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Icaritin and pyropheophorbide-a self-assembled nanomedicine for
enhanced the efficacy of photodynamic tumor therapy by increase
the cell autophagy
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Abstract: Autophagy often occurs after cells are attacked by oxidative stress, where damaged structures are
phagocytic and degraded into nutrients, thereby reducing oxidative damage, promoting the survival of cancer cells
and reducing the therapeutic effect of photodynamic therapy (PDT). However, excessive activation of autophagy
can promote cell apoptosis. In this paper, the photosensitizer pyropheophorbide-a (Ppa) was used to produce a large
amount of reactive oxygen species (ROS) to achieve the effect of killing cancer cells. At the same time, icaritin
(Ica), an autophagy inducer, was used to over-activate autophagy, which transformed the protection of cancer cells
into the promotion of cancer cell apoptosis, so as to improve the effect of photodynamic therapy. In this study, the
interaction force between Ica and Ppa was exploited to successfully construct a self-assembled nanomedicine IP
with good stability and high drug load. The synthesis method is simple, through using the drug itself as a carrier,
and the loading capacity (LA) of Ica and Ppa can be increased to 83.53% and 16.45% without introducing potential
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biosafety risks of nanocarriers. Compared with free Ppa, self-assembled nanomedicine IP showed superior

performance in cellular uptake and reactive oxygen species production. In addition, the self-assembled

nanomedicine IP can reverse the protective autophagy induced by PDT by activating the autophagy of tumor cells,

and facilitate apoptosis and antitumor coordination, which significantly improves the antitumor activity of PDT.
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Figure 1

Synthesis and characterization of nanomedicine IP. A: Transmission electron microscopy (TEM) images of nanomedicine pre-

pared with free pyropheophorbide-a (Ppa), icaritin (Ica) and their different feed ratios. Scale bar: 1 000 nm; B-D: The hydrodynamic size of

Ppa and Ica nanomedicine with various feed ratios; E-G: The hydrodynamic size changes and the polydispersity index (PDI) changes of the

self-assembled nanomedicines formed with different feed ratio of Ppa and Ica in water within 7 days. Ppa:lca: 1.1 (B, E), 1:2 (C, F), 1:3

(D,G).n=3,x=*s
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Figure 2 Characterization and drug loading of IP. A: The potential of IP; B: The ultraviolet-visible (UV-vis) absorbance of IP and Ppa in

aqueous solution; C, D: The UV-vis absorbance (C) and the enlarged spectra (D) of IP, aggregated Ppa, and monomeric Ppa; E, F: The

UV-vis absorbance (E) and the enlarged spectra (F) of IP after treatment with different concentrations of NaCl solutions; G: The UV-vis

absorbance of IP in 0.2% sodium dodecyl sulfate (SDS) solutions; H, I: The regression curve of the peak area corresponding to the standard

Ppa (H) and Ica (I)
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Figure 3 Cellular uptake of IP in 4T1 cells. A—-D: Confocal laser scanning microscope (CLSM) images (A) and mean fluorescence

intensity (MFI, C) of 4T1 cells treated with 2, 5, 8 ug-mL" Ppa or IP for 12 h; CLSM images (B) and MFI (D) of 4T1 cells after treatment

with 5 pg-mL"' Ppa or IP for 6, 12, or 18 h. Scale bar: 5 um; E: Flow cytometry analysis of 4T1 cells after incubation with 2, 5, and 8 pg-mL"

Ppa or IP for 12 h; F: Flow cytometry analysis of 4T1 cells after incubation with 5 ug-mL" Ppa or IP for 6, 12, or 18 h. n =3, x 5. "P <

0.01, ™ P <0.001; ns: No significance
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changed the fluorescence of singlet oxygen sensor green (SOSG) under light irradiation (20 s, 50 mW-cm™) or no irradiation; B: CLSM
images of 4T1 cells treated with IP, Ica + Ppa, Ica and Ppa (Ppa was 5 ug-mL") for 12 h and stained with 2,7-dichlorodihydrofluorescein
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| .
o &
< XN Q]
B i & o X )
‘2’\‘&& IR \c?)g N & F ¢ & NIERANR N
fractin [mm— ———— 47 | F-2CHD | - ——— g
- - LC3B-1 |wmmm s ey - -: | ——
w105 [ S 1 conn | - —— T S —
Blank [0 Ppa[ ) Lca Blank [ 1P
o e "B P
= £ 3 .§6 ca+Ppa(+)
‘g 3t hid E g5 Ica+ I’pu- IP(+)
< S, =y
a ) )
22 3 o3
< =1 22
1
0 0 0

Figure 5 Autophagy induced by nanomedicine IP in 4T1 cells. A: CLSM images of mitochondria in 4T1 cells treated with 10, 20, and
40 pg-mL™" Ica for 12 h and stained with Rhodamine 123. Scale bar: 10 um. The 4T1 cells were treated with each group of drugs (Ppa was
5 ug'mL™) for 12 h and then incubated under light irradiation (30 s) or no irradiation for another 4 h; B, C: The levels of ATG5 (B) and
LC3B (C) were determined by Western blot; D—F: Quantitative analysis of relative ATG5 (D), LC3B-I (E) and LC3B-II (F) expression.

ATGS5: Autophagy related protein 5; LC3B: Microtubule-associated protein 1 light chain 3 beta. n=3,x£s. "P<0.01, P <0.001
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bromide (MTT) method. 4T1 cells are treated by the gradient concentration of different drugs (the highest concentration is Ppa was 10 pg-mL™")
for 12 h, and under no irradiation (A) or light (10 s) irradiation (B), continue to incubate for 12 h (n = 6); C, D: Apoptosis analysis and
statistical charts of 4T1 cells after treatment for 12 h of different drugs (Ppa was 10 ug-mL™), under no irradiation or light (30 s) irradiation
(n =3); E: Live/dead cell staining of 4T1 cells after treatment for 6 h with each group of drugs (Ppa was 10 ug-mL™) under no irradiation or
light (3 min) irradiation (n = 8). Scale bar: 50 um. X +s. P < 0.001. PI: Propidium iodide; FITC: Fluorescein isothiocyanate



- 2492 - 242224 Acta Pharmaceutica Sinica 2023, 58(8): 2483-2493

PDT Al it — 05| K4 M B b . Agh AR IFIX— A,
Z i IR, Ica + Ppa (+) AP (+) &R B AEH
W 55 4 P B2 (B 6B), H B LU 25 Ppa (+) 4Bk
W Tea ZH A0 B B PE BE 9, R B Ica 55 PDT W [RIVR 97
J&i, BEIE L M 5 [ W N5 PDT VR 7 BUR . 1P (+) A%
T B S 7] R PR EL ARG T 0% B 1) Iea + Ppa (+) B¢
B, IX AR I g oK 25 TP R IR, IE SE
TIP (+) HEA SR BUMIERE /7. thah, MR
41 A0 % 2H AR B S A L BEAT PR T e, AR S
MTT 45 254000, W& 6C.D Fras, 4058 5 BE4h B oR,
KW IP &6 IR 5, 4 R AR U T I A E S b
%, ik 65.4%, H5HAMA M LB E GG R L. &
S, A FH S B 2 3 AN TR E 5 ' L BT % 4 1 1 3%
4 H AL A0 H AT X 43, d o 3 A LA 2L (R Bt
WBA e 77, AR RN TE A, 41 6 e R R LA
Mo (B 6E). A R, A5 LT3 A ST
RN MG, R M Ppa (+) A A /DEL AR
S, INE S H) Ica 55 Ppa 3L R AL B A0 M0 5, 40 (09
TnsE, T 1P (+) ZH 58658 5 B o, R B A5 PDT W[
ERNREARAET. . PR et AR T, RO IR %
7R, 44K 259 TP w] @ ik OiE H SR B [F] PDT, I &
7N H A B8 B A AR G SE AN B MR VR 9T ROR, I B
HH AL SRS TR MR e T BAA B K 7.

it

Sy — i 4 B 8T AR AR S N, e R A T e AR
PANBL, A T REAE A R A T, IR T A W R AR
MFERERY . B TR B, (K& Tea 51 K I B EAS 2 LA
AU R LR, AT T REE HE A 3G 5 (B 6A). T
Y Jea ik ) 13 pg-mL™ I, 20 M 77 1% 4 T R %, %)
I 1) R s Y I i AR Z IR TR R, BRI
T-. 1 PDT G857 A2 19 ROS 2 [ Wi (1) 3 2215
S0, W5 B0 Ppa (+) 15 5 10 H W AR FE S50 5 10 Tea 1
JLT-AHTE (K SEWF). Ica 5 Y8R J5, B 53 o
T EWESCR, SIS EGE T Ica + Ppa (+) S IP (+) 4110
AWEFEE SRR 1+ 1> 2R
(K SE.F 1K 6B).

AW T —F@ i Ica 5 Ppa B 4135 K LK)
YK 254 TP, T AT R 5 ORI B 4f B S RE g, B
FLA B 0 A A R 0 o ok, R R B R 4T
M EMAHE T, YR IPEIGENGIRE, 76
IR T 7 AR I ROS 455 5 40 i kA2 AR 7 1 1
1M Tea {E A F W 75 577 BE 3 — D B0 v, IR R4 40
L) e A AV 338 40 A7 5 2 1 R 0 4 e ke AR R T
SCESUESE 1 IP HH Y Tea RE VMR PDT 7 K I FE A

JEER P A 1 ROS K [R] (i 2t /) R 7L e i i o 2, 7
A RIFRITURBROR . AR IR T —Fh & T VA B
BT R A2 gt B W F] PDT ¥ 360, A B T 54
KLY 5 PDT W [A] 7R L (0 32k — 2B F 7

(= ST S-S e E gL € SN T
IR A A1 8B 55 5 O Y R A ST E S SR A R i
SCEABT Ml RN IR AR B R S S E AR b 4 T HE B,
AL EAR DT e SO AR B R

PRI FTA 155 37 WA AEAR TR i R

References

[1] Jia XL, Liu YJ, Li M, et al. Anti-tumor nanoscale drug delivery
systems based on photodynamic therapy [J]. Acta Pharm Sin (%4
224K, 2021, 56: 3421-3430.

[2] Yang HY, Liu RF, Xu YX, et al. Photosensitizer nanoparticles
boost photodynamic therapy for pancreatic cancer treatment [J].
Nanomicro Lett, 2021, 13: 35.

[3] Ldrincz P, Juhasz G. Autophagosome-lysosome fusion [J]. J Mol
Biol, 2020, 432: 2462-2482.

[4] Song C, Xu W, Wu H, et al. Photodynamic therapy induces
autophagy-mediated cell death in human colorectal cancer cells
via activation of the ROS/JNK signaling pathway [J]. Cell Death
Dis, 2020, 11: 983.

[5] Xiang HG, Zhang JF, Lin CC, et al. Targeting autophagy-related
protein kinases for potential therapeutic purpose [J]. Acta Pharm
Sin B, 2020, 10: 569-581.

[6] Karampa AD, Goussia AC, Glantzounis GK, et al. The role of
macroautophagy and chaperone-mediated autophagy in the
pathogenesis and management of hepatocellular carcinoma [J].
Cancers, 2022, 14: 760.

[7] Nakatogawa H. Mechanisms governing autophagosome biogene-
sis [J]. Nat Rev Mol Cell Biol, 2020, 21: 439-458.

[8] Honda S, Arakawa S, Yamaguchi H, et al. Association between
Atg5-independent alternative autophagy and neurodegenerative
diseases [J]. J Mol Biol, 2020, 432: 2622-2632.

[91 Yim WWY, Mizushima N. Lysosome biology in autophagy [J].
Cell Discov, 2020, 6: 6.

[10] Upadhyay A. Natural compounds in the regulation of proteos-
tatic pathways: an invincible artillery against stress, ageing, and
diseases [J]. Acta Pharm Sin B, 2021, 11: 2995-3014.

[11] Zhu YX, Jia HR, Gao G, et al. Mitochondria-acting nanomi-
celles for destruction of cancer cells via excessive mitophagy/
autophagy-driven lethal energy depletion and phototherapy [J].
Biomaterials, 2020, 232: 119668.

[12] LiuY, Wang Y, Liu J, et al. Interplay between MTOR and GPX4
signaling modulates autophagy-dependent ferroptotic cancer cell
death [J]. Cancer Gene Ther, 2021, 28: 55-63.

[13] Lopes TZ, De Moraes FR, Tedesco AC, et al. Berberine asso-



SRS PE LR SRS SRR - B ALK 2451 I 5 5 N 15 W2 R D' 3 9 R

2493

[14]

[15]

[16]

[17]

ciated photodynamic therapy promotes autophagy and apoptosis
via ROS generation in renal carcinoma cells [J]. Biomed Pharma-
cother, 2020, 123: 109794.

Bailly C. Molecular and cellular basis of the anticancer activity
of the prenylated flavonoid icaritin in hepatocellular carcinoma
[J]. Chem Biol Interact, 2020, 325: 109124.

Yu Z, Guo JF, Hu MY, et al. Icaritin exacerbates mitophagy and
synergizes with doxorubicin to induce immunogenic cell death
in hepatocellular carcinoma [J]. ACS Nano, 2020, 14: 4816-4828.
Siwawannapong K, Zhang R, Lei HL, et al. Ultra-small
pyropheophorbide-a nanodots for near-infrared fluorescence/pho-
toacoustic imaging-guided photodynamic therapy [J]. Theranos-
tics, 2020, 10: 62-73.

Moghassemi S, Dadashzadeh A, Azevedo RB, et al. Photody-

namic cancer therapy using liposomes as an advanced vesicular

[18]

[19]

[20]

(21]

photosensitizer delivery system [J]. J Control Release, 2021,
339: 75-90.

Cheng X, Gao J, Ding Y, et al. Multi-functional liposome: a
powerful theranostic nano-platform enhancing photodynamic
therapy [J]. Adv Sci, 2021, 8: 2100876.

Li YJ, Zhang MY, Han HIJ, et al. Peptide-based supramolecular
photodynamic therapy systems: from rational molecular design
to effective cancer treatment [J]. Chem Eng J, 2022, 436: 135240.
Liu YT, Wang YQ, Zhang SW, et al. Advance on small molecule
self-assembled nano-drug delivery system [J]. Acta Pharm Sin
(Z5%:%:4]), 2023, 58: 516-529.

Deng Y, Song P, Chen X, et al. 3-Bromopyruvate-conjugated
nanoplatform-induced pro-death autophagy for enhanced photo-
dynamic therapy against hypoxic tumor [J]. ACS Nano, 2020,
14: 9711-9727.



