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Figure 1 Multi-color tuning and applications in display for multilayered UCNPs. (a) The non-steady-state upconversion mechanisms; (b)
luminescence photographs showing full-color emission modulated b;l pulse width™"’; (c) the mechanisms of full-color emission regulated by power ™ ;
o1, (e) application in flat-panel displaym]; (f) application in transparent volumetric

(d) the mechanisms of full-color emission regulated by temperature[
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Figure 2 (Color online) Orthogonal excitations-emissions of multilayered UCNPs and their applications in biological and medical domains. (a, b) The

structure and luminescence mechanism of C-S1-S2-S3-S4-S5 UCNPs; (c) schematic of PDT and chemotherapy of C-S1-S2-S3-S4-S5 UCNPSHS]; (d) the

schematic diagram of real-time monitoring and image-guided phototherapy using PUCNPs@TiO, (reactive oxygen species, ROS)[46]; (e) schematic of
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Figure 3 (Color online) Regulating energy migration-mediated upconversion via multilayered structure. (a, b) The energy migration upconversion
mechanism and upconversion luminescence (UCL) spectra of NaGdF,:Yb/Tm@NaGdF,;;:A@NaYF, ucNpsP!; (c) the Gd’*-mediated interfacial energy
transfer (IET) for NaYbF,;:Tm/Gd@NaYF,:A and NaYbF,: Tm/Gd@NaYF,:A@NaYF, UCNPsP™,; (d) regulating the Gd’'-mediated energy migration

(EM) and energy transfer (ET) process; (e) the upconversion and downconversion luminescence spectrum of Eu’" and T6*'P"
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plane, and sphere[éo]; (b) structure and UCL intensity of NaYF,@NaYF,:Yb,Er@NaYF, UCNPs[60]; (c, d) structure and UCL intensity of
NaYF,@NaYbF,; Tm@NaYF, UCNPs™"; (e) UCL intensity of NaYF,@NaYb,_ F,Er@NaYF, UCNPs™; (f) schematic illustration of the energy

transfer process in NaGdF,:Yb@NaYF,:Yb/Er@NaGdF,:Yb uUCNps™

3417



M % b & 2021598 He6s H26#

PEH 7 BB 24 B AL R RS 77 - TR R T2, M
A R A o s MOt B, KRR = e A A
RSP A O, ARk, X AT v
FERER I RIE ], Al 2 245 H UCNPsHY ik 7 55 1
B2 B T LU M 20%08 T IR 100%! 772 (E1R
NaYbF,/LiYbF, 5356 0), #7382k i i
P, WAL TR £ R 4 BB 2R vk BE
2% R 3] 10%, TmIB AR B 1 %3 5 518 %.

N % F-800 nmif & A R i e e i, X
Nd*" % FI1E800 nmit 1AM & BIBUL ). (HiENd &
ZR AT TRELLM T, AR I0E R B T AING 2 [l fF
75 B e A, RORBRE T Nd b - UCNPs &
R, 20144F, AR 16 nmi S5
NaYF,:Yb,Er@NaYF,: Yb@NaNdF,: Yb = 2454, i@t
o i 3 9 R B 5N 8] B0 R B [ A4 (15415 (a)), R
FHNaNdF i 55 i Rl B A AL Y bR 48 44 0 5 43 A (Rl dk
FUENE 18 515 5190%), fd H:800 nmiT £LAMEH &
T e R R A BN/ Y b/Erd B %5 45 M (NG 1
AEB e B R 2 M1%) FINaYF,:Yb,Er@NaYF,:Nd
WA R 43 R T 100F184%. SRl £ 245
FARE AL 05 5 570 o B e S TR) 2 J2 9 O 12 A i 22

hing-shield
@) sandwich Sructure (b)

Core-shell
Core

\‘w wium strong
s medium y

s 800 nm exciting light

~ Energy transfer and
srearee green emitting light

Nd* Er3*+ Yb3+
® b v 7N migration

NIR optical biosensor for dopamine detection

B 1

Ho. ) i & g,

Luminescence

<5, Dopamine (DA) Y
N A
| - ‘1

& -
4 % :

) &
- g

Luminescence

P iR

Non-DA neurons

DA-neurons

SO RN i bR ORI RE TR, BLE
RESZ RSB NG L R B YD W
R AR IB WS R, I ERES AN [F] 522 YD
[ 75 TR RE B 7E Y DI b A% A9 A% 3B RO A E 5
20154F, WA SIS V4 T K850 nmZE A7 A5 7 A
NaYF,:2%Er,a%Yb@NaYF,:B%Yb@NaNdF,:y%YDb
(@u:py)Z IR (EI5(b)), Ml TR MBAR L Ho. By v
HUEI, YOI Al A BE AL IR RCRAFTE I 1 22 5. R
I AR N Y bR B 2 550, AT LLSCE
AE B TE YD Sk (0 5 i s ish, R 3 O E (5]
5(c)) ELARNE ity 7-77 5] AR i 1045 A E.

YO YRR AR T, SN AR,
HAEG A oA —, DR R B T ATY D =[] 158 X
St RSB AT 200, T LAE, BRI Y S530%
TS [] () 3¢ SUs T B A hE WS A28 752 2 F L. Ber-
ry BN X NaYF,:Yb,Er@NaYF, i1 554 % 63 1%
FIEE TR, JTABES /YD W B RO W K
YEH, 3 HIXSES B2 N YD Bk IR L.
20194F, Ki-Bum Lee[ B\ & BI7E57 nm Ay 7S )5 Al
NaYF,:Yb@NaYF,:Er@NaYF,:Yb(Yb@Er@Yb)4H K fii
R, YO RIS 23 [ A0 T A RE R YD B

Energy (c) 10+ 10%(mol) Yb 20%(mol) Yb 30%(mol) Yb

— 302011
\ migration 302010 Ml
8] — 15:105 m— — 25:20:15 M= — 35:30:25 I
— 10:10:10 m— — 20:20:20 m— — 30:30:30 N
| = 5:10:15 o — 15:20:25 sl — 25:30:35 il

>

Yb%

— 10:20:30 il

IS

Intensity (a.u.)

N

A

440 480 520 560 440 480 520 560 440 480 520 560
Wavelength (nm) (nm) (nm)

o

¥ NaYF, BM@NaYbF, 2Y** Na*@Yb** Na*® Yb* @Er** @ F-

B 5 (MWL) ZIREMNHIZE L3, (a) NaYF,Yb,Er@NaYF, Yb@NaNdF,: YbZ E L5 H I HINd-Eriy g i [ R 2 BT (b, ©) @ospry
LR BRI Y b8 e B 1 % RESY; (d) YD@Er@Y b =245 _L 554540 Uk (“sandwich” structured UCNP, SW-UCNP)TE A P12 T4l
(human neural stem cells, hNSCs) % £ EL B DA)HEIGELLS, NIR)®™: (¢) NaYF,:Er@NaYbF,@NaYF, 2 245t Yb-Erss L athi4 5 &

@[73]

Figure 5 (Color online) Efficient suppression of cross-relaxation by multilayered UCNPs. (a) Schematic of suppressing cross-relaxation between Nd-
Er in NaYF,:Yb,Er@NaYF,:Yb@NaNdF,:Yb multilayered structure!’"; (b, ¢) structure of @a:B:y UCNPs and UCL spectra of @a:B:y UCNPs with
different Yb** doping concentrations[gl]; (d) the application in live cell dopamine (DA) sensing in human neural stem cell-derived neural interfaces of

Yb@Er@Yb UCNPs (near-infrared, NIR)[83]; (e) schematic of suppressing cross-relaxation between Yb-Er in NaYF,:Er@NaYbF,@NaYF, UCNPs
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and lifetime-encoding patterns for multilevel anti-counterfeiting[90
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Regulating the upconversion luminescence of lanthanide-doped
nanoparticles through multilayered structure
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The concept of upconversion luminescence (UCL) was first proposed by Bloembergen in 1959. As a nonlinear optical
process, photon upconversion in lanthanide-doped upconversion nanoparticles (UCNPs) features by sequential absorption
of multiple low-energy photons via the long-lived intermediate energy states of lanthanide ions and emission of high-
energy photons. Unlike common luminescent materials such as organic dyes and quantum dots, lanthanide-doped UCNPs
exhibit large anti-Stokes shift, excellent stability against photobleaching, long fluorescence lifetime and sharp multiline
emissions, enabling a variety of applications, such as bioimaging, anti-counterfeiting, diagnosis, photodynamic therapy,
background-free biosensing, solar energy harvesting and super-resolution nanoscopy. However, it is still challenging for
these UCNPs to be utilized practically because of limited UCL brightness. Firstly, the UCL is severely quenched by surface
quenchers like ligands and defects. Moreover, the cross-relaxation between lanthanide-doped ions suppresses upconversion
efficiency to a large extent. What’s worse, the limited excitation light harvesting due to the parity-forbidden nature of 4f-4f
electronic transitions still remains a hindrance for UCL enhancement.

Design of the core-shell (C/S) structure, via coating a protecting shell on the luminescent core, can significantly suppress
the energy transfer from core to surface quenchers (defects, ligands, etc.) for lanthanide-doped UCNPs. Therefore, the C/S
engineering of lanthanide-doped UCNPs can enhance UCL significantly and has been widely adopted and investigated
since it was first proposed in 2007. Recently, multilayered structures have attracted more and more attention because these
structures offer versatile modulation ways on their optical properties and make them highly potential for application.

In this review, we summarize the merits of these multilayered UCNPs and their practical applications in various fields.
First of all, we introduce the flexible modulation on UCL performance via multilayered structure, such as full-color
emissions and orthogonal excitations-emissions, which can be applied in full-color display and image-guided
photodynamic therapy. Secondly, we emphasize the controllable energy upconversion and migration in multilayered
UCNPs, enriching sensitizer-activator pairs with an efficient upconversion. Subsequently, we describe the significant
enhancement in brightness and upconverting efficiency for heavily doped UCNPs via designing multilayered structure,
with minimizing the energy loss and cross-relaxation. Last but not the least, we present the distinguished lifetime tunability
of multilayered UCNPs, which are favorable for multiplexing, deep-tissue imaging and multi-level anti-counterfeiting.

The multilayered structures make it more possible for us to design and synthesize bright, versatile lanthanide-doped
UCNPs to meet the demands of various applications. However, challenges still remain in practical utilization of these
UCNPs. On the one hand, the absorption cross-section of lanthanide ions is relatively small for harvesting excitation light.
Introduction of organic antenna, construction of photonic crystals and plasma enhancement by composition with metal
nanostructures may also be applicable for these multilayered UCNPs. On the other hand, it is urgent to develop a simple
and controllable method for constructing multilayered UCNPs. The great progress of artificial intelligence may be helpful
for us to synthesize UCNPs with complex structures more easily and controllably.

upconversion nanoparticles, multilayered structure, energy transfer regulation, highly efficient luminescence,
photoluminescence lifetime tunability
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