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Abstract Rare earth doped upconversion nanoluminescent materials (UCNP) can convert low-frequency photons
into high-frequency photons, usually near-infrared light excitation and visible light emission. This unique optical
property makes it promising for biological applications. In recent years, UCNPs have made significant progress in

the imaging and sensing fields. This paper reviews the important progress in synthesis, surface modification, and

bioassay using UCNPs, covering important advances in biological detection, and including upconversion

fluorescence-based temperature, ions, small molecules, and important proteins and nucleic acids.
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Table 1 Typical dopant ions and the corresponding major emissions and energy transitions for

making multicolored upconversion nanocrystals

Activator Major emission /nm Energy transition Ref.
'Py—>"H,,'I;—>"H;,"P,—>"H;,"P,>"H, ,
Pr*t 489,526,548,618,652,670,732,860 ) i [13-14]
P> F, P> F; P> F L > Gy
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Fig. 1 Schematic illustration of upconversion luminescence and mechanism. (a) Photographs of the upconversion

luminescence in 1% mass fraction colloidal solutions of nanocrystals in dimethyl sulfoxide (DMSQO) excited at

10270 cm™ ' (~975 nm)® . Al denotes total upconversion luminescence of the NaYF, : 20% Yb*™,

2% Er*t

sample, A2, A3 show the same luminescence through red and green color filters, respectively, and A4 denotes total

upconversion luminescence of the NaYF,:20% Yb*", 2% Tm®" sample; (b) ETU principal upconversion processes

for lanthanide doped crystals, the red short dashed, black short dotted, and blue solid line represent photon

excitation, energy transfer, and emission processes, respectively
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Fig. 2 Principle of bilayer formation by coating the
oleate-capped UCNP  with an amphiphile
possessing a hydrophilic or ionic end group, thus
hydrophobic

converting  the particles  to

hydrophilic particles
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Fig. 3 Core/shell nanoparticles ( NaYF,

water at different pH from 3 to 13 and serum-
supplemented cell growth medium and respective
images under 980 nm excitation (bottom)®
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Table 2 Examples for amphiphilic molecules used for coating of UCNP and selected applications of

the resulting water dispersible nanoparticles

UCNP and native ligand Amphiphilic molecule Application Ref.
NaYF,:Yb.Er and Phospholipids with Optical and magnetic [44-46]

NaYF,:Yb, Tm@oleate various head groups resonance imaging

NaYF, : Yb,Er@oleate TWEEN 80 Bioimaging and drug delivery [34]

NaYF,:Yb,Er@oleate Surfactants Water dispersibility [47]
NaYF,:Yb,Er and Poly(maleic Photodynamic therapy,

NaYF,:Yb, Tm@oleate anhydride-alt-1-octadecene) detection of Hg?" ions in water [36-87]
NaYF,:Yb, Er and

NaYF, : Yb, Tm@oleate Amphiphilic poly(acrylic acid) Bioimaging, cell tracking [40-41]]

NaYF,:Yb,Er@oleate Amphiphilic chitosan Photodynamic therapy [42]

NaYF,:Yb,Er@oleate Amphiphilic silane Temperature sensing, cell imaging [39]
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Fig. 4 Schematic illustration of the synthesis of silane-modified NaYF, : Yb*", Er'" and inversion spectra under different
excitation wavelengths®” . (a) Schematic illustration of C18 silane-modified NaYF, : Yb*", Er®" loaded with the

probe Eu(TTA); (TPPO),; (b) excitation spectra at 980 nm, the inset shows the temperature-dependent intensity

ratio value of the two upconversion luminescence emissions at 525 nm and 544 nm; (c) excitation spectra at 352 nm,

the inset shows the temperature-dependent lifetime of the upconversion luminescence

F 3 LA RHEMIY NaYF, 44K Uk K R

Table 3 Examples for NaYF, nanoparticles encapsulated by inorganic materials and corresponding applications

UCNP and its native ligand Shell Application Ref.
NaYF,:Yb, Tm . [49]
SiO, Imaging, drug delivery
NaYF,:Yb, Er@oleate [50]
NaYF,:Yb, Tm®@oleate ) [51]
) TiO, Dye sensitized solar cells Photocatalysis

NaYF,:Yb, Er@SiO, [52]
NaYF,:Yb, Tm®@oleate Au Plasmonic modulation of upconversion emission [53-54]

NaYF,:Yb, Er@oleylamine Ag Imaging, photothermal therapy [55]
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Fig. 6 Illustration of the procedure for preparing UCNP coated with heparin and basic fibroblast growth factor (bFGF
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Fig. 7 UCNP-based probes with different energy acceptors to detect different inorganic ions,

reactive oxygen species, gas molecules, protein, DNA, and RNA
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Fig. 8 LRET-based detection strategies
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meso-2, 3- 40 L 55 B IR A7 2R TE & i S N T A4
Lk A% % B AR . #E %5 UCNP Hr, Nd* T fE
Ak, 808 nm i A OLRE R i Y B T L g
Erf'' JBE T Erf’ EEHERE IEME T Nd'T 26k
G5 MR R ZLN . 7E 808 nm Ml 980 nm ¥ &
SeAEH T 9K Wik NaYF, : Yb*  ,Er'" @NaYF,
Yb'' O Nd* T g B A S 6 9% (525 nm Al
545 nm, T Hyy e "1 'Sy, =", BERIE) .
AATTUE B 33 9 A & 5 06 5 B b 5 NTH-3'T3 4 g
14 P B B A U R 1 1B A = 1) A7 TR R4 I X O
Fo AV A BRI RE AR D IR W] T
PRE AP BEEAT R A5 1) BB 1

FEHIT I (PTT) g g (36 7 S 44k T HLIs ),
fE PTT oMo iR Bl o =Y, B HET N
1E . BARZTAMIR A AR S — Bl R 0 L BE A AR B
2R T PTT A3 5 W I, Ly 1 G 32k i 4 B 5 )
AL IR T 1 2K, A JR % A I L B S {1 T i 9
HA A FLSL R ETET B A AN T i A A 2 T
b PR T 3 A T IR A B E R AR e R A
ST HE i PTT A W B 1 FASCR Wl 2 I ARG B ¥R 7
2R UCNP LA B0 ) 3 B A 1 1 e #0 1i%
AN HE Ak 2V TR A B Y A ik A RETTY 2016
A HOR A 22w A BN £ T B TR B RO
TIRERy b5 /Ot R oKk 52 G B KL (NaLuF, ¢ Yb,
Er@NaLuF, @C) , H F 52 B W I 7 fiF & B2 9f 17 4k
PTT WRIT AR (B 9) . XIWAFFEL BT & %5 (8] 41
B B Rl R R I T A P TE R 2 20 A
fi. BEA, BT RR LA EOR B E R YT R AR
TR SR W S i R 12 Wi IR T 5 T R SR BRI . AR
TR ] 980 nm B R OGN SEH T PTT 4
7 ST B U R A R, AN T AL A 5 R R S R A 1Y
S Ay e DR B P 4 43R B 7 Y AR . AR TR
PEFRAT A R 3 Fa E 1 CuS (cit-CuS) E A PTT 7,
3k X SR e TT LA S BRI AROCR 1Y SR R Ak O i
JEASE WAk B kG X6 IE R 2 23 N R R
H R - 2 200 52 50 I 5 AR TR A A AR 40 T 3 it 0 U
KT R B Y LR .
4.3 ZHBEFHIRF

JUE A IR R O ML T R VR AN AR L ]
CATTE B PR AR 5 A B sh b i 3 SR .
I RS M A R B R L

D Ag' fBIRE%

TFERE R AR Tl H, B4R A 5T 1l Ag”

VE S Tl 5 Wy e e T 380 B B v s X A i 1™ Y
TG B X T Ag v B B e I 3 2
2017 4F, Yao PR W Hh—F0Br 19 3 T UCNP
) Ag’ R IERER . AT & B YA KE W TR A
Ag" JUCNP & A48 2K — e COPD) i, Ag™ 1 LU
Ak OPD JE B oxOPD, A &4 b % K UCNP (1) % 5f
(100, Ag I LIFE 0~0.5X10 * mol/L i 7E [l
PN B S A L A R R SR 3.3 10 % mol/L, Zhu
PR AL A Ag R A Y R IR R S
60 pmol/L . il fi] F & % #5 ic /9 5 5% DNA Xf
UCNP # 472 5efb , T4 Ag™ s [, ffi I A A
I T (GQD) VE M BB RE3Z K . 1 T 3 ] 1 5
FHEAE ] BT 19 J5 b | 5 4 20 (UCL) A A8 46
I UK RIE SO R 5 1 AR A S I B A

2) Ca”' f& 4%

Ca™" & NP 1 T B P i« 48 15 1E 5 1 K
-, PRAIE B 25 FR G0 A B DA R B R 2 A T T
HEILHIE F. BEERNBA RSB0 25
o DRI e A A5 | 26 W) A 2R P A
7K 2R R A BRI 50 . Liv SRAA BT T
— i AR b B g R R A T Ca® iR R A A
WA . ZIRE B R )Z S5 A - SE-Ah SE g
PR R b8 i e A2 AR (B 1), % TAET & 5
BTN, i T i — 20 g R AE AR R A2 R 2
V) ) BE B, R R T A TR R Bk S BR . S, A
Ca’" Ja PR K L8 F RO d.o i &Ltk e g
WK A A PR AT 3K 15X 102 mol /L., 3% Ff 5 s
B — 5 8 a v

3) Fe'' LA

Fe'" BARTREEMEREBE . 552
AP VI, Shi B Y HRGE T — RO Y
Gd*" B 22 ) UCNP £ &1, FF & I 35 40 f i
Fe'" , A 1Hs 37 1Y B % 40 fis A W & 0 B 5 PEG
) UCNP B L A Fe'™ J5 . UCNP iy I % e
PR RH-Fe’ T B G W K, JF H, UCNP H (1
Gd™" AFERE 1Y T1 {554 2008 o, i L B f g 2t
P& % (MRD i 5 575 1) T BE

TEKFN LG e ke A b, HIAF A N, N-ZZ 2 2
X R Z e CEPA)AE R 52 (R 15 UCNP 44 K #8 5 ] £
Mk EF (Fe' ), M M NaYF, : Yb,
Gd,Ho 7E 980 nm B A AE T . K EF WAL T 546,
657,758,812 nm, fMA Fe' J5,EPA ¥ &1k, 4= 1%
H A7 552 nm %8 A W Ui U 1) EPA SR AL 9 . & 3T 5%
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Fig. 9 Schematic illustration of upconversion materials used in photothermal therapy® .

A #2105 E CRD

SRIM 730 nm POEHY = D I8 5F (0.8 Weem )l Tu

(a) Schematic illustrations of

NaLuF,:Yb, Er@NalLuF, @C for accurate PTT at facile temperature; (b) hematoxylin and eosin (H&E) histologic

section of the border of tumor (Tu) and the adipocytes (Ad) in normal fat tissue. After photothermal treatment

(middle), the tumor region became loose and fragile, while the adipocytes in normal fat tissue are intact with

minimal damage. However,

both Tu and Ad suffered extreme damage (right),

with the 730-nm laser (0.8 Weem™ %)

980 nm
Ag' \

O+

O;O:t,

—_—
490 nm *

Agt+ OPD —> Ag*+oxOPD

+ om

O UCNPs

Oxidized OPD

B 10 Ag’ el m B

Fig. 10 Schematic illustration for detection of Ag™ !

1 SR A L YK (IFE) . UCNP 15 546 nm 4b 19 & 5 s 1
RAATG o 7 A 068 1 PR 5 AN AR (L 12) . Db SE Al 1
LRI R (LOD) 2 0.25 pmol/L i, i a2 He 41 ) &
546 nm Fl 758 nm WD, AT E S Fe' 1 8

T,
D It R
T A 2t W R SR
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Fig. 11 Schematic illustration for detection of Ca?"
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B 12 BT BAERK, HWA N N-Z XK T (EPA) Z R K UCNP 90 K BREF & 1 86 I % K B & P i Fed 09
Fig. 12 IFE-based detection of Fe’" in wastewater samples by UCNP with
N, N-diethyl-p-phenylenediamine (EPA) acceptor®”

\,=980nm

PAA-UCNPs 1-PAA-UCNPs 1-PAA-UCNPs+Zn?*
wwann . Poly Acrylic Acid 9_: Compound 1 @ : NaYF4Yb/Tm@NaYF,

B 13 Zn™ Kl R 2 1E

Fig. 13 Schematic illustration for detection of Zn?"*%
KM UCL e if UCNP R B ORI B4 K, IF AZFET Cu™ Kl i BF ST i . Cai PR
HAERN Zo*" G E (B 13) . 90Kk R 4980 H W R % SIO, A2 I — L85G B

TR B ] IR S B /0 U DD A gy KRR A — R B Cu® " BREE, AT R B
5) Cu®' fEI&4% Cu®' AT DL GUR 255 F PR LR 0t . Shi PR

Co" BAKPE=MEFHIRESEET.C A R0 50 7506 201 h &0 Cu®" . Bu
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PRATZR S A8 BT JR R 3 38R0 /0N B e 1o AR ) ) o vk
ST Co® AR AR AT A B B-TE R AR EE (AR Y
TRAR 5 BT 7R IRV B 8 B A G, T Cu® ' AT BE 23 5 21
PERERX ARG . MEAh A ATE & B UCNP 2 i i 2
ST LONE S YA gk Cu®t (B 14) . Bk, %
PREFAA AT HF Co™' AR WA TN K i 1%, 38 v]

o . 4

UCNP HQC DSPE-PEG-NHz Cu* ABe

T Co* " FESFHRE, Xian A I & H—
FREE A 8 0 R 40 IR AT Cu® ™t fE 85 R (PPD
FGR VW5 R 1 (ALP) , 1 T UCNP i | Cu® Hl
B M W 2Z 18] B e A, b A e A S B R A,
RTINS B A F) PP Cu® L UCNP H B
s 5 R SR B

Monomer £

NIR Light

UCHQ-Cu?*

Pl 14 ARG BT /R 2 i R /D BRUASEAR oh Cu™ Ry

Fig. 14 Schematic illustration for detection of Cu*" in mice model with Alzheimer's disease

4.4 HEHFHEN

XF O, CO, Al NH; 4 0k A 55 i 8 e %
PR DRI Ay 33 oz W00 6 2E 90 43 A A 27 I R 5 2% 12 T F
Ay Wb kB R AR Y. Wolfbeis
NP S RIE T BT UCNP K4 & IR &1
S O, W&, Zhao W4 BT —Fh &
A WECHLS AW 0 AR AR £ L AT DL 25 R R 5 e
Aok i O, WL 15Ca) . (b) ], 7
AR AMATIE 5T B ] 4 B AR R X
O, AR S A U AT O, B 5 F VR R I
HHAERERZEZ L,

Shi P82 ) XF 5 T UCNP 1 %8 S A5 5 k47
TIRAMEGE , SEBLT 1A A0 AR P RT3 A 487K SF 1Y
HARLE 15Co) (D], FEMR R AT %AW
YE RS FE R FI Al DLk 8B 5 48 X . Lannutti
TR W] — P EL A A% -5 2T 2 45 6 A0 LA [
ET4EIPE N Z AR O, 4. AT il

[89]

AR B WVE B Z AR O, A X IR ET
(14 038 I B e 1 Ry 16 4 2 76 8 T 10 5 7K )2 b 28
BENG AW X R AT DUTE R 2 NI £
iReE M. ERNES S FZ— . NO LN E
By SRR E EEAEMN. LA )
T —FEET UCNP B9 NO 541, 7T T 4600 28 3y
WA GG A2 B NO, #E B UCNP .
mSiO, se P FHH B AT AW A K. % m NO J5,
A PR e AT OO VK UCNP 19 & 5690

T PEE (ROS) FiE M A (RNSY FEVF 2 A 9 i
R EEAEH], XY A S T ROS A1 RNS (175
TR RO AE A ) Ak 2 S A — R A5
Wrfl, F3EE d s OHD & & W M 38 19 ROS
Z— XEY RS F B AR IR . Zhang BF
FE/NLVS HRGE T e A R AL R B, %
W ] NaYF, @NaYF, : Yb, Tm@NaYF, 44 K
KR g HEA B AGVRH (mOG) 1E 28 fig & 32 1K

0207017-11



i ot

€] Downconversion Channel

/} ‘ .:' '.'
\ -...
-
2

Time-Resolved Imaging

Core-shell UCNPs

©
NIR light

UCNPs
NaYF :Yb/Tm@NaYF,

Weak fluorescence

under oxygen-rich condition

K15 O, e MR 72

Core-shell
UCNPs@mSiO,-Ir

Blue light

Hypoxia
P

————————

Normoxia

Upconversion Channel

normoxia

hypoxia

Strong fluorescence

under oxygen-deficient condition
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Fig. 15 O, concentration monitoring diagram. (a) (b) Schematic illustrations of oxygen-sensitive mechanism with

downconversion channel and upconversion channel and synthesis of core-shell UCNP @ mSiO,-Ir

(c)(d) reversible monitoring of O, concentration using a ruthenium complex as an oxygen indicator

e OH R BIHEEL, 24 mOG 5 « OH J i i 8% 48
LT 53 ff . T BOE W ek 2E (B 16) , AR IR & 1
T 0 Y e A A A T S B e R O ARG A T BR
1.2 fmol/L, BuAh, it A LS (H, O 2 AP ik
EZN ROS Z— 74 A B B A e 5
KHEVER . Zhang MAIF 5T BN 438 T — R AL
YORMEME Y NaYF, @ Yb, Er, Tm 9K ER4EE ] Tk
PRI H, O, , K FR 4 0.081 mol/L, &4 KIRE
G DU 5% 4 L0 Bl ) A N A i R HL O, A
B A RO UG AE T B AR BV A I T R

[o2]

[93]

Peng PR BIF ) — AR L TR IR 7 1 5 e gl ok
PREL s FHFAEAR SRR N PR A I ONOO™ (81 17)
ARENE PEL AL (CyD) ML () £ )2 NaYF, : Yb,
Tm @NaYF, 9K BURLAE B8 i AE4A, LL RNS i 7 1)
LA UR BT Cy7 fE N RER 2K, 75 RNS f71E
MG B0 T . Cy7 K&t A9k 43 24 )P 38 43, T8k i il
UCNP 7£ 800 nm Ak & 5556, T ##il LRET i #2 .,
AR ZR BRI R BR % F) 0,081 mol/ LUEME A3 dB),
PRGN B wi B I TR N T 1 s, e Ah, i T ad B R 2
Pt 24 ZE 1 (APAP) 7] DLi5 S RNSHY 77 2E |, PR i 94 oK
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Fig. 16 Principle of upconversion nanoprobe for the detection of hydroxyl radical™
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08f
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. = NaYF4:Yb/Tm@NaYF+ ‘ wﬁu}, 2 . OD,"T
W = Polyethyleneimine ‘ s

COON ———
— 2 o
(W:&(] ()i?' Qv\é/\%'z ) * e
\

COOH COOH ONOO' —» —» Toxicity

F17 BT LHRETOCH ONNO-RM LI, () & G4 %€ 19 UCNP 4 Py RS2 A e 2 1 1935031 5 (b) £ ONOO ™
FEAE S AT BT R G UV/ Vis JeiE A B UCNP Y L5685 S 0% 5 (o) b ik 32 1k Cy7 &6 AR i) 7E
B ONOO™ 5 ClO™ S#ALJF FEfif 5+ ZOEHIF I 5 (D) APAP 75 53 i T 15 1 1) 5217 AL ]

Fig. 17 ONNO-detection mechanism based on upconversion fluorescence ™"’

. (a) The design of chromophore-assembled
UCNP for nitrosative hepatotoxicity in vivo detection; (b) UV/Vis spectra of chromophore measured with and
without the presence of ONOQO  and the upconversion emission spectrum of UCNP; (c)proposed reaction turn-on
luminescence by which the energy acceptor Cy7 (marked with green star) degrades after oxidation by ONOO™ or

ClO™ ; (d) reaction mechanism of APAP-induced hepatotoxicity

WA RENSAE BLA APAP 55 5 10 1T 75 M 35 1K 3l 4 B 4.5 7 pH &
B RS AR N B RNS #)0%i , Vinogradov i 20" % NaYF, : Yb, Er 44k
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D ERIE S % (5 5 1 550 nm [ I % 3 4k (4
KBRS R pH ME . 8% PEI W 2 01k
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4.6 HENE

G g M e B R MU R . T
LRET 19532 7 38 5 6 K R 42t 32 7K 09 i J ) 4n
ALY R B Au 99K kL. Kuningas 881 fii H
173-MF —BEHE M E A Bk Fab MBI E R
La,0,S: Yb, Er /£ 4 Ge & ik, 17p-#f — BE25 5 1

Y % Em. 545 nm

LN 4
Antibody

) ucnps

Oyster-556 JLBHE S BE it 52 A I 1M H /Y 17 3-4fE
T TR G2 bW R I YE PR e A PR A 23 R
0.4 nmol/L#1 0.9 nmol/L, Wang 1 F| ] Au
PR FAE R RE & 2 AR HIAE T —F 5T LRET 1Y
A G g Ay T A g TR D 1L SR BTN SR g R R
H GG, HoAq il T FRAL %2 0.88 pg/ml. 7£ Jiang
LT EE R LRET Jr %8, 4% PAA ALY NaYF, :
Yb, Er KUK N 6E 1 (A, Bk 24 K URLAE S RE i
AR TR 40 2 BR A 1 E(IgE) . %A% 8 4% T AE
0.5~80 ng/mlL {1 Bl NG I 22 it v AN LV P TgE
(B . 2016 4F L Kim M0 FS /N 38 T —
FiET LRET (9 3400 5 A4 8 &% . il i NaYF, : Yb,
Er 91K B0RL CHEA) %2 615 5 A9 1A Ik A I % 14 1l 21
HH (HbALc, 21O B3 K, 3 F b AN 5 20
IR R A5 R RN 4 g R ASORED il AT LA R oy 52 81
XoF L SIE IV it A R (PR 18)
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Fig. 18 Schematic illustration of LRET-based upconversion immunosensor

4.7 # DNA/RNA

VF &% 0 X T UCNP i DNA f£I8& 28 747
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ARG LA 3R 5 DNA 3R 1Y 58 & At K
NaYF4: Yb, Er 44K UK Fil DNA 4510 /9 6 it 32 14
NLNL NN 3-6-F2 3£ % JF B (TAMRA) % %
Al iz kR R R A 8] T nmol L' 9 /K,
Krall BRI B 11 09 1 5 3 4% %35 6 H 2R £ 4y
THEHMMAEM NaYF, : Yb, Tm@NaYF, 44k B
KiAE Jyae it i, 25 & SERZ TR 1 QD 1R N g & 2
A, 1) A% VY R FH 3% B R A S A TR R A T 5
AT IR 8 1 BEAR-Z R BE B, X Fp i F LRET
(4% TR 2% 28 43 BF W s A6 90 %6 I ¥ A & v il g
HPRT1 845 B A R 470 PERE , Kl R 4724 fmol,

[106]

Wang it 8 47 #% i1 T NaYbF, : Nd @
NaGdF, : Yb/Er @ NaGdF, #%-75-5¢ 94 >k 45 # , 78
808 nm ¥ & OEIAE R, 7L 41 4h (660 nm) i
DB R & . AT R FH e A S 3
LK Cy5 1B b 8 & fE /K & Wl DNA, 28 T
5.4 nmol/LIGKIM T M. i F A= YAk & b /K R i 21
BT R R R S 0 i WG B e /K SR RT
PATE AL 2300 2 10 1% 0 28 5 st 4G 00 9 40 L. 2016
4, Kuang R84 B T R F B 4 R 5% e 44
SKORE - 204 11 1k A5 5 1 90 K A 7 3% 40 i v 2k
T microRNA 8 B 8 19 BUBE S g . S 77 7
microRNA, B 5 DNA HE 28 43 il 1) 382 51 77 51 1
#, 55 DNA HEHRE 2. ME. &F% P
Au NPs Hl UCNP it 738, UCNP /Y ¥ # & Ot
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Fig. 19 Schematic illustration of aptamer-based upconversion fluorescence detection. (a) UV light-activatable ATP sensing

[110] |

mechanism of the aptamer-based probe ; (b) design of DNA nanodevices based on the integration of the aptamer

probe with upconversion nanotransducer for NIR-activated intracellular ATP sensing
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