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Abstract: Early diagnosis of tumor is a key factor for efficient diagnosis and treatment of cancer. Fluorescence
imaging technology, particularly utilizing near-infrared (NIR) light, has shown promising potential in the biomedical
field, specifically in the early detection of cancer. NIR light has minimal absorption and scattering in biological tissues,
allowing for high-quality imaging with high resolution and signal-to-noise ratio. Realization of high-quality NIR

fluorescence imaging relies on excellent fluorescent probes. Upconversion nanoparticles (UCNPs), excited by NIR
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light, have soared in fluorescence imaging due to their favorable characteristics such as low toxicity, narrow-band

emission, tunable emission, long fluorescence lifetime, good stability, and high quantum yield. This article summarizes

the basic principles, synthesis methods, and modification/decoration techniques of upconversion fluorescent probes,

mainly expounds on several typical imaging modes of rare earth doped upconversion fluorescent probes and their

latest research progress in tumor visualization, and prospects the further application research on the integration of

diagnosis and treatment.

Key words. near-infrared fluorescence imaging; upconversion nanoparticle; upconversion fluorescence probe;

multimodal imaging; review
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Fig. 1 Upconversion nanoparticles (UCNPs) assisted multimodal
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Fig. 2 Composition, upconversion luminescence (UCL) emissions and fluorescent energy-level diagrams of the UCNPs

[31-32]

(a) Schematic diagram of UCNPs; (b) Typical UCL emissions of Yb**-Er’” and Yb**-Tm*" co-doped UCNPs under 980 nm

excitation®'; (c) Partial energy-level diagrams of lanthanide ions

[32]
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Fig. 3 Preparation methods of UCNPs

method

VIS m . SBa. & BOE EARATA R & 2 A
SN S, 4% UCNPs [EE k2 —,

(7) TROBIE: st v 1 R 3 A ) P A O A
IR S A NSO 7€ i s i Rl o 11 - B et I VN1 B v R =24
S NI S R B I A A BRI R . A R
TGRS A P R A .
1.2 UCNPs BB F &6 77 i%

YRR BT 1 7 SO R K F AR ) R 2
N B e e At o SR, 1.1 35 R BT 7 v A
UCNPs %2 [RF HEC A (Wil BR 55 ) /K P, XK
PR 7 UCNPs fEAEY R HHI N 8 7w ikix
— X, BEEA TR 2RO, AR E AL
bR BOARM BN . PO AS i DL RO 2 41 268 F1 3 T
Tk Jo A 25 10 25 30 i i RN 240 UCNPs 26 181 (& 4).
R MHAE R SEE T UCNPs 155U A1 SR K
P, T s gl N B Rell, NIE s 4
T 5 UCNPs 455124t 738 MR MAL A

K4 UCNPs HIRHEMEM AT %
Fig. 4 Modification methods of UCNPs

2 UCNPs7ZEAEW =& B9 A

UCNPs 1E N —FhENLGUK B MR, bR R
HARR ., RSN, 16 B R 0 R AE 2R
i 1) DA% 5 T HE AR AR S A 34 10 [ AE R A,
4 UCNPs [¥15E 5 b R} A0 55 S e B0 K i s +-
EE, BENTRRAE N R X G2 A UCL
KCE R W T REARET . fEULRRAL b, @it —
SIN I REE B F(Gd™ . Dy )RR G 2 45 S g,
AR T UCNPs B2 1Dy aefetd, Mmfy a2
T UCNPs ) 2 B4 G IRE
2.1 UCNPs 7£ B 485 5 16 H 9 Rz B

UCNPs [f] UCL JSAZAE A5 e i sk fr) — 4
BBy, N VS B G P A b R A AR
YA 444, 2008 4F Chatterjee 2541 Y DL
FEAENKIE, IESZT UCNPs RERSTE Nk N
SEILE IR Z I H R MG . R R, #5R O %
(Polyethyleneimine, PEI)f.7& ) NaYF,: Yb, Er 44K
TR T EARLN 50 nm, HATEAB G EEK
F LR R B e 1 R e R e P Y b, R X
HHET B MK . 7540 M 5% ' G RS AR 57
NYESSEIG H, UCNPs £E NIR J6HUA N R B H 175 il
1) UCL BUGH. deak, BT ol -Hiikffc k-2
PREER A EAE F, 1846 5 1) UCNPs 7] F T-4iig
FESEPERRIC, S TN O S 20 B AN 25 e 240 P
FEB#E R UCL g (K 5). |k, BFF N RIEFF 4R
A FRRFMAS Bl e ms, LLdt— S48 UCL 1k
15 (1028 SR P AT AL I PR AR ) 755K« B i, Chen 251
FF R T —Fh UCNPs /1 5 B NIR Y6345 fl oA, 52
BT IR 2 X I 22 ST I 4 S VE AR o Tian 20
Wil 7l RS AL IS 4 UCNPs, SE3L T
BRI IR 15 mm AN UCL fiif% .

NT A EE TR, B YO R N
%7 UCNPs, 3LL 980 nm Gk . X Fh s mg (1 4k
mae: B, EMHAF IR T REREFIY
P 980 nm (16 A SR SVE FH, B iR s L
e E AL B35 520, BRAK T O 80R, H
UK, FESEAE FHI K 980 nm [ 6 I B A= M 4H 2R 2= 5
KA KN, S6oF T A A2 20 i difs » Ao b
R, Zhan SR T R AT 915 nm St
] UCNPs, AN FB 55 179 6 e 3 Toidkidt —
RAEYEZNHMER. E, A& 7 —FHE
(1) UCNPs, 1 808 nm Jexf Higk, #H Tk



ER

Hpdhaty o i, S BRI PRE R B (10 2 AR BORAE IR S5 5 r I N R R e e 149

K15 PEI/NaYF, ZK UKL T A\ G 555 41 R\ 28 i e 200 L Fr p A5 5 ) ()

Fig. 5 Images of PEI/NaYF, nanoparticles for human ovarian carcinoma cells and human colon adenocarcinoma cells

[44]

Bright field (left), confocal (middle), and superimposed (right) images of live human ovarian carcinoma cells (OVCAR3, top row)
and human colon adenocarcinoma cells (HT29, bottom row). Nanoparticles were surface modified with folic acid.
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Fig. 6 STExD (stimulated-emission induced excitation depletion) imaging of immunolabelled subcellular filaments'

(a) Fluorescence image under 740 nm Gaussian beam excitation and (b) differential interference contrast image of actin protein in HeLa cells
immunolabeled with phalloidin conjugated NaYF,4: Nd nanoparticles; (c, f) Magnified areas and (d, g) super-resolution images under co-irradiation with
740 nm Gaussian beam and 1064 nm donut-shaped beam from white-dotted squares in (a); (e, h) Analyses of line profiles, indicated with white arrows in
(c, d), as well as in (f, g), respectively; (i) Photon counts recorded with and without co-irradiation of 1064 nm donut-shaped beam with insets showing the

corresponding images with the measured positions marked with white crosses

F 1 @XETREMIGERR &R LR

Tablel Comparison of clinical imaging modalities used in nanother anostice'®

Modality Advantage Limitation Detection

MRI High spatial resolution, high tissue Relatively low sensitivity, high cost, Magnetic field
penetration depth long imaging time, quantification

CT High spatial resolution High cost X ray

PET Unlimited tissue penetration, high High cost y ray
sensitivity, quantification

SPECT Unlimited tissue penetration, high Low spatial resolution y ray
sensitivity, quantification

PAI High spatial resolution, unlimited Low sensitivity, low tissue Ultrasonic signal

tissue penetration

Fluorescence imaging High sensitivity, multicolor imaging

penetration
Low tissue penetration, low spatial Fluorescence

resolution
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Fig. 7 UCNPs containing lanthanide elements Yb (a) and Lu (b) used as CT imaging contrast agents

[56-57]

(a) In vivo CT imaging after intravenous injection of 1 mL UCNPs (Yb: 70 mg-mL™), with photos showing heart and liver, spleen and kidney,
and three-dimensional CT images, respectively”®®; (b) Application of NaYF,: Nd**@ NaLuF,@PDA used for CT imaging, with photos
showing X-ray images and HU values of NP@PDA 18 nanocomposites and iodoxazole aqueous solution with different
concentrations, and X-ray CT images of HeLa tumor bearing nude mice before and after intratumoral injection of
100 pL of NP@PDA18 solution (3 mg-mL™")5"!



152 I e

40 %

FRASF, B SRR AR A A% . Ling 270
MOFs Fl UCNPs il i 7 it — Z & (UCMOFs) & & 44
KAk ZR, SZIL T #E UCL/MRI XA &5 5 TR
TR 5% 2 (DOX)(K 9). B 5, Zhou 2180 — 75 kil
WA P)(FeSe) 53T G fIlHEE UCNPs 454, [
FESEIL T MRUVUCL XS A% . 4 NaGdF,: Yb/Tm
UNCPs K {4 FeSe I, 217K J& Bl K 73 [
BRIV EINGE 1 R FAc e, IR T r sh iR
[N, SKH FeSe MWK 1 B4 1 %15
TR, 5358 T ry (B 10).

KR PRANSLIGABh P) A P S B0 AIE 52, UCNPs 7E
[ 27 S 5 AU ) B FH R ST, H R SE B PR S
PTG R Pk — 288 UCNPs I T FH i3

980 nm Y& 5 KIS RN, eI UCL F
FI AR, N T RS A B, Li 25 &l B
AL RS R T — F LA MOF A O
MOF@UCNPs E A KA R . RSN FIE P 5258 10E
B, ZE A 9K R e AR B & MRI A UCL i
e, a4 808 nm ¥k, X A E G T UK I
IR T ok RN, T LR B TR S A B e R
HOR(E 11). B4h, Yang 25757 Fl MIL-100(Fe)d:
H NaGdF,: Yb/Tm@NaGdF,: Yb/Nd, ¥4 7 #%-%
45 ) UCNPs@MIL-100(Fe). i% UCNPs 7] i
808 nm UK, WG HE IS T I BN, T EL
H A1) Gd Al Fe JuRIERELE CT Bfg H 3 i xf LU B,
B5E T1 A MRI 2R

18 UCNPs fi] T- UCL/MRI BUB s 1% )
Fig. 8 Application of UCNPs in UCL/MRI dual-modality imaging!®®
(a) In vivo T1-weighted MRI of kidneys of mice (as arrowed) before and after the intravenous administration of NaGdFs@poly-L-lysine (PLL)
nanoparticles; (b) Chemical exchange saturation transfer (CEST) contrast difference map between pre/post injection following radio frequency (RF)
irradiation at 3.0 uT, showing the kidney signal in color on the grayscale image to highlight the effect; (c¢) /n vivo T1-weighted MRI of brain tumor
(as arrowed) after the intravenous administration of NaGdF,@PLL nanoparticles; (d) CEST ST difference map between pre/post injection at
3.0 uT, showing the brain ventricle signal in color on the grayscale image to highlight the effect; (e) Merged image of (c, d);
(f) H&E staining of the brain tumor tissue; (g) Immunohistochemical staining of the brain tumor tissue, showing the positive
expression of glial fibrillary acidic protein
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Fig. 9 Preparation and UCL/MRI application of NaYF,: Yb/Er@NaGdF,@ metal-organic
frameworks (MOFs) @ doxorubicin (DOX)!*"
(a) Schematic illustration of NaYF4: Yb/Er@NaGdF4s@MOFs (UCMOFs) for dual pH-response drug release, UCL imaging and MRI; (b) Confocal
fluorescence images of HeLa cells after incubation with NaYF4: Yb/Er@NaGdF,@MOFs@DOX (UCMOFs@D) for 2, 4 and 6 h at 37 C, with
purple indicating released anticancer drug DOX, green and red indicating UCL (scale bar: 20 pm)



ER

WA < R, A BRI G IR BT B A ' S RRAR R AE SR 5 T S F ek e 153

o

(=]

Tz intensity

T1 intensity

o
wn

MR Imaging
1h

ot A0 on

-
=

10 Lip-FNPs-Gd 449K 5 & 4B 1] 46 K FLAE T1-T2 B MRI/UCL SURE s A5 o i i i 168

Fig. 10 Preparation of Lip-FNPs-Gd nanocomposite and its application in T1-T2 MRI/UCL dual-modality imaging

[68]

(a) Schematic illustration of preparation of Lip-FNPs-Gd nanocomposites and ferrocene/selenium-mediated applications in
T1-T2 MRI/UCL dual-modality imaging and NIR-promoted Fenton therapy of tumors; (b) UCL, (¢) T1- and T2-weighted MRI
of AGS tumor-bearing mouse for different periods of time; Corresponding T1 (d) and T2 (e) intensity analysis of tumor MRI in (c)
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Fig. 11 MOF@UCNP formed by combination of dual photosensitizers chlorin e¢6 (Ce6) and rose Bengal (RB)
used for MRI/UCL dual-mode imaging!®”’

(a) Schematic illustration of fabrication process and operation for imaging-guided photodynamic therapy (dual photosensitizers of Ce6 and RB
loaded into MOF nanoparticles and further combined with NaGdF,: Yb,Er@NaGdF,: Nd/Yb via electrostatic interaction to form MOF@UCNP
(denoted as CR@MUP)); (b) Fluorescence images of 4T1 tumor-bearing mice at different time after intravenous injection of CR@MUP with white
circles showing the tumors; (¢) T1-weighted MR images and T1 relaxation curves of CR@MUP; (d) T1-weighted MR images with white circles
showing the tumors; (¢) Quantification analysis of MR signals of 4T1 tumor-bearing mice treated with CR@MUP
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Fig. 12 Application of MUCNPs@BPNs-Ce6 in T1- and T2-weighted MRI?

(a) Linear correlation between longitudinal relativities () and equivalent Mn concentrations of MUCNPs@BPNs-Ce6 at pH 6, with insets showing
T1-weighted MR images of MUCNPs@BPNs-Ce6 solution at various Mn concentrations; (b) Linear correlation between longitudinal relativities (r;)
and equivalent Fe concentrations of MUCNPs@BPNs-Ce6, with insets showing T2-weighted MR images of MUCNPs@BPNs-Ce6 solution at
various Fe concentrations; (c) Blood time activity curve for MUCNPs@BPNs-Ce6 by measuring Fe concentration; (d) /n vivo MR images of the
tumor of mice before and after injection with MUCNPs@BPNs-Ce6 for 24 h; (e) T1-weighted MR signals in the tumor before and after injection
with MUCNPs@BPNs-Ce6 for 24 h; (f) Biodistribution results of HeLa tumor-bearing mice before and after injection with MUCNPs@BPNs-Ce6 in
MRI for 24 h; (g) In vivo fluorescence images of HeLa tumor-bearing mice before and after injection with MUCNPs@BPNs-Ce6 for 24 h; (h) Ex
vivo fluorescence images of organs and tumor after injection with MUCNPs@BPNs-Ce6 for 24 h; (i) In vivo ultrasonic imaging of HeLa
tumor-bearing mice after injection with MUCNPs@BPNs-Ce6 for different time
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(a) Therapeutic mechanism of UCAGMH in the mouse breast tumor
model; (b) Key role that UCAGMH plays in MRI, CT and FI for
therapy guidance in which HA can target CD44 receptors and induce
nanoparticles to enter cells through phagocytosis
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Fig. 14 FYH-PDA-DOX nanoparticles used for photothermal therapy (PTT)-chemo-immunotherapy with multimodality
UCL/CT/MRI guidance!””

(a) Preparation process of FYH-PDA-DOX complex; (b) Schematic illustration using FYH-PDA-DOX for PTT-chemo-immunotherapy by combining
immunogenic cell death (ICD)/ immune checkpoint blockade (ICB) with UCL/CT/MRI guidance; (¢) 3D rendering of CT imaging and their
corresponding coronal images of mice after injection of FYH-PDA-DOX solutions at timed intervals; (d) T2-MRI of mice before and after injection
of FYH-PDA-DOX solutions; (e¢) Fluorescence images of excised tumors and major organs
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