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Abstract Photodynamic therapy (PDT) is a new type of non-invasive tumor therapy, which has the advantages of less
trauma and toxicity, good selectivity, no drug resistance and repeatable treatment. Thus, PDT has achieved remarkable results
in the treatment of cancer. In order to increase its depth of tissue penetration, researchers proposed to build novel PDT nano-
theranostic systems based on upconversion nanoparticles (referred as upconversion photodynamic nanotheranostic system).
Based on the luminescence resonance energy transfer process, upconversion photodynamic nanotheranostic systems use the
emitted fluorescence of upconversion nanoparticles which is excited by the near-infrared laser to further excite the loaded
photosensitizer, thus it is advantageous to the treatment of deep tumors. Via the multi-functional structure design, the newly
developed upconversion photodynamic nanotheranostic agent could achieve the targeted transportation, imaging diagnosis
and stimulation response for the achievement of on-demand treatment, which is the trend for the development of nanomedi-
cine in the future. At present, researchers pay more and more attention to the construction of tumor microenvironment re-
sponsive nanotheranostic system, in order to improve the targeting to the tumor section, improve the PDT efficacy, and re-
duce the toxicity to the surrounding normal tissues. This work mainly discusses the construction and development of upcon-
version nanotheranostic systems based on the stimulation of pH, enzyme and hydrogen peroxide. In addition, we prospect its
development in the future.
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BOGCHRS TROE RS, S5 HA BN ETE K
A O A R PE 48 (Reactive oxygen species, ROSs), i
FUIMIET:. b3 B gl KUk (Upconversion nanoparti-
cles, UCNPs)fe % 71 2 23 28 175 e /7 9 i/ 21 4h 't (Near
infrared light, NIR)BUK T, KHFELSM-TT WG X 8T 41
ANX TG, T BN PDT A IEIRE, W fet
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NIR ¥k T B &S 61l I K 6 34k 58 & % # (Lumine-
scence resonance energy transfer, LRET)id R #3E 712k 1
FERGR R IE BN J197 8, A BT SEELR E I8 16 T
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R, SIS B () TR ST, BT ORI S E
BT bR T A B i B Y e B D112 TR R
A TAEBHE T UCNPs TCHLFIA AL BT DL iR A
B B A OB 2 T R R R R, I
X AR K R 5l AT T .
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BFI(UCNPs). 1697 71 (A HLOGEG A TE L BORIEE)
BRCREY . ZF AR A SAS)MRISUERICRE
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UCNPs % 8 s A 8l i A M) 55 ik i 45
F =0 B TR M, B % % (Upconversion Tu-
minescence, UCL)id#2 32 B2 0 i U i 4~ 8 2 MK e
HF BT BBRE, RIEmH—AmEet 1. %A
il F i & 25 KL (Excited state absorption, ESA), REAf%:
i# ¥ (Energy transfer upconversion, ETU)A1 Y&
A (Photon avalanche, PA). T X —id #2868 0w &
(Stokes) 7& £, AL X HEFR A “ -t v B k6”7
(Anti-Stokes luminescence)™). 1E y—Fh# B ) 5% Y 4H
KA KL, UCNPs AIFERBAC I NIR WOR R, 2 B3R
i i S H R A TR 58 - AT AL X BT 2T AR [X k.
UCNPs EAEH DU K 3= 240 m A AR W) = 2 e R 45 T
B RLH: (1) UCNPs BRI A 808 nm £ 980 nm)
ELFAL T “e 2B % 17 (660~ 1100 nm)™, B A FiAR
(R AR 2H 23 2 i IR FE AR R AE P 2H 2345 4%5. NIR 38
BRI BARDOETE 5t B 145 M LU AN R4 iar i R
HUEP). (2) 7E NIR #UK R, @i 0% UCNPs 15 Fi
KB A LB IR FE AT DURS I R 15 FLR S Ay, 10t
2 AW 9SG G S A R DN R AT R A A
1H7. (3) £LESF(Gd> )B4 1) UCNPs LI H B [F] 1
RO, T £ 2 AR R IR ET SRR 0
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G AN R 1% (Magnetic resonance imaging, MRI);
BeAh, SIS G R BF &, R RASZILIE R S
T+ H LT Z B A% (Positron emission computed tomog-
raphy, PET)®. (4) FFERF7E 45 % UCNPs A R 4T
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LRET R fe A ROt HCAOGRGH, 74 5% LR ROSs, [A]
I S0 BT 3 AE A A P ik R X L 8B ] PRI 6 )
R, SR BN BT A o A R A I A S T
F A R G5% H
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. e EEE 2R 1 (Type DAISEAL T (Type 1A
FEOLRE T, 774 ROSs. W 1 frw, H—E B
JEHRSGEGR, SEBGRIR O 5 LA BRI 2 R T
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3.1 A AEF

BT TR R TG ik A R &
RUGHEGR . B ADR BRI TLL K BODIPY A6 e,
Peng S5V RGN LA T T AR Ok B ) PR IR 2 S G i
FLbRE, FEXH AR RE S AT A T 2 EE. Meng
SESIPRANN I RGP T BODIPY K HATEYIER
JCEGRIAERZTT T R T R AN R H.

1 FRAOCE D3 T ik &b, A AL BON A
15 #% BK 7% (Zinc phthalocyanine, ZnPc). #B1E#H 540
(Merocyanine 540, MC540). i i} Bk (Hematoporphyri,
HP). PUZEFENRIR(5,10,15,20-tetraphenylporphyrin, TPP).
V. F 3L 5 (Methylene blue, MB), ¥ ¥4I (Rose bengal,
RB), —&HMW e6 (Chlorin e6, Ce6), 47k E (Aluminum
phthalocyanine chloride). —F23:AERL (Silicon phthal-
ocyanine dihydroxide, SPCD)%%. 7F4F 5 I K 6k
T, AYOLHG EE®T typell 25 PDT i F2.
3.1.2 R

AL PS HHEL, ToHLGEGHILE AR N IR H I
R, BaE. AR — E A ER(TIO,)
A HBIREM (g-C3Ny), FAE(ZnO) B S B4 5.
e FAETHAE FERAE type | 630 1 2.

g-C3Ny ZUKIPRLEA FHX A TR (2.7 eV), AT LA
TEEEA-AT WX B 6O B AR s v B 1 &S 2016 4F,
Lin £ B ph %) T 20414 808 nm OB 1 L
Bt 5 1297 R &2 UCNPs@g-CsN4-PEG. UCNPs 7E
808 nm WU T R IS Ab- 1] WG RE WS A RO UK
g-C3N, 7224 K& ROSs LA T PDT. UCNPs H Nd* ik
RE 51 RDOGFIR YT RO, ip m] 400 i feed A

T, g-CsNy B i ] LUl i PSR S P i 5% L-
W RRIEIHE] UCNPs Rif, tg FE#OGs) 1127 ik
AP WM, AR g-CaNy BT A AT LA TE
MOGEGR, 18] LASEIL 9 SRR,

4 JE A NIMEZE(Metal-organic frameworks, MOFs) &
—KHF. ZARESHERL, BAWERIIAR, giidn]
Wt thsR . 2 R AR MR FS . BT MOFs #4221
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3.1.3  SREGH 8 i Bor X

FEGR I 5 # 5 Rfm L e sh e iR &
FIPEREANIA YT ZUR. UCNPs i LRET i3 A2 A S5
S F. Bk, 2 & UCNPs (1 & 31t 5 56 i)
(photosensitizer, PS)IMBOE EA RIF 16 IEILE, H
P b T RO B 9 G BN T 10 nm).

TN PDT B8R, 4656 UCNPs 56505 18] i) 4%
PRAE R F AR, FRATTUR A G ) 4% T R 2
f178 ] UCNPs (UCNPs@Si0,), 4 F 36 HGH 2 2
FEIHIE 7.5~9.0 nm [0, HRKHZE M T e & 4EA
(UCNPs) FI e 52 R LG, 7 H 5L 88 1B Y e i i B
PRES, $26 7 PDT (7 &™),

N HE—D 455 LRET MRS, BATHA T =W
7520 UCNPs, KA R IGE 7 Tm® ' 1 Ho® ' 4% il /2 2L
218 2.0 nm e 2, R INEHEEE N 8.5~10.6 nm
MREE, P45k 62 SORBURIRIM LRET &
(Gl 2 frzw). BEAk, UCNPs & 8t 2 #5856, v LLRI
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Figure 2 Sandwich-structured UCNPs loading dual photosensitizer
molecules to achieve mitochondria-targeted photodynamic therapy for the
induction of cancer cells apoptosis and inhibition of the tumor growth!**!
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FHGFIM F3807 5 PDT &R A EEL . A
AT, SGEEGRIR 2 i My B Bt (1) 77 AR 3T oK 4k
bR, MR U7 A 5 T BOBEGH M s, 91
LRET %A1 PDT ZCRFEAR, [R5 %) 5 804 S mlE
H. TR T3 Bt T7 20 OGS TR T AR R AT LA
RO TE G ' B ) TR

Kong 2P M4 YR BB 2038 i 5 5 R k1) Y 4
HRBAENT UCNPs 3K, HE E¥HO6E))1Ly7 ik
R, Giri SR F U2k 5 RS R 45 5 S 6 BRI B
BT O-BIR L etk UCNPs K H, 28/t
BN L AR E USSR U 2. Hordk 251
W SR I B 146 & SRR R FE R ER (AL car-
boxyphthalocyanine, Al Pc-COOH)ILAM &1 T 206 1
Jt& (Polyethyleneimine, PEI) T & {4 1 — 4 4k i £ 5%
UCNPs . Zhang ZCVF F DU 1R 55 05 4 56 ) o S RE
K D REACHGR BRI M BT UCNPs K1, SEI
PDT () “3%H” R M “IFE 7 RERIFAL. AT
YRR AR AT 3, AN B B RE N A U O BGT i
e J, AH 7 EOGHON BA R kA 2R ], A L2
REIB FER

4 PFMEREMERIAI R B RS T IS TR
RAHMEFA R

T SR POEE KRR, Mg 7 —
TR A, A E T IEH AR R mer s, tin
ZEIREE. AR TE . IR R AR R IR B R IA
EECY. W 78 AR 56 T IR O SE i R B T8
R P B BB F1i2IT R R, DR ST IR R i
TR AL RIBE ), kN I AU R R R, AR LgiR
FFEA e R b B D12 9T AR R A R
TEMIRE S TT — AR B R
4.1 pH {ESE FERARDISTIRR

iR 2B KRN B 43 T, e I TV R A S
(1R R L R AR AL L e 200 P P TR 5. Rk, i oRg
SRS KA — 58 G EIRE AR = AR LR SRS A SR
TG PR R T3, BRIE /- IR TR A A M AN, i B8 Y
0 IR Ok N, PR 4 K DA B b M T 4 R R
. I, AT IER AL pH (7.2~7.4), g4
UL — 2SS RRTE, pH AN 6.5~7.2 B3, pH {f fgk Ay
ESE) ST R R BRI pH BURM RIE R
BN, AR, AN IERmME, R TG, B
pH BBURBL R S WITERR L5 T 1 R AR AR il 25k
A, BRBOGCEGR, SR R BB E R T AT W,
R [ BE A, SRR 63 J1iR YT, R, pH BUR A
R TSI RN N B NR A IS, TE N IR
(pH N 5.0~6.0)FIEEEA(pH N 4.0~5.0) ¥ 3E—25
SRICBN IR TT RURE,
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W pH BUBHE R 9 5 A% R (Polyacrylic acid,
PAA). DNA. ZJik. FEMNEEM 4R a (Pyropheophorbide
a)5F. WM pH BURE G REH (Acetal bond). Mk
(Hydrazine bond). J%#(Hydrazone bond). % (Ester
bond) A1 2K I [l 5 (Benzoic imine bond)&5,

BT HF G 12 Z 4% (Layer by layer, LBL)H,
REEHMR T UCNPs RIUFIISEKME, HEAERER
FZ. Liu PR LBL BoARM T —Ff pH s
RG2S E 3 FroR). R NG ER IS
T ECAR S iz T UCNPs K 1H. 28)5, FIAH LBL #iAK
BT Ceb 121111 5 & ¥)(Poly(allylamine hydrochlo-
ride)-Ce6-succinic anhydride, PAH-Ce6-SA)A 1E H 4 5
G W T M % 3 R £ (poly(allylamine hydrochloride,
PAH)IK It T UCNPs K. /o, fEGUKIRIR)S
KMBE-ZOQE -—HESRRHEERINEED
(2,3-dimethylmaleic anhydride-PAH-polyethylene glycol,
DMMA-PAH-PEG). ZZEEWMTE pH 7.4 T 25 AL,
7t pH 6.8 T HLfaf 4%, AZRIE R, BT 40 B AT i i
Wy FJER R, w7 —E Mg, Bk, IERMERE
VLRI 4 T BRE I B A 5 A i B 4 A
P, AR T HPEIE A, AR AH Mn® B 241
UCNPs 7E NIR B T RS KL G5O, Bl L #GH
Ce6, FFSEI FHEeH R G BUR . DR 4k & mT DL
L5 PAH/PAH-Ce6-SA 2 HIH ez, XM R 1
T SR AR ] A5 (1) 1) 2% T3 VA0 T AT R8T ()R
ST AR & RO SR, SR, 2 T IREHE IR
2 pH 7.4 241K, NIR WUR IS HEE TS 340 40% 1) 40l
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Figure 3 Design of the upconversion photodynamic nanotheranostic
system based on the LBL strategy™®!
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Figure 4 Diagram of tumor acidic microenvironment targeted upcon-
version photodynamic nanotheranostic probe based on polymer modified
lipid vesicles®”!
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TR K BoRL. 320, fEiZgK B s £ i@ T pH
TR A FE W e B8 1 PEG %%, #7%@ UCNPs@PAIE-
TPP-PEG Yt /11297 #%%r. Wl 5 Fiow, %063l 11297
PRETAE R R PR BT RIS, ZRIF T e s i, &
(1] PEG JZUiF 55, 288 Zoh 144 [m) B [4] TPP. Ti&@%ﬁ‘t
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Figure 5 Diagram of the pH-responsive UCNPs@PAIE-TPP-PEG
photodynamic nanotheranostic probe®*!
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Figure 6 Construction of novel pH-responsive photodynamic nano-
theranostic probe based on the polymer with charge reversal properties®”!
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Figure 11 (I) Illustration of the Cathepsin B (CaB)-sensitive strategy
for covalent cross-linking of peptide modified UCNPs in tumour areas;
(II) (a) Fluorescence imaging of tumors (blue circle) in living mice at
different time interval after injection; (b, ¢) PA imaging signals in the
tumor region at different time intervals after intravenous injection; (d)
Tumor volumes change as a function of time in different treated groups!*”
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