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Abstract: Photothermal therapy (PTT) is a highly effective anti-tumor method. However, when laser radiation
was used to ablate tumors, it usually triggers a series of inflammatory reactions, promoting the further development
of tumors and affecting the effect of anti-tumor therapy. Therefore, it is an effective method to improve the anti-tumor
effect by suppressing the inflammatory response through the precise targeted delivery of anti-inflammatory drug
while realizing the photothermal treatment of tumors. To this end, the redox-responsive linker 3,3'-dithiodipropionic
acid was used to bond the classic hydrophobic anti-inflammatory drug 184-glycyrrhetinic acid (184-GA) and the
hydrophilic fragment methoxy-polyethylene glycol (mPEG-NH,) to obtain redox-responsive amphiphilic polymer
PEG-DA-GA in this study. Then, photothermal agent IR-780 was encapsulated to prepare redox-responsive polymer
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micelle PDG/IR-780 NPs. The PDG/IR-780 NPs exhibited uniform particle size of 80.2 + 5.3 nm and the polydis-
persity index (PDI) was 0.215 4+ 0.079. All animal experiments followed the ethical requirements formulated by the
Ethics Committee of Sichuan University. The results showed that PDG/IR-780 NPs could respond to the abundant
glutathione (GSH) in tumor cells to promote the disintegration of nanoparticle and the release of 184-GA, thus

significantly improved the killing efficiency on 4T1 cells, when compared with the non-redox-responsive control
PSG/IR-780 NPs. When the concentration of 183-GA was 50 pg-mL", the cell viability of 4T1 cells in the PDG/
IR-780 NPs group was only (19.29 =+ 1.80) %, which was significantly lower than the result of in PSG/IR-780 NPs
group (29.30 £ 1.37) %. The results of frozen sections of tumor tissues showed that the designed PDG NPs can

promote the tumor-targeted distribution of drugs compared with the free drug group. Eventually, PDG/IR-780 NPs

achieved wonderful anti-tumor efficacy on 4T1 triple-negative breast cancer model, revealing the new possibility

of the combined therapy strategy of photothermal and anti-inflammatory therapy.
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Schematic illustration of the construction of redox-responsive polymer micelle PDG/IR-780 NPs and the enhanced anti-tumor

efficiency of the combined regimen of IR-780 and 18/ -glycyrrhetinic acid (184-GA). DA: 3,3'-Dithio-dipropionic acid; Meo-PEG-NH,:

Methoxy-PEG-amine; PTT: Photothermal therapy
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bt J5, FREL mPEG-NH, 30.8 mg, & f# T 1 mL DMF J&5 2%



- 214 - 252 %4 Acta Pharmaceutica Sinica 2022, 57(1): 211 —221

183 0 2 R s SO, T = IR AR, SR R
36 he IZEH T, ¥ [ MR 22 1% NARFALE 9 1120
(19223 7oK H, Bk 30 min J5, R EENTEE (MWCO
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THEF, 758 #2614 T 2218 35 0 21 20 £ R B 00 B R #6 2%
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HEH 4= 1f 0.5 mL, 1 500 r-min” &> 5 min J5 3£ 25 L,
BRI MPITIE. I PBS (pH 7.4) YeidkUiiE 3 1k, FHE
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CO, %M NRFR24 W LABI A EHE . MG, 75K
Fr FE, K A M AE B AN R ) (i S ) 7 free DID LI R
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188-GA .PDG/IR-780 NPs /% PSG/IR-780 NPs H J IfiLiF
RE TR B MR NN R, BEALINN 180 L, FEiEATHOk
I8 5+ (808 nm, 0.5 W-cm?, 3 min). LAY 5 T¢I i 1% 7%
R E B A0 FLAE N BHPE X B . B F 24 h 5 C
MTT % FRECMTT #3 K, ¥ i T TG & PBS, FL il A
5.0 mg-mL™", FERH — IR E e AT 8. S,
LI 5.0 mg-mL™" MTT 7 % 20 L, 4k 2: 0% &
4ho ZJaaEIEFRE, BILEMADMSO 150 pL, T
37 °CHEIR, 75 r'min™ F #&4#% 20 min, £/ 71X 570 nm
AEI e -4 A, AR ) HHE MR IAEE R (CV).
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3)
4T1 R ZL AR P NFRARBURYIENL  BE 97 4T1 4
0 25 441 B 5 R 90% B, TE AL USCER 4l i . o4 T
A BUS, A IREE . R 1% [ 2 B 22 4l 0t
BALB/c /N B EAT BRI, 45 /5 BR800 1E = B2V 2% )5, B
NS AL B 1 B R I, A A 1104 2
AT 40 B Fl T/ BRAL BB B S, B H W
SN R IR AT K AE D
ELISA M EFHMN % Bk J7 iR AT 4T1 5
7 L AR AR 1 /DN BRASE Y, A5 il R B K 22 50~100 mm”
i, KN SR EERL Sy 4 4H: PBS.PSG NPs.PSG/IR-780 NPs
FIPDG/IR-780 NPs, F£ k1T 45 24 S O I (808 nm.
0.5 W-cm? 3 min, IR-780, 0.5 mg-kg™"), k5 2 K424
LR, LB 254 0% . G245 3 RIa, WA & 4L/ B ik
S, NN pH 7.4 [F) PBS, #H4TH A% . Wa, T
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PUBMEERITSER 4% LR T iR N i 4T R A7
JR R 1) /N BRRE Y, R iR AR R K 22 50~ 100 mm’* B, g
/N BEHLS> N 5 41: PBS. free GA.PDG NPs.PSG/IR-
780 NPs F1 PDG/IR-780 NPs, Jf i3k 47 25 24 I i o' FE 5
(808 nm.0.5 W-cm®, 3 min, IR-780, 0.5 mg-kg™"), & &
2REETE1IR, BTG4k, RN, bR W F 0 % &
/0N B0 P g A AR R E (R AR A A L . 7 5 24 R,
Ab B 2R /N SR S ISCEE e Rg 4L 2, R AT 4R TR AR R

ZitE 5 i H GraphPad Prism 6.0 #4347
ST, B x £ s Fom o B 41K H student's £ test
AT G th g, 2 4K A one-way ANOVA 43 7 Al
Tukey post-hoc test FEAT G 11 K56, P < 0.05 W\ NH W3
MHER.

FER5R
1 BRHM#E PEG-DA-GA BFRAE

P8 R D L B DA-GA BB, FREX 188-GA K
DA-GA B K %% 5.0 mg, 43 51T 100 L B, KA
LLAMCIE A F AT LA TN e, 25 Rl 2 s .
1E GA LA E (B12A) H, T 1 64536 cm™ Ab HI B R
FE0E A B B GA R AEIE . 7E DA-GA HIZL AN (K
2B) H, U] GA FRAE I, [R]IS7E 1 731.14 cm™!
Ab b H B P R SR A DA KRR IS, R DA-GA &
By . 554k, mPEG-NH, [f1 41 41 6 1% 40 16 2C iR .
Xf H B 2B i) DA-GA 2 ] 2C i) mPEG-NH, i) 41
Aho ik &, 72 K 2D H Al B R B DA-GA 1E 1 731.14
(RRFHE D& J 7E 1 089.24 em™ 4tk >y 2 ] CHLCH,O Hh B bk

AN K TR Ao 45 415 30 10 50 W WA UG S mPEG-NH, FRfIEUE, 3
] PEG-DA-GA # K1 ) A B
2 PKRRMREST

T 4, LLTHF 957, R H W 7 N % 4 PDG
NPs 2 PDG/IR-780 NPs. Bf J&, % H 5 /R 3OO EE
X2 DLS ¥ 72 5 4K R TR AR 0 ARG . WIER 1 B
7%, PDG NPs 1R 42 4 75.9 + 4.3 nm, % 4> B3 %
(PDI) 9 0.194 + 0.098. {1 %} IR-780 )5, PDG/IR-780
NPs HJ ki 4% 4 80.2 + 5.3 nm, PDI &4 0.215 + 0.079, 5
PDG NPs A7 Eb, FrA2 s A 5 m. MBI 3 [RiA2 5 A B
AJ %, FIT ) % (1) PDG NPs & PDG/IR-780 NPs (K] 12 #¢
H¥—.

Table 1 Particle size distribution of PDG NPs and PDG/IR-780
NPs (n =3, x £ 5). NP: Nanoparticle; PDI: Polydispersity index

NP Z-Average size/nm PDI
PDG NPs 759+43 0.194 +0.098
PDG/IR-780 NPs 80.2+53 0.215+0.079

3 BREMER

T8 I R vk KR AR IR VR T BT ] 4% 1 PDG NPs
J2 PDG/IR-780 NPs 7 50% FBS 1 i fa e M. 45 %7
W1 & 4A.B Jf 7, PDG NPs #l1 PDG/IR-780 NPs 5
50% FBS i & J&, 1£ 24 h P, i& R UG L AR FF1E 90%
PL_E; 7F 50% FBS 1 7 24 h, ki 510 B3Rk, #
BH Bt 1] £ 9 KR35 B R4 () I i A e 1

B8 T PRI 4 cCRaEME . RIS 45
4C flT 7R, 1F 4 °C¥ 55~ , PDG NPs 11 PDG/IR-780
NPs 7E 24 h P (R4 5 AT B 2 AR 4k, 3R BH 40 K ki 7R
4 °C R RIFHiRE .
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Figure 2 Infrared spectrum of GA (A), DA-GA (B), PEG (C) and PEG-DA-GA (D), respectively
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Figure 4 A: Determination of the serum stability of different NPs in 50% FBS using turbidimetric method. B: The particle size variation of

PDG NPs and PDG/IR-780 NPs at different time points after stored under 4 °C. C: The hemolysis rates of PDG NPs and PDG/IR-780 NPs at

various time points. n = 3, x + s. FBS: Fetal bovine serum

PSG/IR-780 NPs [ PDG/IR-780 NPs (1] Ifil % [t i}
(AR [ T 28 1 1 4D B, 45 3R BoR 2 P gKoRifE 3 h
P R L R IR T 5%, TEAR M A I 58 21 B i 17
4 PDG/IR-780 NPs BT JR S BL & i 14

HH T R 4B N A AE F & A B H K (glutathione,
GSH) 2~10 mmol-L", [l itt, W] 1Z R 5 1138 SR
RN S = NINTIR e L VIR =) O N b D S ik
FLAR I, GSH nd i Sk 5 A 2 B B A8 4 ) AT
A R S R B DAL DI, AT & DA
KB AR . A SEES , R H 10 mmol- L' DTT
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Figure 5 A: The particle size distribution of PSG/IR-780 NPs after incubated in 10 mmol-L" dithiothreitol (DTT) environment. B: The
particle size distribution of PDG/IR-780 NPs after incubated in 10 mmol-L" DTT environment

Table 2 Particle size distribution of PDG NPs and PDG/IR-780
NPs (n = 3, x = 5). Sample A represents the particle size distribu-
tion of PSG/IR-780 NPs after incubated in 10 mmol-L"' DTT
environment. Sample B represents the particle size distribution of
PDG/IR-780 NPs after incubated in 10 mmol-L™" DTT environment

Sample Z-Average size/nm PDI
A 729+ 6.4 0.208 £ 0.097
B 123.8+28.5 0.769 £0.113
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Figure 6 The cell uptake assay of free DiD, redox-responsive
PDG/DiD NPs and non-redox-responsive PSG/DiD NPs under flow
cytometry. n =3, x=s. P <0.01; N.S.: Not significant
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Figure 7 The cell viability of 4T1 cells after treated with various
formulations detected by MTT assay. n =3, x+s. P <0.05
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Figure 8 ELISA results about the inflammatory factors of tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) after various treat-

ments. n=3,x+s. P<0.05,"P<0.01
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Figure 9 The fluorescence distribution of various formulations
in the frozen sections of 4T1 tumors observed under confocal

microscope. Scale bar represents 20 pm
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Figure 10 A: The tumor growth curves of mice in various groups. B: The tumor photos of mice in various groups after therapy. C: The
tumor volume growth curve of mice in PBS group, free 185-GA group, PDG NPs group, PSG/IR-780 NPs group and PDG/IR-780 NPs
group, respectively. D: The tumor weight of mice in various groups at the end of therapy. E: The change curves of the body weight of mice

during therapy. n =3, x£s. 'P<0.05, "P<0.01, P <0.001
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Figure 11 H&E staining and TUNEL staining results of tumor tissue sections in various groups at the end of therapy. Scale bars represent
100 um (H&E) and 50 um (TUNEL), respectively
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