm wavelength.
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Fig.3 (a)Temperature-dependent spectra of the sample. (b) An equivalent four-level model for depicting Nd**: *F5,,—"I,,), tran-
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jf] T ﬁ%@Zﬁﬁ%ﬂMﬁ% Nd3+54F3/2 N Nd3+14111/2 ﬁE
L1 Stark BF 24N D K AH R 1 B T, FRATT 4R Y
TR e ML i E 3(b) s . TEIZFR

GErp, Fan AT RES I B 0 —RER R 40, RIBR
R AR Y Stark SV 8 2% DL AN E B A5 B8 2 24 25 R0
— A BES . MRS BUR 2K & o A AR AL, b T



5510 4

M, 55 BADOCIEE R RE T 003 20500 ~# R A BaY 0, Nd™ 1783

1 080 nm 4t i fiz 5 W )i I J& T 'Fy i K fE 9
1] *Ty, B AR AE 2% B4 BT, B B: Fanr = Tiunay s [F7]
i, % R E 4 F 1 064 nm (o) Fl 1106 nm () 4b
BR AT 58 2 I 3 T v 5 PRI BB AT B 2
MNEE 5 1Y) Stark WV GE 9% *Fapnioy M T BRI 1Y, DA T 45
# a: Fane) =T M y: ‘Fapo) = Tipm . WA,
FATARE A RIAT T3 80 “Fap) = Tino) BR
LK A BB (A
|E,-E, 1=1E, -E,]l, (1)
Hovp E g %0 07 68 2 0 0TS AR . b AR BZ R AT
A B P K 1122 nm, 15 9258 1 126 nm AH 22
AR UEWT T FRATTHE Y 7Y DU RE 9% & 48 10 & B
T Fanay 3 Fano) Z 0B HRAHE & 1, o
Fan) = Tipo) 1 B: Fanoy = T BRI B9 58 JE L
(Ripy) W5 2 3R 25 2 o3 A 1 0, B
R, =1/1, = B-exp(=AE/k,T), (2)
Hh I RR B ICRIE BN &, AE NBEHR IE L by
R B R 25 S H R, TR xR . R A (2) 3
A AT A 2 *Fane) 5 Fano) REHZ AT Y FIR
BE IR FE A ORI 3 () TR . 3 T A
T BB Fano) 5 Fano) BEHR Z FHY AE 290
425 em™, G S H Z W AR — E iR 22, &
K BT WA K 2 [ A TGS AL S
T VEARFE O AE DIR A BE T, FRATT T LA
TARTEE T DR B AR X R S, X R
JEE Sy B MG 53 B3R BT

S, =1 dR /T, (3)
S, =1dR,, /R,-dT 1, (4)
8T = (S8R, /R,,) + (1/S,), (5)

1A (5) H SRe/Ri A Ry AR X AN 22 B, HLBL
(ELAN 5 03 Ao T 8 A D16 35 4SO AH 5%, 4 S 50 i
AL R 0.033%. WK 3(d)~(e) T, BEdh Y
S Sy X2 it ek 5 T v T PR 9 328 A, E W) 46 RS )
KB B KAH L 2094 0.09% - K™ F1 0. 69% K™, 1)
TR 2 B0 28 R BE v 0 A R B E S AN
Sy U Sg, A i 04 ST Bif I B T R i HE OK, e ME
70.05 K, H 78 % A4~ I3 B v [ 34/ 7 0. 2
K, Wi 3(6) fr s .

T 86 AIE BaY,04: 2% Nd™ I I (1) o 7R P Tk
AT FH o PR K A A 28 B R B S R B
FHET AR AR CRE A % o T 3 ) R0 FIR 4% AR X R
B SEAT I A T AR S R 4 BTR . TR E),
BT FIR F AR T 045 1 38 B 500 55 A o T 3 8y

Wi, 2B R A A IR e . 5O Ah 3R
T A 00 R B A R AT T i 18 S B
IR FE S AR SE I T R A A AN IR N B FIR
B FEA R AN IEBH T BaY,04: 2%Nd™ %
T B T HA A i T A

—o— Calculated by FIR

423

Measured temperature/K

323

323 348 373 398 423

Actural temperature/K
B4 5330 B T FIR FARFUEL S I i A 4 it it J5E 6 47 0
ik
Fig.4 The sample temperature simultaneously measured by

FIR technology and infrared thermometer

o e 573Ke o .
=
=
° ) e 208K e °
I I I I I
0 1 2 3 4 5
Cycle

El5  BaY,0,:29%Nd* i1 il iEL4E 25
Fig.5 The repeatability study in the temperature cycling of
BaY,0,:2%Nd"

3.4 RSN

B R ok, MR IE BaY,0,: 2% N 78 A4 ) 41 41
W S R, TR AT 808 nm IOLHE IR (1 T R %
BE [ 7 2 12 mW/mm?®, WK T4 5 7E S R3S PR 4R
SUR [ K 6% . Wik 6 frow , bl A ) 41 4R
JEE S W B I, A o 1 0l R R S T RIS, AHDG S AL
B NIGIRAK K AT AS AL . R TR i 08 38 A
KSR TAYE O Z N, B ILTE 8 mm R
A= W 2 BT A5 AT BRI ) LA S O S, Al
ERZAY AL B T — & W 1.



1784 % Jt 2% Eivd 844 B

e JRIE T BaY,0,:Nd™ . 7 808 nm ¥ & T , 1% R 1

[ Sy A1 Sy A 43 513K 51 0. 09% - K #10. 69% - K, 1
TR 22 B[R] 2 A I T 0 A N ER(E 5 RR R
Oy BER ST e /ME M 0. 05 K, B H A 78 298~573
K8 BN IR AN T 0. 2 Ko %FE iR B —5E
1AL R BE ) AR DR EE N 12, 41 mW/mm® 1Y
808 nm L4 IR 180 s J& , IR B vl T 29 6 K.

/—7
1060 1060 1100 1130 1140 T A ARG ETEMKFE B, BaY,0,: Nd* 7 A= Py 41 21
A/nm W SRS TR BE AT A B 8 mm. LA b T A BHE B
Mo W THMERRAEDAOEE TR gy poy o0 a5 b Ak R A ) FLT 2

Fig.6 The emission spectra of the sample under various bio-

Y S 0 Z N RRE T ERIZ R A
Uk HoAT —E BT T

logical tissue thickness at room temperature

4 o5 @ o o
AR SO SRR L B A Il A AR T B
AR SCHE T NA™F s R G 1 Stark 85 2LRE IR http://cjl. lightpublishing. cn/thesisDetails#10. 37188/

97 & g SR KA F A S 1 2Z N i 6e CJL.20230172.

Z * X #:

[ 1 ]LIXS, LOVELLJF, YOON J, et al. Clinical development and potential of photothermal and photodynamic therapies for
cancer [ J]. Nat. Rev. Clin. Oncol. , 2020, 17(11): 657-674.

[ 2 ] GAO G, SUN X B, LIANG G L. Nanoagent-promoted mild-temperature photothermal therapy for cancer treatment [J].
Adv. Funct. Mater. , 2021, 31(25): 2100738.

[ 3] WEIWF, ZHANG X Y, ZHANG S, et al. Biomedical and bioactive engineered nanomaterials for targeted tumor photo-
thermal therapy: a review [J]. Mater. Sei. Eng. C, 2019, 104: 109891.

[ 4 JLIUHJ, WANG M M, HU X X, et al. Enhanced photothermal therapy through the in situ activation of a temperature and
redox dual-sensitive nanoreservoir of triptolide [J]. Small, 2020, 16(38): 2003398.

[ 5] WANGYF, DUW, ZHANG T, et al. A self-evaluating photothermal therapeutic nanoparticle [J]. ACS Nano, 2020,
14(8): 9585-9593.

[ 6 ] CAOJK, CHEN W P, XU D K, et al. Wide-range thermometry based on green up-conversion of Yb*/Er’ co-doped
KLu,F; transparent bulk oxyfluoride glass ceramics [J]. J. Lumin. , 2018, 194 219-224.

[ 7 ] RUIZ D, DEL ROSAL B, ACEBRON M, er al. Ag/Ag,S nanocrystals for high sensitivity near-infrared luminescence
nanothermometry [ J]. Adv. Funct. Mater. , 2017, 27(6): 1604629.

[ 8 ] LIUSF, CULJ, JIAJJ, et al. High sensitive Ln™/Tm™/Yb™ (Ln*'= Ho™, Er’) tri-doped Ba;Y,0, upconverting optical
thermometric materials based on diverse thermal response from non-thermally coupled energy levels [J]. Ceram. Int. ,
2019, 45(1): 1-10.

[ 9 ] XIANGGT, LIUXT, XIA Q, et al. Deep-tissue temperature sensing realized in BaY,0,: Yb*/Er’™ with ultrahigh sensi-
tivity and extremely intense red upconversion luminescence [J]. Inorg. Chem. , 2020, 59(15): 11054-11060.

[10]JIY, XU W, DING N, et al. Huge upconversion luminescence enhancement by a cascade optical field modulation strate-
gy facilitating selective multispectral narrow-band near-infrared photodetection [ J]. Light Sci. Appl. , 2020, 9(1): 184.

[11] SHOUK Q, QU C R, SUN Y, et al. Multifunctional biomedical imaging in physiological and pathological conditions us-
ing a NIR-1I probe [ J]. Adv. Funct. Mater. , 2017, 27(23): 1700995.

[12] ZHAN Q Q, QIAN J, LIANG H J, et al. Using 915 nm laser excited Tm*/Er"*/Ho*-doped NaYbF, upconversion nanopar-
ticles for in vitro and deeper in vivo bioimaging without overheating irradiation [ J]. ACS Nano, 2011, 5(5): 3744-3757.

[ 13] XIANG G T, YANG M L, LIU Z, et al. Near-infrared-to-near-infrared optical thermometer BaY,0,: Yb™/Nd* assembled
with photothermal conversion performance [J]. Inorg. Chem. , 2022, 61(13): 5425-5432.



% 10 3 M, 55 BADOCIEE R RE T 003 20500 ~# R A BaY 0, Nd™ 1785

[ 14 ] XIANG G T, YANG M L, XIA Q, et al. Ultrasensitive optical thermometer based on abnormal thermal quenching Stark
transitions operating beyond 1 500 nm [J]. J. Am. Ceram. Soc. , 2021, 104(11): 5784-5793.

[15] WAWRZYNCZYK D, BEDNARKIEWICZ A, NYK M, et al. Neodymium (II1) doped fluoride nanoparticles as non-con-
tact optical temperature sensors [J]. Nanoscale, 2012, 4(22): 6959-6961.

[ 16 ] KOLESNIKOV I E, KALINICHEV A A, KUROCHKIN M A, et al. YVO,: Nd* nanophosphors as NIR-to-NIR thermal
sensors in wide temperature range [ J]. Sci. Rep. , 2017, 7(1): 18002.

[ 17 ] QUINTANILLA M, ZHANG Y, LIZ-MARZAN L. M. Subtissue plasmonic heating monitored with Cak,: Nd*, Y nano-
thermometers in the second biological window [J]. Chem. Mater. , 2018, 30(8): 2819-2828.

[ 18] ROCHA U, SILVA C JDA, SILVA W F, et al. Subtissue thermal sensing based on neodymium-doped LaF; nanoparticles
[J]. ACS Nano, 2013, 7(2): 1188-1199.

[19] BENAYAS A, DEL ROSAL B, PEREZ-DELGADO A, et al. Nd: YAG near-infrared luminescent nanothermometers
[J]. Adv. Opt. Mater. , 2015, 3(5): 687-694.

HEF(1988-), 5, B ITHA AR A, EHL(1988-), 20 BRPEREZ N, T+,
T+ B2, 2016 4F F b [ BL 2 B PRI, 2019 45 F AL Tlk K2435 A5 1l
KFPRAG A2 0, FEMNFH + L :d A, B R ORE O M T N
A R G RE R RF 5 ‘:i" WIS .

E-mail: xianggt@cqupt. edu. cn E-mail: changying@cqupt. edu. cn




