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Anti-tumor nanoscale drug delivery systems based on
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Abstract: Photodynamic therapy (PDT) is a therapeutic strategy by which photosensitizers are excited by
specific light irradiation to produce singlet oxygen for killing the surrounding cells. The advantages of PDT include
weak invasion, slight side effect, and low resistance. The advantages of nanoscale drug delivery systems (DDS)
include tumor-targeting, sustained release, and environmental-sensitivity. The combination of PDT and nanoscale
DDS would likely lead to tumor targeting of photosensitizers and enhance their antitumor effectiveness. This
review discusses the mechanism of PDT, photosensitizer-loaded nanoscale formulations, the combination of PDT

and other antitumor therapies, and summarizes the applications and prospects of anti-tumor nanoscale DDS based

on PDT. This review is a useful reference for its clinical application.
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PDT = H NEGI DL MALA N A& 2. A
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W% (light emitting diode, LED). X 5 £k . 1486 i 40
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Table 1 Some photosensitizers and their applications
Photosensitizer Chemical structural formula Application Reference
~o OH

Hematoporphyrin o o

Brain glioma, nevus flammeus [5]
monomethyl ether

OH
OH o
HO
o
HO
o
Photofrin Esophageal cancer [6]
Indocyanine green Wound healing, herpes simplex virus [7,8]
o
OH
Trastuzumab-chlorin e6 J CZ)H Breast cancer [9]
N OH
o] .

Cervical cancer, esophageal cancer,

5-Aminolevulinic acid HzNWOH . [6,10,11]
o neurogliocytoma
o
Methyl aminolevulinic acid NOH Actinic keratoses [12]
HoN
Talaporfin sodium Oral squamous cell carcinoma [13]
Verteporfin Macular degeneration [14]
Temoporfin Head and neck cancer, prostate cancer [15,16]
A G i S
o o

Curcumin [17]

O N 7 o Lo
= O O S Plaque psoriasis
HO OH
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FITRH S 5 I AR 73 ) 3~ i bk — PR — W fi7 A2 4)-S Y
ek F R R S, R ILBH B R T A 4 e v i
KT S EY, AR E TR E, YR E X A
Jies fis R 8 40 ML (CAL27 VHSC-3) FI 2 # 1- Bz 40 g
(HeLa) 345 R U7 A5 BRI 40405 b 4 kb i
ALY 3
PR, 00 IE 73 2 I 22 R 5% 6 51 3 F R 55, (L 7R K
WP AR T, KRB EEAE, 2R, #ICGH

SROBE N J5T A AT G i G R BB F P, JE 3 1Y 9 B16-F10
R R 2 T ICG R SRR A g B RS IR BT A
VR BGR BAR 75 5 1 i AL H5 ' B8R 78 iR o 4 o
10 3 2 R AT A I I A v 5 4 R TS 1) L
2.2 ZHKHI (nanoparticles)
22.1 BAYIYAKARL (polymeric nanoparticles) ¥
EAN AL ] 78 SR R IR 5 73 BE R A DR
R 2R oK R, BT 4 AR 5 SRS R R S
FA BRI 5 LR AN SR LR PRk 4R A Ak
B p LRSS .

At PRI R (B-cyclodextrins, f-CD) B5 40 &
T T DY 1 B2 AL 4% K E (zinc phthalocyanine, ZnPc) Fil
NO & (NO photodonor)-fif§ i 2 fii 4 Wl ot Jii 17 A= 4
(adamantyl-nitroaniline derivative, Ada) J& & /5 X 1 T

Figure 1
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Conventional PDT

Nanoparticles

_ .-~ Targeting molecule
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PS: Improving stability, targeting
and biocompatibility
--- P8

\N Visible light

Light: Increasing penetration,
reducing consumption
10,

Catalase

- 7
N O
PS.--- g~

\ H,0,
0O,: Relieving hypoxia,
and immunosuppression

Nanoparticle based PDT

NIR: Near infrared light; MDR: Multidrug resistance; PLGA: Poly (lactic-co-glycolic acid)

Nanoparticle-based photodynamic therapy (PDT) for enhanced anti-tumor treatment. PS: Photosensitizer; UC: Upconversion;

Table 2 Preparation methods and PDT efficiency of the nanocarriers. DDS: Drug delivery systems; ROS: Reactive oxygen species

Nanoscale DDS  Photosensitizer Preparation method PDT efficiency Reference
Liposome Cyanine IR-820 Lipid film hydration followed by extrusion Significantly improved ability to generate ROS [29]
by cyanine IR-820 loaded into liposomes
Nanoparticle AlPcS4 Interfacial polymerization. High ability to generate ROS by encapsulated [30]
To a water solution of 2-(dimethyloctyl)- photosensitizer ('O2 was shown to diffuse from
ammonium ethylmethacrylate bromide was nanocarriers and to exhibit a significant
added 2-aminoethyl ethacrylate hydrochloride, photodynamic effect in cells)
followed by initiator addition and
polymerization. The obtained nanocarriers
were purified by dialysis and loaded with
AlPcS4 by vortexing, followed by
centrifugation
Micelle Photofrin 11" Thin film method. Thin film (Pluronics/ Significantly improved photoactivity (ability to [31]
Photofrin II*) deposition from THF solution, ~ generate ROS and reduce photobleaching) for
followed by its hydration solubilized Photofrin I1°
Nanoemulsion ~ Chloroaluminum Spontaneous emulsification. Solutions of Nanoemulsion protects PS against loss of [32]

phthalocyanine  chloroaluminum phthalocyanine in ethanol
were added to castor oil/polyoxyl-35 castor oil

mixtures, followed by organic solvent removal

photoactivity (confirmed by UV-Vis and
fluorescence spectroscopy)
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T B 2GR, RN 35 nm, EIXOE T2
FE AR TR IR TT o T B-CD VE B R L S A A R
A7), ZnPe 43 A7 o, £E 405 #1633 nm 7] WG4
R (3 O NO A& ZnPe), [A] I B T8O A7 2
B kA9 NO H Hh BE R R 2R S R, Rk R K i R 4n
Ht (] 2).

Poly-(5-CD) " ZnPc
Self-assembly

AN, .
P A w)‘"ﬁ % Bimodal
/%

9@
NO photodonor-Ada

therapy
Pa¥s

ZnPc¢/NO photodonor-Ada/poly(B-CD) nanoparticle

Cancer cells

Figure 2 Molecular structure of poly(f-CD), ZnPc, an NO phot-
odonor attached to an adamantine moiety (NO photodonor-Ada),
and corresponding ZnPc¢/NO photodonor-Ada/poly(S-CD) nanopar-
ticles. f-CD: f-Cyclodextrins; ZnPc: Zinc phthalocyanine; Ada:

Adamantyl-nitroaniline derivative

¥R I 5% K BE 44 K RL (carboxymethyl chitosan
nanoparticles, CMC NPs) 3 't 877 H 28 1 (methyl-
benzene blue, MB) il £ 1152 H Jik 52 B Bl 44 K b CMC-
MBNP E A pH Wi B4R T8 F Ao A SN BIE 58 3 1
CMC-MBNP R £ 55 B2 H 58 o 410 1 i 245 14 N\ 2L i e 4
Jfl (MCF-7/ADR) (25 KM HE 0 LA b8 SR 34 58
REREIC R R WS R DU R E . A = ny i nk
Ik B F ik PLG A 409Kk (PLGA/HMME@MnO, NP) #
Jiev 33 4 AL B8 S, L MR A A P v AR B A I H IR
T, MnO, #4385 2 Mn™, i 3 ifiL nh bk 5. F Ik B T8, K
YA PDTEH . [N, PLGA/HMME@MnO, 44K
WL AT B AT A N 2 I H R, S g = S0IR S, 18
PDT J7 5",

L2048 — X 638 (1 000~1 700 nm) Eb 3T 40 4k —
X G YR 1 2H 23 %553 ) 5, R ABIR BETE R . PRI SRR
IR F-F P ER IR R gk 5
o1 2% A B0 40 A X R itk i 2K (boron-dipyrro-
methene, BODIPY) Y¢85 BDP-I-N J&, f A PD-L1 #
SERETUARAEM . ZAKRLTE I 2040 — XK T AT sk
I A £ A PD-L 1 SERT BB, B2 A= 0, il
R JE R VIR o AN K KL R AT 6 PD-L1 315 & MC338
J IR AT 3 AT AL, B RN S TR g . HAE
808 nm PR i v =4 1200 nm LA R S, il

5 1E W 4435 5 EL(T/NT) 219 14.1, 7] SZ30 R4 .
PDT 1 G 2 97 15 B & B FH 30 K AT A8 /)N B MC38 Ji R
MR, H40 RNAE K™ RS FIHIELL I X
R ) 28 35 AR S WS G BIOR), Wk — 2 G PDT X iR
JE IR BE T RO o TR AR AE A I G L B VAR B
LR A EE R E WO A X Kok, 75 T
BB NGB Ty 25 e KA bR R oY AR H A A E .
RA WKL — O GO B s, BRI
&), 5 RVE 1) AL I 6 BT 576 B R S MAE R A
R4

2.2.2  FHLYKHIL (inorganic nanoparticles) 254 1]
T I B B B AL A B 45 S AE T WL AN KRE R T, )
FTE 2 FLEHLE A ™ (B TEHLGY KR 5 A= A
AR, Pl AR R A AL E, BERECN TS
PLA KL 5 1, ARy — S A=) 5 (WA E %) #2
BETh R AL R, DA 9RO 52 4R AR 23 1 1R 5% A g Al ik
MW,

T Z 5 R FE AR K YA G, KK, 7
7GR BRI, (H KB DG RE R B, 7T REAE A
WOROGHEGR . UCNP Rl Kk KR e AR il % B 40
BRI, RGN PDT Y897 B & iR 21
UCNP it % 1 = il 2 B T IR A AEE A e HL T 3 4
R Y

BT LR R 91K 45 25 & 48 UCSiAu0-2 i
B R 6 R i UCNP. £ 4L Sio, f1 HH A 4
I REFI A (Au,0,) AR, PR NN e6 %K
o Au,0, 2T ZLAMGIUK, 72 UCNP 35 B T il 1 %2t
L YR A8 ¥ F2 (fluorescence resonance energy transfer,
FRET) B 5 /= A A XMz, | = A ni e
NG BGR AN B e6 B AL 2 05 S DL A TE PR UK
A i 74 ™

NaGdF, & —Fli5 445 -0 % Gd 1925 O L eyl
KHL, A VENZEBE R (curcumin, CUR) ZAA, i 2k ek 5 A
(apoferritin, AFn) 5& — F' 6 %% £ 2 [k & (doxorubicin,
DOX) & A, R (folic acid, FA) 1&1i i X4k 245 |- 4%
e gk ki CUR/NaGdF,-DOX/AFn-FA % fif 8 4 g B A7
B0 B ) 4, R AL A ) A S 30 9 A 24 0 )RR T, Rt
MCF-7 4 g 2 A7 B B A= KA iR Y. TR KR )
RLAR 35 5], vl S I 77 8 A e B % 04, HFR B ROk
A 22 41k
2.3 EBAYIIR (polymeric micelles)

REWRHR — PR R a8 KRk, G
B K E A AZ A SR K AR 5, ) 22 M) g 2 R e
B v, ARV AR AV B, B () S 28 T R 24 4 R G
7, SEE PDT ML IT B A B H o
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TR M A% Al Ry S K VE S R K e, 3 U R A3 i AN 2454
PRBORE . B0 BT 4 22 Bk 2 1) Pluronic P84 iR R
A G SR ZGNEIENE, S A AE E Ik, BN B KRR
SRR . OB BRI AL R S IR Ce6-
PFOC-PEI-M (photosensitizer Ce6-loaded fluorinated
polymeric micelle) H A UL T 4 f AL i 1 45 A RE ),
IR R A P I R Ce6-OC-PEI-M M L, #2 5 T 45
UK, X R A A R AR A R A n bk
T A= W A0 < W e i i 58 T G 73 F- (TPPC,-SS-Ada,
& 3), PEG400-4-CD f§ 5 TPPC6-SS-Ada & T 1% 7
TAHEAE R AE KM B 38 T8 R TR R, FokL AR
NHI—, £37972 nm, I H Bl S REAE MR 40 B
I U A S5 e I SRR O SR, B TR S5 i
W RAERSWRORRARY —, Bl &, EHEA
VAR A i B 75 T 32 K 8 ML VOG5 2 R Y 1 e

L Inclusion
OIC'V‘S. @ r'\/ —
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Figure 3  Self-assembly and disaggregation process of TPPC-SS-
Ada/PEG400-4-CD micelles. GSH: Glutathione
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2.4 #HAKZF (nanoemulsion)

YK LA B K I 2 T P 7R RN B 2 T PR R B
RIEHIKiAE N 1~100 nm (#8254 F80E 45 19 [FPE I
B AR o WAk &, — RERLAE < 200 nm, M ALIE B, J@
WO RER R . ROGBORN SR B H e K 7L S,
AT N T 5 44 6 40 P, 38 50 4 A T A R
i, B AS S 2 HOMOR A PR RN TR B SR I
PR 5 A Tt A v v S R VR A8 R 4509 988 141 Clostridium
novyi-NT Fl45 2 # 70 % Gd. Tb K Ce 1 £ T RE R
71 NaGdF,:Tb, Ce@NaGdF, J: il % il g K L. 1% 5245
474 NaGdF,: Tb, Ce@NaGdF, 1] i T X 265 F F 1
W EUIR S T R FE A K PDT VR IT, 1M PR AL 988 1 AT
FZRRE FRRIT . Z9KILERAL SRS
B8 P4, AT R R e o0 0 R L e 40 i R T
AR 48 K K2 A6 8 chlorine 6 F 499 K L 78 06 IR

SR A AR A AR, RN PEAS AR 37 25 AF T 77+, R
AT [7) IS ) ) B A7 v A PDT 3 53 40 b 983 4 L, A4
FU I IE B 0 R IA K % B IR B E 24K (1) MCF-7 FL i
Jor 20 P LA BT PP R R L S PR A e B
BB R, BT I R s ok
TR T8 AR TR R A B 7 R AR 1)
2.5 ZHAKEERL (nanogel)

YK BRI A SR K PR B 26 PR A W A 3 B AL
75 AACEETE B = 4 DR 25 007, AR R © &
KR, AT RN SR R AR IR AR B @ 2L
HTPUREE 2o SRR /N, G) KR TE 20~
200 nm 2 [&], 75 Jif 8 4 sh B g 4 @ 5 AT s
MR T REAL, SEELZGW R, TRk, 3R 9K
AN AT RAP S BRI, 34 AT e v L ol e 4 ) 4, SRR 2%

BB BG40 K i T [ I AR R K S R AN 245 )
B YUOKELR-Ce6 B & nIAE AGIKGEGR, Jo B
TiE BRI Ce6, RITTRIEEN JI1EF « 4K EEHE-Ce6
] — 2 E AR (2 ST 75, 38 0 ] e
J0 20 i HIF-1 A1 VEGF 38 26 52 = 51 Z1 e V6 I7 350R

& JF U PE PEG 6 2 IR 9K IR 5 1R R T 12 1
() 3% O 570 4R AL BT Rk i 1% B R IV % S NHS-
BODIPY-Br 45 & J& JE 41 K 5t Ji P-BODIPY . #( % %
Lt 5 P-BODIPY H. 77 i & f5 B P 2 W R s R 1, REAE
10 mmol- L & B H IEAE FH R R Lt &, [
B 9 FE OGRS (25 mWeem™, 10~15 J-em®) S %
B2 R R 3~5 pg-mL™) B AT 45 247 HepG2
JHF 96 240 L A 10
3 BOEERIMKRAEARG S H M A RIaTT &

I RBOCRUNINIK L 24 R 405 HA R 7Rk
F AR 785, G0k ROT R B VR T 2 . 5 Bl
PDT bb &, BEE T RE R FIAE L, 7E 32 =7 20 [
I 9/ B — 7 VR IR BROBE, SR T 2R KAk
At .
31 K NDHKRGEHRGESHITHR

AIT AR E BR T ik —, (B IT
W I AR R A s S v, 2 B 24 0, i PR A A2
. BOLRRIGK S 245 RGUE T 528 5 A BN b
AN, AP AR 25 5 AT 250 A T BE 7R A B
FIVEH, BA 8T 25070 & 32 e A 207
25 I U S IR AT 250 2 L 24 1 AN R = R
B 3 BB T R AR a5

FA &40 1 4F 136 A & [ (bovine serum albumin,
BSA)- 5 LB 99 K KL (nickel oxide nanoparticle, NOP)
-t MRS E MmN Z R ILENKRE ARG
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Figure 4
effects. PPR: Polypseudorotaxane

NOP-DOX@BSA-FA ] #i& 1= 2 52 LU J2 1) i 2 2 1) 2,
SEPL B EE . TR AR IR IX (PpIX) A2 SR LE 2 R
FH 3% BH J53 BR, 22 Ty Re /K Il 48 30 40 40 Ol R UUp s ] = AR
ROS, W R S MR T 2 Fe L (- 4)Y . DGR
VU 32 B R A% 0 o) 5 0 22 2 LU 2 pH U 20 DU B
BTE LT, Ik S S R R R, T MR A
pH PRI SR, 80 B R K B iR B e B A
55600 b wy e6 (RIS, iR S8 1 v 3 0, Bk )
77 HER2 PR FL g OR3P

BOGBGN KL 245 RGBT 38 7] v Ik 2 25T
24 (multidrug resistance, MDR). YGREGFE #5522 3%
b B BOCHH, TR IN 22 2 LU R 78 s 40 B IR BE, [FIRE R
W P-gp #1218, i1 ROS K= R, 5 2 24 i e 4
MR BB T2
32 HAHEAWKEARGS BT EHA

BOLBON KL 25 R G 0] 3 BUNIRE A IR SE B
T, R R & R PR 5T, AT 0 MR e
N (] 5), 55 G g8 kar 25 s 40 SR EG & B2 g s — 20 B o
JE AT AN SR BRI 9T R . PpIX 5 fo A A AT
H57 1-F 3L 4 R (1-methyltryptophan, 1MT) 45 & 15
BI| — P & Ik PpIX-1MT, 1 J5 44 K b fi #0170 2 fi 96
HIL, ZHCIF R G P74 ROS, 5 5 R 4l B R T2, 2
1 caspase-3 1K MR Bt R 7 A, 51 K 5 2 A % I
N5 TR JBCRT IMT A] a3 — 5 14 9 5 9%, 0% CD8' T 48
JH0 4% B I 96 A A S8 o) JB R A e A % A b
JET BRI A i 5 I % R AT IDO #0177 (inhibitor
of indoleamine 2,3-dioxygenase) NLG919 H& /) 45 & J5
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Figure 5 Antitumor immune responses induced by nanoparticles-
based PDT. Nanoparticles enter the tumor site through passive or
active targeting. Tumor cells are killed by PDT. Then, cell debris
and tumor-associated antigens were released to induce immune
effector cells, including the activation and redistribution of DCs
and T lymphocytes, together with the expression and secretion of
cytokines. The combined use of checkpoint inhibitors can enhance
antitumor immunity for the treatment of primary and metastatic
tumors. PD-1: Programmed cell death-1; PD-L1: Programmed cell
death-ligand 1; CTL cells: Cytotoxic T lymphocyte cells; Th cells:
Helper T cells; Treg cells: Regulatory cells; CD47: Cluster of
differentiation 47; CTLA-4: Cytotoxic T-lymphocyte-associated
antigen 4; SIRPa: Signal regulatory protein a; TNF-a: Tumor
necrosis factor- a; IL-6: Interleukin-6; IFN-y: Interferon y; DCs:

Dendritic cells; PTT: Photothermal therapy
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