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Abstract: Compared to the visible range( Vis, 400 —700 nm) and first near-infrared window ( NIR-
I, 700 —1 000 nm), fluorescence-based imaging in the second near-infrared window ( NIR-1I ,
1 000 =1 700 nm) possesses the merits of high sensitivity, spatiotemporal resolution and signal to
noise ratio( SNR) with increasing tissue penetration depths benefiting from the optical scattering and
auto-fluorescence in the biological tissue, leading to widespread application in the fields of tumor di-
agnosis, biosensing, in vivo molecular detection and immunoassay. Among of several NIR-1I fluo-
rescence probes, lanthanide-doped luminescence nanomaterials have attracted more attention in de-
velopment of NIR- Il fluorescence imaging, owing to the advantages of high photostability and chem-
ostability, narrow emission band widths, tunable emission wavelength and lifetime. Therefore this
work takes the mechanisms and constitutions of lanthanide-doped luminescence nanomaterials as
starting points and systematically summarizes the recent progress in the biomedical imaging and bio-
sensing applications of lanthanide-doped luminescence nanomaterials. The problem to be resolved

and its future development are discussed.
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Fig. 1 (a)Reduced scattering coefficients of different biological tissues and of intralipid tissue phantom™™ . (b) Autofluores-

cence spectra of mouse liver(black), spleen(red), and heart tissue ( blue) under 808 nm light. Inset shows the en-

larged results at longer wavelengths!"’

. () Absorbance spectra of various biological tissues

41 " (d) Absorption spec-

trum of water through a 1-mm-long path. OD, optical density’'’.
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(a) Absorption spectra of Nd** , Yb** and Er’* in NIR- I and NIR-1I region (solid line) and NIR-1I emission spectra

from Nd** , Ho**, Pr** , Tm** and Er’* (solid line with color shade). Proposed energy transfer mechanisms for emis-

sions in the NIR-II region'®. (b)Intrinsic NIR- 1l emissions of Nd** and Er’*. (c¢) Simplified energy transfer path-

ways for NIR-II emissions of Ln’* (Ln = Ho, Pr, Er, Tm) using Yb’* as the sensitizer. The dashed curve indicates the

energy transfer from Yb’* to Tm®* and the simultaneous two-photon ESA process of Tm®*. (d) Simplified energy transfer

pathways for NIR- I emissions of Er’* using Nd** as the sensitizer?'. () Simplified energy transfer pathways for NIR-

131 (f) Simplified energy transfer pathways for the

(51

I emissions of Ln’* (Ln =Nd, Ho, Tm) using Er’* as the sensitizer
NIR-II emissions of Er’* using Tm'* as the sensitizer'*) . (g) (1) Schematic illustration of the core/shell structure
( ii ) Energy transfer pathway from ICG on the surface of NaYF,: Yb** /X** @ NaYbF, @ NaYF,: Nd** nanocrystal, to the

Nd** ions in the outer shell, then to the Yb** in the inner shell, and finally to the Yb’*/X** (X = null, Er, Ho, Tm or

Pr) in the core, producing large Stokes-shifted NIR-1I emissions™*. (iii ) Simplified energy-level diagrams depicting

the energy transfer involved in a-ErNPs on 980 nm excitation™.



1464 b3 pin

¥ 41 %

T, (EX*) B HTERIE T 7246 1 289 nm 1 1 525
nm JTZLAN X R R ST, Mk Yb' -Tm® B F
BRI YOK R IN T | FE L BOEF Ll 72
JE, T’ B PR SR FRM A ZfREE S
(P F, FPF, BEZR, Mif5 JEfm 5T st g =° H, R4,
a2 , W& S 475 nm L2040 X
(K 2(e)) o (3)NE*-Yb* -Ln* " {KZR (Ln =
Ho .Pr.Tm 5 Er) , %K F A Nd** 1 Yb** 3k
B 1AL SR R R B N 980 nm I Y &
808 nm, R Nd’* B F(19°*1,,, FL A H F W Y& 808
nm L ICREEE BN A B, BB, T 5 1% REY

FIRER AT aE it F,, (Nd* ) +°F,, (Yb'H ) =%,
(N&*) +2F,, (Yb' ") B 1L i il o A% 3 45
Yh'* BT, feJe AN [\ (4 58 B 15 3 o Bk e i
&b 45 AN F I &L 7, HALHLE Yb' ' -Ln’ " {A
Z(Ln =Ho Pr . Tm 5(# Er) (Bl 2(d))., (4)
Ef’*-Ln** A& (Ln =Ho . Tm & Nd)., B T Er'*
TE 1 525 nm A5 A 6 BRI WS , PR o oAl
A DR AR B F UL 525 nm A OGRYRE =
Jrgad =6 B RSt AR Nd® T YD B T
B ESE T 50 E B, (N ) UF
(Ho'*) 5 °F, APF, (Tm’ ") WA, MG & it A
(7] P9 6 S5 5t 74 0 4 5 BRAE 43 501 7 2 1 060 nm
(Nd**, *F,, —'F,,). 1 330 nm (Nd** *F,, —
1,5,) .1 155 nm (Ho’* °1, —’I;) Ml 1 475 nm
(Tm’* > H,—~’F,) WAL L0 40 — X 5 5t & 5 (1K
2(e))o (5)Tm* " -EX KRR (K 2(f)), ZIKFR
o Tm® 8 TR A B T IR 1 208 nm 3%
RICHI R, 20 BOEF b e e i B LR
BT i R ZBOH, APE, (T ) e, 2 )5
Wt e S R R R N E Y B
T L, M0, (EX° ) BB, 'L, (EX ") Mk
SHTFIER S8 200, &5 & A SR
i1, — s, (EX° ) 142 1 525 nm BT 2040
ZIXFE(E2(1)) .

FECHRET I 17 FRJE TR HW & e 1)
BINRZ —, 577 R W OCIRE v DIFE R IE
PG T AT B T e R BIRBE H B AR T feff &
14 D 2R FER AT 1) P S T s/ A 0 R 1) S 45t 4
AR RSt B BR T DL A bk
PEIEST B RS FAUAOGE F4h i vl LU i it
PEACZOCHRET I A5 AR S $2 P SR M i &

JEoR B, AN 2(g) BRI fERR LT LA
XY IR R AMEA K — 2R Z 28 722
T PE7E)2 MY A A% 7S 4540 v] A8 S50 ek 55 1 751 41
FXI RGO HIERAE R A TG PESE 28 A]
LIS HIORTIR A G i 4t 2 B 0 I s LRI 38, A
AR 2 3 21 40 — X 986 K i g 1438900 5
G AEDOCIRE IME IR T 21— X X B A
i W SR TR L5 0P B - I R SRH DL R Y
B FE AR 2544 , AT LA 414f HL 1
BRI A BHLIT 3 B0 o7 SRR A [ R T 14 n BR AT
JUR, 1 2 e e s B B, W ak 7E
Er't BT E 4B 2 Ce’ " F Zn® " B TR
PR L TS R e B A B ) Ty vk Bl UE S —
P B’ LT A X 986 BE A A R g Y
AN, 3 T LA o 4R T LD A X PO
BRAEFIEEH ) BB ek 0 kAR
POGILIR BE 5 55 AL TN P BB R i A A R Y 4§
D5 R T Home e A A, LA g b 52 IR 5 O A A
ZmIE A

3 LSRR A

3.1 eiBEAEG

FHEET AT WL AT 21 8k — X 9 &, 3 41 4h
TIX IR Z B Y SRR R BRSO TR
B ARG R T ATz W, H 4
BT L1 AP — XA T AR PR e Jie f 44
KBFAHR N 567 MR R 208 — X DO R Y
BT AR T IR R BOR S R AL T
TR LA ZIX B ET B UGBS, R RA &
JCWAS TP R PG R S0 55 7 S5l R A0
PP S T A D8 B i gt ws s
2013 4F, L E P k1T K 2% Moghe #F5E A1 BN 1T
% 17 NaYF,, Yb: Ln (Ln = Ho,Pr,Tm B¢ Er) @
NaYF, L0 K EHREH Y . BT YB' B F
E980 nm Ab A5 58 9 W TE (1.2 x 1077
em®) 72 BIGZIRER Y YD B P R Ak T
I 980 nm HUAOLRE R RE LB A A [F] 1Y O
N, AR AR B SR R A DT A St AN [ 8 4
RYITLT A X PG 1 155 nm(Ho ) (1 269 nm
(Pr’*) 1475 nm(Tm’* )55 1 525 nm(Er'* ), &
SR A R BT I 20— X (808 nm) 1Y
HAGEHEWRIE (<5 mm) , LI X (1 525
nm) G & BIRHNGFERE, AJik 1 em VL E



$12 4

SRANE, S o W RO R LA h X RS 9

1465

ZIREHEE M HSA ﬁ‘?( Human serum albumin)
Ji AT A A5 AE i R U A P ST S T
Hm R (HOKR B o 31 %) Je 206185 52
W% (Exr’* 21 525 nm;Ho’* :1 185 nm) . IZ TAEAR
U IR R LR T # L 207 — XSO e AR
P S 22 i 2 S AR L 8 N VS O i HL R
FIR LA T X B S RE 1 R B T R, H
&, L TH B TAEAE 4f-4f BB 25 BH A0 S
HRAR DO 2, RS T Hi— 2P &
J& . PR, T R PO 7 3 iR L
SR IX IR I A F AT 0019 4
3 E AR R 2= R AR R A T W M T B R T
BB a-NaYbF,: 2% Er,2% Ce ,10% Zn@ NaYF,
e M AT 2T A0 — X B EHRET Y HE SeHLEE
mE 3(a) iR, YO BT HUALE F H0F,, J
ASHLTI 980 nm FUROLRE TSR BOMUR 21F; , ik
P, FEYD T -Er T BB YRR, YR
WS Y RE B T8 a7 F, (YD T ) +*1,,, (Er'* ) —

(a) (1) (i)
E E NIR-T1]

F,, (YD) +°1,, (Ex*) At 1% 388 i A e
iy B B LA, (BEX° ) A H T
B0, (B ) MRS BFAER AR E,, , i
Ja KA AR ST RE L, , 'L, (EX ) i =41 525
nm ML X5, HPh A FREE S 1Y o A
AIRZE I FNAB ZR ) Ce’* Al 43 B 58T, , 1,5,
(EC) AR5 9 s8R o B2 A°F,, (Ce’" ) +71,,,
(EX)—>F,, (Ce’ ) +%,, (Er) 28 Wb B ad
PR RHRBE AN T4, (B ) R 25 750,
AR IR T e et BT 3G 98 1R He sl
T2, BAM, B2 2o A E B 522 1T 2 )
55 AfAf HL BRI AR BH AR FH AR 7] 43 % &0l
UL B KA T3 5 T 2T 40— IX 2o i, B
TELA | 4 FhSRERE IR T Er' T B 1 R #4900
SRIESETE T 11 A5 (8 3 (a)) . B ZE
PREFTER RN TR F L R & 1555y T 181
Je , EA R B IR A B[] R G (%) A ) 2 Ak
(PIJE G 90% WIHREN nT 2 FefEHE iR Sh ) . T

(iii)

Green

. S Hi—H

';:‘ 1LOF— B-phase R/G=4.1 Red 1.0 ‘E

z 08— a-phase R/G=50.7 10.8 :é Red .

-g : 7.6x ‘é Multiphonon orbit-lattice =

= 0.6 0.6 = relaxation o

s 3 -

S 04 104 = Host 'z

= a-phase B-phase < z

E 02 “02 E E

2 z 0

< 0 e I 0 Phonon =

500 600 700 14001600 1800 == ‘
b Er* Ce*  Crystal E, 1200 1400 1600
Alnm A/nm

(b) (i)5minpi. 12 h p.i G

24 h p.i. 24 h p.i.

CT-26

tumor

CT-26
\  tumor

50
40
30
20

.

ErNP s-aPDL1

Fig.3

Tumor ratio

!3 +

10 it —H———y

0(I) 50 40 60 8‘0 160 1‘20
t/h

(a) (1) a-ErNPs 1 B-ErNPs ZEGIRE 1 L/ N HE O EIGTE , Ptk B & 8 70 WU 38 e ia M v i 2 e S

(1l ) 7F 980 nm WOGHUA T , a-ErNPs HUKARE I RE R RS IR 5 (il ) AN R8BS 18 20 MR BE 1) -ExNPs Z0KARER Y

B (0% ,5% ,7.5% ,10% ,12.5% ,15% ), (b) (1) ~ (il ) /35S ExNPs-aPDL1 F1 ErNPs ZEGHRER 5 min

12 h Fi1 24 b 5, BiR/NBRAYITLT 2D X BB AR (BRI .1 em) 5 (il ) RE8A07 5 15 5 42U B2 5 BE LL Rt At ]

AL g

(a) (1) Upconversion and downconversion luminescence spectra of a-ErNPs and B-phase ErNPs. The insets show NIR-

Wl | ow

II'b luminescence images of these two nanoparticles in cyclohexane. ( i ) Simplified energy-level diagrams depicting the
energy transfer involved in a-ErNPs on 980 nm excitation. ( iii ) Downconversion luminescence spectra of Zn-doped a-
ErNPs with different Zn>* concentrations (0% ,5% ,7.5% ,10% ,12. 5% and 15% , nominal doping concentration ).
The insets show NIR-ITb luminescence images of a-ErNPs with 10% and 0% Zn’* doping. (b) (i) - (il ) Wide-field
images of CT-26 tumor mice(n =5) treated with ErNPs-aPDL1, CT-26 tumor mice(n =3) treated with free ErNPs( mid-
dle) at different time points p.i. (5 min, 12 h and 24 h). Scale bar, 1 cm. (iii ) T/NT ratios of ErNPs in tumor were

plotted as a function of time over 120 h™*’,
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(a) Tlustration of bioimaging for acute local epidermal inflammation in mice utilizing ultra-small DCNP @GSH nano-

probes. (b) (1) NIR-II fluorescence bioimaging of the acute local epidermal inflammation with various nanoprobes,

(i ) In vivo 1 -PEM bioimaging"®’ .
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(a)#TF ACIE HLHEF) DCNP@ Cy7.5 B A #RE X HOCL 4 F 1w o7 1) B 7R 3610, Ex’ * -DCNP: NaEr, Y, F, @ NaYF,
(x=0.05,0.15,0.5) , FREARAKALTHIFOGH T Cy7. 5 GOBDGA O RE B A5 KR AT BAE K, {HAE HOCL
G FAEAE T T Cy7. 5 BB HOCH 53 B A A5 SRS 5 (b) /N BUR Rtk B R e i 2 254 o s (B 2k 3R
7 MTCT 3] A B 4K T 25 ] B 2455 (o) 115 DONP@ Cy7. 5 #5841 30 min J5 , 28 PN EE 25 I AR BEER /K Ah B0 AG /N LM 2
BT LA X AR AR R 1 3SR A
(a)Schematic illustration showing the ratiometric response of DCNP@ Cy7.5 to HOCI based on an ACIE mechanism.
Er'* -doped DCNP: NaEr,Y,  F,@ NaYF,(x=0.05, 0.15, 0.5). When excitation is performed in the absorption over-

Ratio

Ratio

lapping region (808 nm) , fluorescence of DCNPs are quenched due to the energy filtration of excitation light by strong
absorbing Cy7.5. The quenching process is reversed after the degradation of Cy7.5 by HOCI oxidation. (b) Anatomical
structure of lymphatic system in the hindlimb of mice, green arrow represents the lymphatic drainage from the paw to the

sciatic lymph node. (c¢)In vivo NIR-1I fluorescence images and corresponding ratiometric images of LPS-treated and sa-

line-treated mouse lymphatic drainage at 30 min post injection of DCNP@ Cy7.5™".
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(iv)  Time-domain
filtering
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Bl 6 (a)BfAEEZEEREES (1) (7-dots;

<15 nm) FI5 ZAH FUACHY B4 (11 ) BN Heffe (i) 49KKE T ( <20 nm) B9
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Fig.6 (a)Design principle of the sub-15 nm biocompatible time-domain luminescent transducer(7-dots; (1)) compared with

typical designs with sub-20 nm upconversion( ii ) and downshifting( iii ) nanoparticles. The time-domain detection of 7-

dots involves a pulsed laser excitation following a precisely controlled time window to resolve both the intensity and decay

signature of the delayed luminescence in the same spectral band. (1V) Schematic comparison of the optical signal dis-

crimination approaches of time-domain filtering and upconversion and downshifting luminescence using spectral filters.

(b) Time-gated imaging of a-NaYbF, @ CaF, nanoparticles( NIR 7-dots) under pulsed excitation at 975 nm"’

37]
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(a) (1 )Energy level diagram illustrating the luminescence process of the core-multi-shell nanoparticles. ( ii ) Lumines-
cence decay curves measured at 1 525 nm from the as-prepared Er nanoparticles with energy relay shells of increasing
thickness d from 0 to 7 nm(identical composition). ( iii ) Luminescence decay curves of the nanoparticles with incremen-
tal Er’* concentration Cy, doping from 2% to 30% for d =0.9 nm and from 15% to 45% for d =0 nm. (b) (i) Three
batches of Er nanoparticles exhibiting distinct lifetimes are conjugated to three antibodies (anti-ER, anti-PR and anti-
HER2),

time channels, represented by the red, green and blue monochromatic image sets.

respectively. Lifetime-resolved images for the MCF-7 and BT-474 tumours are decomposed into the three life-
( ii ) Results and calculated biomarker
expression patterns of the two tumour subtypes. IVM: in vivo multiplexing; WB: western blot; IHC: immunohistochem-

istry[ .
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(a)Scheme of the ONOO ~ -responsive nanosensor DSNP@ MY-1057-GPC-3. (b)In the presence of ONOO ™, the struc-

ture of the energy acceptor MY-1057 degrades sensitively, leading to the lifetime recovery in NIR-1I region. (c)Illustra-

tion of noninvasive NIR-II intensity- and lifetime-based imaging for HCC mice after administration of DSNP@ MY-1057-

GPC-3 nanosensor. HCC lesions could be distinguished from normal hepatic tissue from lifetime imaging, while the inten-

sity-based luminescence imaging fails'”'!.
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