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FHEE: B — [ 9R T VR A FLIRR VR T P A A 52 40 K s 38 20 L IR A A B (tumour microenvironment, TME) %%
R 2y, 3 BUEE R B R I A N R AR A TR S AR A . A gk 25 rE FLI R A & TR, A0k
TH T — Pl AT A J 8 DR P 455 v o AR T R KR, IR BT IR R T OBl ST - e BT VAT B A R T R
AR R PSR — I PSR 2 i B oy T AL R R A5 4, 3B B 2 i FE T BB T 25 S A2 I8 (paclitaxel,
PTX). YN KALLE B IR T34 35 P 52 25 i & J8 &5 1 -2 (matrix metallopeptidase 2, MMP-2) 5% 14 % (reactive oxygen
species, ROS) 1E F & LE TR A4k, BE N6 25 9 £ i 85 M- SR a (pyropheophorbide a, Ppa) 75 8 4 55 1135 58 M, [7)
A RBE R PTX 5 72 PP M4l U 28 12— 4K 1 (programmed cell death ligand 1, PD-L1) #1415 dPPA. 7EiE 2L AN GHEEF R,
Ppa = 2E ROS, B3 7% 17 i 788 4 1, 38005 4% A Sk e ey 82, ) A2 33 449 SKOKE £ ROS Wi 7 o A R 5 J O 3R AIE T
PTX@DTPD-PPP, i i £ B S5 i 32 RO'S 41 A 55 14 592 56 A 40 A I A% 42 28 50 30 45, VP 0L )8 1) 771 Fr) 24 47 s 1%
REJI 50T RUR . THAL A R Y], PTX@DTPD-PPP RiA2 44 —F s HARTH 7 S Hifd K& B4R = 144 + 1.3 nm, zeta
HLA = 6.8 £ 0.9 mV), fEAK S TME B E T 0] 75 4 h DA 523w S AR TE o 78 IR 20 i 3 AR & 5 4l B s AR B T
T B G IZ W) Ppa AL ST 24549 PTX LA K FLAth ) 771 2L 41 WY 2 B4 I, Ay J5 SRt 4T 1 7 MR S Ry Jk il
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The preparation and evaluation of dual-tumor microenvironment-
responsive transformable nanoscale drug delivery system for breast
cancer combination therapy
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Abstract: Ranked second and fourth respectively in incidence rate and mortality rate among various cancers,
breast cancer is characterized by strong invasion, high recurrence, poor prognosis and a lack of effective treatment,
rendering the quality of life and the survival time of patients unsatisfactory. Herein, we designed a dual-response
shape-transformable nanomicelle consisted of two amphipathy chains of different length, within which the chemo-
therapeutic agent paclitaxel (PTX) is encapsulated in the hydrophobic cavity. Based on it a combined therapy of
photodynamic therapy, immunotherapy and chemotherapy was developed to augment the accumulation of therapeutic
drugs in breast cancer tissues and treating efficacy. Entered in tumour microenvironment (TME), the shape transfor-
mation of micelles would be triggered by reactive oxygen species (ROS) and matrix metalloproteinase-2 (MMP-2),
so as to increase the retention of the photosensitizer pyropheophorbide-a (Ppa) in tumours and release PTX and
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D-type programmed cell death ligand 1 (PD-L1) peptide antagonist (dPPA) concurrently, thus addressing the
incompatibility of long blood circulation time, tumor penetration and retention. Under the irradiation of near
infrared light, ROS produced by Ppa brought about stronger killing of cancer cells, activation of host immunity and
promotion of ROS response. The dual-responsive group PTX@DTPD-PPP, along with two single-responsive groups
PTX@DTPD-PRP and PTX@DPD-PPP and non-responsive group PTX@DPD-PRP were initially synthesized and
characterized. Through cellular uptake experiment, light-responsive ROS generation experiment, cytotoxicity test,
migration and invasion test and so forth, we proved the enhancement in both drug delivery and treating effect of
dual-responsive formation. These findings demonstrate that PTX@DTPD-PPP is fulfilled with an uniform particle
size (144 + 1.3 nm) and a negative surface (-6.8 = 0.9 mV), as well as the transformation responsiveness in
4 h within in vitro experiments. Both the drug accumulation and cellular toxicity of dual-responsive group are
prominently increased in contrast with free Ppa, free PTX as well as other formations, laying a foundation for the
sequent in-vivo studies.
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Ji R kg A BRON S A R 1) B, A R 1 5
A 20 2] o e RE F FC ALY (International Agency for
Research on Cancer, IARC) & Aii [} 2022 & 4= BR & #1 e
RE B AR e, 2022 4F A EROHT A REIE 1996 T3 B, Ho,
FUIE o5 bk 11.5%, & 58 =M. R AT R
B S A AT H G 90%, H 52 MR S o | e 9 41
P Bl 8 4 5% (tumour microenvironment, TME) 4§
FR, DA STV U T N R AR G MR R T
T Booos W 30 7L e B TR YR 9T I R R H IR T R B
EA R MREERENR, mHECEEN RS
AR R E Y,

Y63l 7197 % (photodynamic therapy, PDT) /£ ¥
PR T A AR, AR R AN R R R
L DN VAR X SRR gt AN = U I KO o
I i Bz AR TS M4 (reactive oxygen species, ROS)
XT b Jed 24 7 A BRI R L (RIS AT ) R A S
P 41 H9 56 - (immunogenic cell death, ICD), & i 5 173
A0 9% 4 F 15 20 (damage-associated molecular patterns,
DAMPs), @145 M & 1 - =B B2 I 1 (adenosine triphos-
phate, ATP). = i # # % £ 1 B1 (high mobility group
box-1 protein, HMGB1) &, M 1y 47 J5 52 336 241 A A
R WO RN T i it LR B, K PDT 5 gk
FYVERAEE 6, REAE RS A 3% K Ml J8g 40 B I 42 vy S e b A
SUHIR R e B2 13— DR R 3RS M G g

T I 40K B 24 2 Gk G U W T A AR B
2y en 295, W2y EE L, AN RO, TR T A2
PDT & M VR J7 o i) F 2R B 7 ™% HE T A&
P % ) AR B R B 5 s BELAG, 5 SRR IUR 213K i e
MR EA G 25 250 E 1 0.7%" 1. B 5T 3% B 44
KL BRI CRLAZ AR L THT FLART ) T 245 P 44 9 106

WBE HIGE S NS R, —
AT 5, e AR EE K B 5 Al 4 i 5 0, T I A B
GUOKER B A EARRZER Y. A AR T GNK R I
I TME R 4E (40 pH 75 0t H iK) BRANER 3 Ot/#E ),
SR REIE AR AR M AE RO, BA R M P2 %
HEON R P8 5, 3R T AE TME B3R % A0 R £F 40IR, $2
r B, SR AR EE BT R, R AT AR 2
JR RGN K AR R B TE, DL BT 44 KORL£E A4 P4 1 BF 1) £
SE 5 30 N iR 1A 50 £ 9 R A

AR AE TME Wi NS T ARAZ A K 8 25 REGETTK,
BE ST PDT M7 ik, 2 H —FhidE T ROS 52
14> )@ B -2 (matrix metalloproteinase 2, MMP-2) XX
M) 8 299 2K e ORI AL 2 245 W) — S = D6 Bl T BB VR T 3R
B, F T 7L V6T o 2R AR R R A — B 3R
PR 2 1 B Ay~ O R S LAV R AR T . AR DK
T2 W £ i 5 4 R a (pyropheophorbide a, Ppa) 1E 4
i 7K Sy, G0 I FE R ATRUT FBRE (Boc)-£ ik 5 ATt
MMP-2 Wi 345 J% 1) 2 ik PMGMRKLVFF AH3%, 48 )5 75
2 IRk 5y — S 5 /K FE (4158 & ¥ 2000 (polyethylene
glycol 2000, mPEG2000), /3£ mPEG,,,-PMGMRKLVFF-
Ppa (PPP). M v m] 48 J& £ Jik tH MMP-2 1 ¥ Bt
PMGMR FI1 745 & Bt KLVFF W & 4 20 i, 24 W 3 AH i
IS T 25 2R i G e R R R 18] PN P 5 4 W 40 J o 1 51 )
- B ah A, AR OR R A . KBE U @ 1 ROS
N 3 [ i 46 7% % (thiolactone ketal, TK) ¥ D B FE ¢ ¥
YU FET--FCAA 1 (programmed cell death ligand 1, PD-
L1) #0171 (D-type PD-L1 peptide antagonist, dPPA) 15
PEG5000-DSPE 1 i #%, J& B DSPE-TK-PEG,,,-dPPA
(DTPD). 47 254 %5 A2 BE (paclitaxel, PTX) 47 # 4
BT RAR BB KN &S, B R & W2 RS



SERAEAT: R TR X0 AT AR T A 9 ) 26 K He T LR i 9T BT AT - 2017 -

(PTX@DTPD-PPP). 244/t ik i ik v S 32k N A Py, J
¥R % % 5 R B RS (enhanced permeability and
retention effect, EPR) 5 K4% K i i) dPPA =8I #E - /EF,
R E T MR A b . 9Kk PTX@DTPD-
PPP /£ MMP-2 5 ROS 1E F T, }%E £ Ik MMP-2 Wi i
B TK kA )97 W 22, DT 3T A4 R 1 5% i 7K P 17
g K AE F 0 32 5 BRI 1A F R, TR A ik B
W KLVFF J7 51 1) g 47 A BN £ S4B/ 71, i 6
BIAS FHER T B A0 N 2T 4, 388 6 5 25 P 7 i e 9 1
T SR, FINPBERCH PTX 5 dPPA. AR )58 PTX
5 PDT SR 4o 1=, dPPA 5 PD-L1 45 & 1M it [4:
TME G & S 88 o 1% P AT -6 80 J1 - ¥R 97 1y
) SR M SR Al T AL R B — 97 VA I R BR 1, A5 B N AL e
[RRE )R T S BER IR T B S AR T &

MRS HEE
HY 5T BB SR (185 24533-72-0,

b AR R 2 7)); mPEG,,,-COOH ({it
5104113, Bl LA FHCA IR 2 A)); DSPE-TK-
PEG,,,,-NH, (%5 : YS-DTK32405, 5 B i {82 25 B
AIRAF) BEEE (185 33069-62-4). 1-(3- - HI 3R
FEPI ) -3- 24 B ik — 0 ik (B35 : 25952-53-8) N-F2 4k
T A% (385 6066-82-6) W H L ¥FFHz T A= (LAl
il A BR A 7] Boe- £ % (185 : N802949-1g, -
W22 TR AR AR It A BR 23 |1); D 24 PD-L1 #1551
(it 5 : TP-CH-3840, Fg &t ¥ 5 A= M) B AR H PR A 7)),
MMP I i % ik Fmoc-Pro-Met-Gly-Met-Arg-Lys (Dde)-
Leu-Val-Phe-Phe (#t 5 : JT-173340, | i 8 30 A= W R 4%
A PR ), o Do e VR A Ak 7T (5245 : 6283-24-5)
W T IK N (585 75-05-8) ik 2% I /K H R (1%
51 67-56-1) 4 [ Sigma-Aldrich; 5 20 A Y5 MMP-2 [
(77 %5 : 554302, Abcam /A #); RPMI 1640 5 7% % (17
5 L210KJ) . DMEM- = # 15 72 & (1% % : L110KJ) 1Y
H R AMEHE R0 A R A = a4 i (55
Z7185FBS-500, Gibco A 7); % RIE G W (125
P1400). HT1 % Je K (52452 S2100) 1 H AL R E
BHEA BR A w5 JR 20 F T A6 (525 BLS12A, b5t
AR AR AR, ZRFME (185 3076-99, RE
ozt AR T IR A F]); 47,6- 00k 5L -2- 2K SL 5| Wk (T
51 C1002)- Annexin V-FITC/PI 41 g 5 1= K I 75 &
(1% 5 : C1383S). Calcein-AM/PI i 4H Jiil/FE 41 Jfl XX 4%
A& (B9 C1371S) W H B = RAEMH R A A 3-
(4,5- L -2-ME MR )-2 5 DR B YR Ak DU G0 ML IE A (13-
(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bro-
mide, MTT, %% 5 : 298-93-1, BioFroxx /A #]; Transwell

B (15 3422, £EEFETAH).

X8 iz —HW T KF [Quintix65-1CN, %
Z B AR (b)) A BR 2 w15 BB S 7k A
(Multiskan MK3, 888 © /R B A ), g4 2K0R0 B K&
zeta HLA7 23 BT (90OPLUS PALS, 2 [ 4 & o7 3 SCAX 2%
N w); T RO R €4 3% 4L (Prominence Plus LC-30A, H
A By B A PR A, i 4 B A (NovoCyte, 3 [
LA B A |, 81 B 5O A (DM, £ [E 4k R
N A); BOE RS (PSU-NI-LED, K#F#H 77\ B R E
PR 2 7)); {80 B 96 % BT [Ts2RFL, JE B 3% (i)
HIR A

HHEARK X E 4.98 mg Ppa (3 equiv.).5.35 mg
EDC-HCI (9 equiv.) #13.21 mg NHS (9 equiv.) T2 mL
DMF 1, 4§ % & i, 25 °C % 1F T i 't 3% 1k Ppa 2 5
1 ho #RJ5 % 2.95 uL Boc- 2 1% (6 equiv.) % T 1 mL
DMF H1, 2% 2% 3 N Ppa i (L i+, F 0N 3.88 ul =
L% (9 equiv.) 1ENHIRT, ZiRS&AF T EE M 14 he
FH 2K A% B 22 8 mL, 45 pH £ 6~7, 1l ik DCM %<
Halifh . A e 25 A ER 2 DCM, I AR RN A HL
FHAR AN 2/3 () =50 £ /R TFA, £ DCM & FIiA R T =i
N3 hy LG 25 OR3P & Ji 55— v 24 5% 1) Boce ] .
SNLEE IR, e e 78 R A T IRONAK F A I DCM I TFA,
B S5 I N R A R AN VA Y pH R 7~ 8 I 2R
3 3 44k Ppa-NH-C,H,-NH,. FXH 5 mg £ ik Fmoc-
PMGMRK (Dde) LVFF 5§ Fmoc-RPGFGNK (Dde)
LVFF (1 equiv.) PA % 1.78 mg EDC-HCI (3 equiv.) I
1.07 mg NHS (3 equiv.), ¥ T 1 mL DMF H =5 il i 4L
1 ho ¥ _E3K Ppa-NH-C,H,-NH, I35 4k (19 2 Bk h, Jn
A 1.29 pL = 2 8% (3 equiv.), 30 °C ¥4 55 T 8 ' 4 #F
24 h, I LA AR AR 25% 1 4- B IR R w75 3, 56 4
1 h, PLBE 2 O 47 22 K N i 220 2 (1) Fmoc % 4], 17 #7 46
b o 38 ik R 5T 4 B BOG R TCK AT I ] BT 1 (matrix
assisted laser desorption ionization time of flight mass
spectrometry, MALDI-TOF-MS) i A & i & 2 .
9.31 mg mPEG,,,-COOH (1.5 equiv.) 15 EDC-HCI F
NHS (4.5 equiv.) ¥ T- 2 mL DMF, 34t 1 ho ¥ i 1
Fmoc J& [ (1) ¥4 T 15 2 IKFE il 5 = 2% (4.5 equiv.)
T 13\ mPEG,,,,,-COOH ¥ {6 ¥ 1, = 16 ¢ £ 48 h.
) [N AR 2 RN HLAR AR AR 2% 17K & HFIE W, $
P 1 h, LA 25 Dde 2[4 B AT 44k, Wik 915 50 B
FEf o 8 RAT BOEHRIA =) E BT 4

KEEAR =S mg dPPA £ KA 5 1.84 mg
EDC-HCI (3 equiv.) A1 1.11 mg NHS (3 equiv.) & T
2 mL DMF, #& {4 1 h. # F% & 24.11 mg DSPE-TK-
PEG,,,,-NH, 8¢ DSPE-PEG,,,-NH, (1.5 equiv.), ¥ fift J5
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N dPPA SE AL Y, 37 °C 46 F N1 HE 48 ho BT IT
B, BRI 72 o T8 AT B TR 5 1S A A A R
& o

PIRRLHI AU 5 LA E A5 . FRHL
[#] 52 LU 1) B o T RN 9 T (Mt M, = 211), LA
FR AR B R 10% (1) PTX, K =# ¥ T 0.2 mL DCM
R R R MR, SRS N 2 mL 4K
PR W FEVKKI B 264 NS AL . AR 5 i e
B AR AR 2 FLWP 1) DCM, 25 %5078 15 B2 DCM
it 2 B RIS (e i, WO SR AR A o B S KRR O
(5 500 r'min™' 10 min), W H_FiE, 35 2000 B S5
FE I JE B OE B E (5 000 r'min”\ 15 min)
Wi, LABR 259 T /K AH I 5 & PTX I Ppa.

PTX@DTPD-PPP HIFRAE AW 78 M8 FH 9 K bir 5
e zeta AL 23 AT ASCAS W 4 4 1) 75 1 R 42 K /N 5 3R T
FLfAT, FH 3% St T 5 8% (transmission electron micro-
scope, TEM) M £ PTX@DTPD-PPP [{] #h M 1 75 3 ]
EHHRIE . K PTX@DTPD-PPP 157145 J9 3 40, 43 51 17
FoA NS ARFR 2 < B IR Eh 2 il (PBS, pH = 7.4) il 7
HFRARAR 1/2 # 3 x Assay Buffer ¥R (150 mmol-L™
=¥ R B, 30 mmol- LT CaCl,, 450 mmol-L
NaCl, 0.15% % & 0% H ARk, pH 7.5) M AESH
20% i 4= L35 1) 2xPBS ¥ W 1 o H% & 4L R T3 L T1E
IAEIK (37 °C.70 rmin™) B E, T 0.2.4.8.12,
24 h TRABE IR ] 5 S E 60 pl ¥ V3 AT R AR T &, DA
Kol PTX@DTPD-PPP (¥ 44 7 s M o 4 1388 3ot il Bk
G Y2 A A3 5 1 R €0 V35 SRS W P A5 J5 2 0 K A
BT/ Ppa 5 PTX Sl & . 44K 75130 i TE K £ B 0
FUFERE 100 1%, iR iE 15 s BIR A A, KB A, R G
i A HL AR 0.22 pm f3 FLIE B3R AT 3ok 98, 37 2 W18 L,
BIAT EALIE o PTX AT IS E0n T JiahAl, 4ik:
K ZHE = 60:40; H:iE, 30 °C; 284N I 25 A8 I 3 &,
231 nm; 3%, 1 mL-min"'; #EFE &, 10 uL.

PTX@DTPD-PPP i {4 525 72 i Bz 5 %% A 32 36
18 B 99 K KL BE B zeta B A 23 AT A 31l PTX@DTPD-
PPP. PTX@DPD-PPP (MMP-2 .1 /). PTX@DTPD-
PRP (ROS H.0 i/) \PTX@DPD-PRP (¢ 1 ) 4 2H #1571
TERH TME A 4MA8E T (37 °C.70 rmin”.300 ng'mL"
MMP-2 .1 pg-mL" H,0,) A [l If 8] 25 6 R0 42 AR 10
. FIFH TEM W52 4 20 ) FIE AL TME SR8 N &
AhJEITER AR MR MRS58 ) A2 K 4 20 3 ] %
(175 MMP-2 BiF— 2 A ZE T4 (Mr =5 000 Da),
BBEHTEETHN 15 mL &0 P, 23T 10 mL BEA
JRE A (%5 0.5% Tween 80 1] 1 x Assay Buffer i ¥l +
1 mmol L H,0, ¥ ), &0 & THEIR AR (37 °C.

70 r-min") FIREE, 7 HIFE 0.25.0.5.1.2.4.8.12.24,
48.72 h I [A] g B 1 mLOBEJEON B 40 A2, W B 1
BRI BURE AV R T 18 J5 L JE 7K G 1, A
HANLFR 0.22 pm AL U8R EAT I 08, 78 EW 08, 8
i 1 OB T AR I PTXORE T

AT1HREEESE A HRIE T B R 4B ifg4gn i
i o fF 5 10% Zeta L7 [ RPMI 1640 55 77 5 3t 1T
B g%, HoR2r AU 3E RPMI 1640 3% 95 %5 (500 mL). 50 mL
BN SSmLEHER-HERESHR. B4k
MR & T CO, MHR I FRFE H (5% CO,.37 °C) ¥ 7%, 4
it Ak T ot B2 K SR T 4 B S 5

YRR ENSEUS MU AN 4T 40 e XA [R] ) 5 1)
BRI AE 7772 T A7 75 B9 2 22 00, A% L8 ) A i =X 4 g
AR IR A B ARG 43 ) A S8 B A0 P 1 A R AR
4 (1) Ppa 6K . 14, W PTX@DTPD-PPP,
PTX@DPD-PPP.PTX@DTPD-PRP.PTX@DPD-PRP 4
21 750 0 N IR AR AR 172 1 3 x Assay buffer i, £
MMP-2 Fg ] (#JE 300 ng-mL™")\H,O, % N 1 pg-mL"
FIREE N E 12 h)m, 1 H G L7 55 9% B2 7 B 22 Ppa
IR EE A (4 pg-mL™")o B 4T1 40305 52 il 57510 43
FWEE 1A 4 h, BN, B0 Pk S A8 I 204
ASCRE: I 4 20 Ppa % 6 AE - 58 PR B S 58 1R FE 2 N
PTX@DTPD-PPP.PTX@DPD-PPP.PTX@DTPD-PRP.
PTX@DPD-PRP 4 41. ¥ 4T1 41 fitd LA 4 L 8x10* 4~ 4
Jf f 2 P 2 Bk B TS B A 20 mm x 20 mm 75 3 A
12 FLAR A, AR 2E 0 7050 6 S FL, KR 1 AT 4 he % & AH R
B 1] J5 , W 3 24 10 L3 15 77 45, VA PBS Ve ik, n
A4 °CI1) 4% % 5 W RV VR 7€ 30 min. 28 )5 %
PBS ¥ WUE VL3, I 0.5 png-mL" DAPI VRS 41 i
e o, B E 20 min. et 45 K, PBS VA T U
3. PR BN, KK S TR TR A L
KRBT b, I Fe R, Rt ] s i R
FE A8 B 7Ot B UG R, WL A ) 71 4 Ppa {5
S

BRIEEERIE ST W I AR5 1 2% R A A5 35 I
DMEM- = i 55 95 3 5 (wiw) 70 35 2 96 FLIR N, 574
#1 30 min Ji5 K A5 K 5 0k B L AN 80% 9 4T 1 41 i 74
b, 8 E 10% Zeta L3751 DMEM- = Ff 15 77 5 5 &
It WSS 2 M, 0 N A BT R R AR 1 96 FLAR N, E
CO,IEIR B B AN B 97 | 2 47, il 3 e 2% 15 A0 T 531
HH 2 BCER 1) iR 3Kk 43 4H. %% FH o

B BB ER R BN SE0E  fF32 idk HH SRTW A5 58 I 1 i ygg K
HRIE AL FE J7 A AR S B 4. FHJE IfLiE DMEM-
oW R IR BRI 4 2l e R R
Ppa Jii S E N S pg-mL, AR 45 i1l 551 2 44 1 i A A
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FfL . HBEA S S AR CO, IR B #i
H 12 h, 285 PBSTHE TR I, TN 4% 2 5 W T W
HEAT [ € 30 min, 8 T HOE LR 66 B B A
i g BRAEAT W 2 46, A AS [R) PR BE R Ppa W G aE A .
WEAMAFRRE S S ALY E 12 he BH SR, WA
BA AN & 25 R AL, NN PBS ¥ e 9 3 i 45 G L i
DMEM- & B 15 77 3, 4k 4255 9% 12 he AR5 15 Ve 52,
JE O S 5R A2 0 e (8 B GO 6T R BR AT T 2
EEER

FMI R ROS & A SELE AN UR A R FE A 8 2 e
PR AN 7 T VP AR 48 M £6 B 245 ) 5 =2 3 204 e Ok 7= AR
ROSHIBE f1. ZLHLL2,7- “ W E — LRI
(DCFH-DA) /£ ROS %GR T o K 48 i FH g g v 1k
Jei VABREFL 5x 10% A4 o 11 2% B 2 0 22 24 FLAR 1, 24 4
Ji A K 22 L THAR 80% B, 4 4t g 4324 12 A2, 433l A
PBS £ L (L 8 ¥t 41).Ppa + L.PTX@DPD-PRP + L.
PTX@DTPD-PRP + L. PTX@DPD-PPP + L. PTX@
DTPD-PPP + L, fF 4 3 ML . SEEFRICE ST W4k
e e B Ja, FC IS I 1640 15 77 3544 % 4 Ppa i
BIRERR N 2.5 ng-mL" K 2% 25500 N AR B AL
O HE 4he FEESRG, T & 2R R A, ¥ PBS
TR VI S o AR SRR 2 v P R IR S A
FeoR 0 REF HEAT 25 8K, % F 20 min 5, W 3 DCFH-DA
P, F ¥4 PBS & U8 1 J5 0 N TG L3 1) 1640 15 77
o W EOE A H 650 nm BOLREFLIR I 20 s, 2R )5 FH %
Je {8 B BB 5T ROS [ /K #E 47 g A I . 76 )5
4211 ROS 72 & 5250 A, 4 4 Mg FH Bk e A6 )5 DLRE AL
8x10*~9x10* N4l f B Ah T+ 12 Lk, B E K &
FLIEFH 80% B, [FIFF4 40 i 2y 12 AN, B4 3 AL -
SEEARACE SN Wb VAR B S, G T
RPMI 1640 55 77 3 Ppa Jit 2= K B #6 BN 2 pg-mL's
B & A HFIMAA AL, B E 3 he WE S NG, W
FEE YR IREE, W PBSIEVE 15 . ARG AR HE 41 i
T P R I X ) U B R FR R N R B AT R R, W
20 min &, " 3 DCFH-DA 4:¥. 74 PBSiE ¥t —il )5
e LT 1640 1575256 . KOG 650 nm OG5
FLIR ST 20 s, R % 35 T2 1375 35 72 55, WAL & 10%
Zeta IL75 () RPMI 1640 £ 775 F-H1, 50 (2 000 rrmin™
3 min) J5 40 AL, PBS & U, FF 254 (2 000 r'min’,
3 min), W3 LiEW . #5300 L PBS & EiE i i
YIS S B AG I A5 226 6

WMAEFME AT 40T A S 2 5 5L 6 000 >4 fil
FEFRT 96 FLAR, 4 41 fig 2E K 2 FL T AR 80% B, K . 43
N Ppa + L4 Ui 2 PTX 40 .PTX@DPD-PRP + L.
PTX@DTPD-PRP + L. PTX@DPD-PPP + L. PTX@

DTPD-PPP + L %41, H TG IMLiE RPMI 1640 1% 77 5206 %
H 259 Ppa Jii S JE N 0.0.005.0.05.0.5.2.5.10.
12 pgml' EHKE6ANEIL. SABIFITFE4h)5,
B A R TR AR, NN 90 wL TG I i B 7R 4k
K OB FH 650 nm OB FLERST 10 s, 1 & 12 h, 3%
BRI 0.5 mg-mL™ MTT ) PBS ¥, 7£ CO, 1
WE TR E 4 ho W H 4 W5 5L PBS IS ML
VPR, ARG N 150 pL DMSO, ¥ 96 FLARJICE T 15 iR
PEIR _E 3G E 15 min (37 °C.70 rmin™). [ J5 A
B A TE 490 nm &b 1AW % BEAE, 2 B A ST S 40 i A7
TR AT (%) = [(4,-4,)/(4,-4,)]x100%,
AN SEBR A (R AR, A, R BF A o HE A ) RO FE AL,
AN AFLIROE A . SR JE R4 MTT 256 2048 i
A3 3 A 2 30 1 K E (lowest half-maximal inhibitory
concentration value, IC,), H G L7 ) PRMI 1640 5 7%
5% PBS £ L. i & Ppa + L. Jif % PTX. PTX@DPD-
PRP + L.PTX@DTPD-PRP + L.PTX@DPD-PPP + L.
PTX@DTPD-PPP =+ L 12 4™ #ill 57 25 [¥) Ppa Jii & < B
B9 0.25 ngmL o K 4H T A0 J5 LR FL 5% 10* />4t i
FEM T 24 FLAR 1, 244 AR K & AL TR 80% B, 43 il
TINAH R [ 1) 77 90 & 4 h, W& A i 97, H
PBS ¥Eik Wl f5 , #e EASE L5 Y RPMI 1640 35 772
F 650 nm O RS OR A, BFL 20 s. KA R TR
5] CO, 18 I 55 3% 46 J5 1% & 2 h, 2R 5 W 78 6 I3 B 97
B, A B 4 /ML A BE (Caleein/PT) #4551 (Calcein
5 PRI 20 VR BE 43 i 8 S 10 pg-mL") ok et
30 min, ¥ PBS ¥ %% W il J5 5CE 7R O E B T
A ISR

WPEETHEREILH KHKIRELR S Tran-
swell S 56 52 AN [A] 1] 77 4155 4T1 4T B2 5 1R 28 1
HlGe ). ERRSET T, F AR KRS R IR AL 22
J& 19 AT 40 7 A0 )5 3% 55 L 8> 10* /S Al g B2 b F 12 4L
W, BEE 1144, B PBS.PTX.Ppa + L.PTX@DPD-
PRP + L.PTX@DTPD-PRP + L.PTX@DPD-PPP + L.
PTX@DTPD-PPP + L 41, 40 3 4L R4l K
FUIL B LT AR 80% £ A7 B, I 10 pl 4 Sk v A ic £k 3
BT IMRRIE . FHPBS ¥ 3 &, LLZ% B 7% 40 L
SR 5 KR 43 2E A% 43 S 0 N R R 1) 551 (Ppa JoT &R B
40.25 pg-mL™), AN 37 °C 5% CO, 41 il 18 3 55 77 46
s TR B AhE, B2, PBS YEik i,
F 1545 5% Zeta 175 Y 1640 5575 3E . [RII O 4L
UL 650 nm OB IR . BUARE IR E 12 hid /K,
% 4% 22 5 H R ] 52 30 min, FEIIN 0.5% &5 & LK TR
geth, GBI RERMB % . 1£ Transwell 52
5o, B AR R UL AL 1S 1) 4T 1 240 M7 1k
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T, FJC 5 55 97 2 E 8 2 A == T 3x 10/ 41 i,
FL 100 pL 22 F Transwell ik & L5, BJ5 A L= A
100 pL £ A [ 1) 751 25 245 9 G 1137 15 77 3 (Ppa i &K
%4 0.5 ug-mL™"), GL3E PBS. ¥ & Ppa + L. 7 & PTX.
PTX@DTPD-PPP.PTX@DPD-PRP + L.PTX@DTPD-
PRP+ L.PTX@DPD-PPP + L.PTX@DTPD-PPP + L 4 .
T E I 600 pL 7 10% Zeta Ifil i RPMI 1640 £ 3¢
FAE Nkt . 76 CO, 4N EIR =M E 4 h )5,
WO 650 nm WOGTE A 15 s, FE7E 40 B fH IR 55 37 56
HEE 24 he WFF B 5T =R, PBSTREM X E
F 4% 22 5 WS [ 5 20 min, FFH 0.1% 45 5 48 15 100K
b R 2 40 M 4k £5 30 min, RS R 40,
PBS & ¥ 2 G FE R, B T3 B AL R B s T
K EERT 2B

GitF 7% K H GraphPad Prism 10.0 #1F #E4T
Guit o A AR B, 2H TR EEECR MR AR e R G . 2
e gk B UIME + AR ZE (v +5) R, P<0.05 £ 7
BRI E

#FR
1 ZERESFHER

AT 7 I A i - TR XA (liquid chromato-
graph mass spectrometer, LC-MS) 5 MALDI-TOF-MS
Xof K B 5 R R 1A B 25 P ) o) TR AT R AL .
Ppa # 5t 5 Boc- 4 fEAH %, I i 2 Boc 2 4], A LC-
MS £l 7= 4) 73 ¥ I &2, W% 3] Ppa-NH-C,H,-NH, [l
677.3 [M+H] 5 699.4 [M+23], M #fi I\ Ppa-NH-C,H,-

NH, & 82 (Bl 1A). Ppa-NH-C,H,-NH, i £ MMP-2
W) )87 4 22 1K 3 Bt 25 Fmoc £ 47 2% 41 )5, 1@ i MALDI-
TOF-MS £ 43 7 it &, #i I\ 7r T UM 6773 5 &2
1 990, iF W] £ ik 5 linker i 3hi& 82 (K 1B).

4k 4 ] MALDI-TOF-MS X} & 7= ¥ PPP. PRP.
DTPD.DPD )53 i & AT RAE (B 1C~F), F 574
43 FUEM 2 000 72 A7 i B8 25 3 000 e A+, T K B 43 U
M5 000 A2 A7 F5FE 22 6 000 76 47, IE B P21 & 52 42 o
2 PTX@DTPD-PPP HYRAE

PTX@DTPD-PPP i1 73 A7 Kl 5 TEM KI5 4 &l
2A.BJi7R. PTX@DTPD-PPP /K & Fi4% £ )y 144 nm,
Z - U R (polymer dispersity index, PDI) 4 0.226, &
B LR b 35 50, RLAR /DS, HoARF EPR 20N AR R0 L«
T I KOG U 2 A & T DTPD@PTX . PPP@PTX
A1 PTX@DTPD-PPP [ FELA, A iA 3 2H 1] 75 2 1 5 717 471
HLAf, A T 7R IR P AR RE (R 1)

Fa g M S8 £ W), PTX@DTPD-PPP 7£ 1l A\ PBS
AN 1 x Assay Buffer ¥ 15 b2 Bir L7t HEEAR
REAE 24 h LA ORFFRLAE RS A2 € T-200~230 nm. 1
5 10% G245 I3 () PBS W, PTX@DTPD-PPP
MR BEFE B AFAE 12 h /247, IX AT RE A& R A If S 25 1 B
& Tk kiR m S 2R 438 n (B20).

R T HE R I B AN [ 1) 7 41 Y Ppa 5 PTX & &
Sk &, 1 28T HPLC 5 B kR AX 2 519 73 Ppa
5 PTX (b5 1 il 22, 28 )5 5 7 6 1 15 00 % 2E 1) 77 24
YA e &, TS S A B E R (encapsulate
efficiency, EE) 5 #% 24 & (drug loading capacity, DLC).

A 100 o3 B MPEG,0,-PMGMRKLVFF-Ppa
ST 10000
N
< 80t
g o 6x10 ©
= 60} e -
2 ] || z
R=| E 4x1074 | % 5000
o 40f g I g
£ E 4) g
S 20} = 2x10'+ } (
4 I |
Il
0 T ”I . e 0
500 1600 1800 2000 2200 3000 3500 4000 4500
D 10000~  MPEGa-RPGFGNKLVFF-Ppa E - DSPE-TK-PEG;,-d-PPA F — DSPE-PEGi,,-dPPA
8000 600
o8 N X
2 2 <> 1000
>
%,‘ 6000 w400 %‘
S S S
= = = 500
= 4000 = 200 =
2000 ; . . 0 0
3000 3500 4000 4500 5000 6000 6100 6200 6300 6400 6500 6000 6200 6400
m/z m/z m/z
Figure 1 Mass spectrometer spectra of intermediates and end-products of short chains and long chains. A: Liquid chromatograph mass

spectrometer (LC-MS) spectrum of Ppa-NH-C,H,-NH,; B—F: The MALI-TOF-MS spectrum of PMGMRK (Dde) LVFF (B), PPP (C), PRP

(D), DTPD (E), and DPD (F). Ppa: Pyropheophorbide a; dPPA: D-Type PD-L1 peptide antagonist; PPP: mPEG
s000-dPPA; DPD: DSPE-PEG

PRP: mPEG,,-RPGFGNKLVFF-Ppa; DTPD: DSPE-TK-PEG

-PMGMRKLVFF-Ppa;

2000

-dPPA

5000
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Figure 2 Characterisation of PTX@DTPD-PPP. A: The effective diameter of PTX@DTPD-PPP; B: The transmission electron microscope
(TEM) image of PTX@DTPD-PPP. Scale bar = 100 nm; C: Changes of particle size of PTX@DTPD-PPP in PBS, 10% FBS, 1 x Assay

Buffer within 24 h. PTX: Paclitaxel. n =3, x £ s

Table 1
index (PDI) of different formulations

The hydrodynamic diametres and polymer dispersity

R Hydrodynamic
Formulation . PDI
diameter/nm
PTX@DTPD-PPP 1440+ 1.3 0.226 £ 0.014
PTX@DPD-PPP 188.0 +3.9 0.221+£0.010
PTX@DTPD-PRP 163.2+0.6 0.242 + 0.024
PTX@DPD-PRP 193.8+44 0.247 £0.017

Gh G B A AR T LR R B I 2 S R R N
WA RSB E RGN . 7 H&HPTX 5
Ppa & 2 ELIEARE EAE 1.5 4. XN 5 Sk 4t
S 0 S5 55 A P SR VU S A 4h 2 BRI T B K
i (£ 2).

Table 2 Drug loading capacity (DLC) and encapsulate efficiency
(EE) of PTX and the DLC of Ppa in different formulations

Formulation PTX DLC/%  Ppa DLC/% PTX EE/%
PTX@DTPD-PPP 6.28 £0.42 9.38+0.63  83.74+5.60
PTX@DPD-PPP 4.77 £0.40 7.53+0.71  63.66+5.29
PTX@DTPD-PRP  7.08 +5.63 10.72+£0.63  94.35+7.51
PTX@DPD-PRP 6.94 +0.22 9.72+0.63  92.52+2.93

A B

Response test (effective diametre)

z 1000
£ 2
S8 PTX@DPD-PRP
T 8 500 — PTX@DTPD-PRP
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0 ]
5
Time /h
C
Release test
100 -
o2 w =
£2 o A=
3 & ~— PTX@DTPD-PPP
§ g 40 — PTX@DPD-PPP
02 2 — PTX@DTPD-PRP
2 — PTX@DPD-PRP
0 sl
0 12 24 48 72

Time /h

3 M R SRR SRR

PTX@DTPD-PPP 5 PTX@DPD-PPP 4 > 1] 2%
HAE MMP-2 5 ROS L [AIE F T 7K & K042 Skl 3 oK,
W BH 4 KR 1) MIMIP-2 i) )37 22 Jik B 22 8 s i D, 3
G KR AR i BRE B A R 25 4 (B 3A). JR2E)
TEM 1 8% B G % 3], Sy vl 48 % 40 K A= MMP-2 Wi B,
FH EROIR 3% 40 O 21 4EAR 1) B S T BEDWL I T3S 22
W, A B A AR TERE T MR KR T 38— MERTER,
9 S SL 4T R 7 RS B (] 3B).

AR 2 RAE B P T AR TR AE 8 h DL R it
BEHCRIRE] T 70% o4, #IE AN AT BT 4H PTX@
DTPD-PRP 5 PTX@DPD-PRP (] i, ¥t — LW 1
YK IR 2R RIS ) 2k Re 1 (B13C).

4 REVEE 55EN N ROS & A S5

LR AR MR A5 R o, g 1) A% 7 20 1) 4 ff 45
B2 TR RABEA (B 4A). AL ik —BiE s,
PTX@DTPD-PPP 7£ 4 h )G HERI 5 ' 5 5 53 73] 29
A B 3 21 PTX@DPD-PPP.PTX@DTPD-PRP (1] 1.51

®

PTX@DTPD-PRP PTX@DPD-PRP

Figure 3 Response experiments of PTX@DTPD-PPP and other formulations. A: The size over time profiles of different formulations

under the condition of 300 ng'mL" MMP-2 and 1 pg'mL" H,0,; B: TEM of different preparations after being incubated with MMP-2 and

H,0,. Scale bar = 100 nm; C: The responsive release of PTX from different formulations
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AT 1.68 1%, £ NI M 4H PTX@DPD-PRP (1) 1.77 £ (K
4B), B AT 4H 0T X ) )37 2 1 £5 8 3¢ . 3 At o )
HAFAE T E N (P < 0.001). X FLIRAS b A BY
T 184 o fie 96 2 T 8 KR Y R, 1 2 SCHR A iE
WENIE 71X —350 . X FER R A4 e 4 i iz
fisk T ARBE K, A T 25 A B T 2 o 4 2R R] B A T
P 3 R AN . AN, GOKER BT B AT I W A T
RE S EELEN N ER BN A2, i B ROS A4
S S 56 Sy R AR W 4 KR AE 98 240 i P 8 AR G ) 4
WAt 7 EUE. PBSTEYG RS ORI S 1 N0
&5, VIO U A B A6 ROS A8 it s i 7F
4N, PTX@DPD-PPP+ L.PTX@DTPD-PPP+ L
PN T ROS A2 UK B3 m TR AN AL, 1X 5
ST PR P B SR 56 25 SRAH — B, i — P WK H 3k
TR LT YRR ) 49 KR B 25 5 4 240 i 16 R i B A2 4

JiL PN, AT 77 22 %2 (I ROS.  TIAE I B 40 Fh, A I8
J 4 Ppa 41 ROS 7K V- 3 A& 5 PBS 41— £, i)t ¥ Ppa
AHREFHROS MK (K4C.D).

U5 T 2D i BT i = 0k iR 48 i 5 ECM A8 BLAE
FH, T 1 A 4D S B St I R B . R A A
HEEA TME [ iR BRAE R LTk % 1) 771 26 24 49 75 i
Jo 41 43w I B 4 A 4 L . PTX@DTPD-PPP 4 5
PTX@DPD-PPP HAHEL T AW AR LA, Toi0 & 7E i B 41
IR T HUCH R R I T SR ) Ppa 2 GAE 5 . (R
N, AATAS T FE A 1A 80 um AL {5 HE B 1 e A BA i
(1) Ppa G5 5 ZE I, 1 T AL W E 1% R FE R R FFTE
— AR X 0 4E (] 4E), % B PTX@DTPD-PPP #£
YHAVZE T b AR LA 5 5 1 PR B R R RE D
5 YRS

MTT 3256045 R, ITLLAMEIRES &4 F, 24 Ppalii

A Cellular uptake
PTX@DPD-PRP PTX@DTPD-PRP PTX@DPD-PPP PTX@DTPD-PPP
>
7]
=
2
= .8
= -
=]
(5]
Q
1723
2
]
=
[
NI TR PG TS IO ICNION
P <b\§<§\ QS\QQ\QS\QthSkQQhQSh
o RF R R R
O SISO
LLPLL IS
SESICHCHEAOHC]
© 4@ '{\-.\\ k-}.\”\/ 4@ 4© ,<\~\\ &
FEF T EFET A
C D 500000 ROS generation
>
Ppa DPD-PRP DTPD-PRP DPD-PPP DTPD-PPP =
. . = 5 600000
i | E
© =
§ 5 400000
< Q
= 3]
-
5 200000
2
= [
S | 0
2 LWL E S S LA
— ¥ OO I TLLE
K TGO
DD UL
FATFIOT NS
O AY@®
¢ QQ&Q«?@&@:@_&,
E 0 um 10um 20pm 40pum 80pum 100 pm 0 um 10pym 20pm 40pum 80 um 100 um

PTX@DTPD-PPP

PTX@DPD-PPP

PTX@DTPD-PRP

PTX@DPD-PRP

Retention

Figure 4 Cellular uptake experiments. A: Confocal laser scanning microscope of 4T1 cells that were co-incubated with different formula-

tions for 1 or 4 h. The scale bar represents 20 um; B: Flow cytometry of 4T1 cells that were co-incubated with different formulations for 1 or

4 h; C: Confocal laser scanning microscope of ROS produced by 4T1 cells co-incubated with different formulations. The green florescence

represents ROS. The scale bar represents 20 um; D: Flow cytometry of ROS produced by 4T1 cells co-incubate with different formulations;

E: The 3D confocal images of 4T1 tumor spheroids incubated with different formulations in the groups of uptake and retention
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HIRE > 0.5 pgrmL”, RN PTX ISR E > 0.33 pg'mL’
B, & 40 B B 1k R S . 4, PTX@DTPD-
PPP + L 7 0.005~5 pg-mL"™" £ ifg #5 11 £ 9, L2 4101 )
WP (1C,,) HAK, (R 0.44 pg-mL" (K 5A). 1 & 5B
gh R IR, & HFAACE S PTX PLid & 1 H 5 1CT %
PEWOEAE F 250 IR I HE AR B A . T8
1 Calcein-AM/PT 4t ()35 U A0 i W 5% S 5, ACHIE Fi i3k
— 30 LGS [] 1) 77 2H A B2 5 14 40 B B PR 208 . PBS 41
TG V8 A 15 B ' TR I 0 e A0 AR A, BB 0L IR AR
ARG ARG RE ST WO IR 140 i B 18
i R T e WO IR 2H, UE B o g8 R R A R R T
PTX I F I H 2253 2446 2 4k, & F Y6 B 5 Ppa 4=
Ji& ROS 5 20 8 4t f JlE 43 1 5 51 R I T2 5 B WL
#], M % T PTX@DPD-PRP 5 PTX@DTPD-PRP i 4~
AN, AR T AH ) A BT T R R B R, 45 A 2 Rl
) 40 15 B 5 ROS A il SR, 3 — A5 IE W A2 T s B8 0t
ARG EEIER . 48 LR, AR I 9Kk
FEAS HLAE AT 40 i A & FRE B O0 25 30 B8 R % A
71 (E5C).
6 TS5 RFEXN

T 5, 8 I A R R S 6 b A (R S S TR R A [
220 R JR A 26 DAVTAl 25056 4T 1 240 AT 2 22 11

A MTT assay
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o (KB 6AB). 45 R, R %A 650 nm B I
0, GOK 4T 4 A% Bt RE A 1) 4T 1 40 3T WO IR AT
J&i , PTX@DTPD-PPP 455 il [ 1 & 1 410 1) 2% 5 A A,
B A R AR T PBS HBEK T 24%.

SRIG, 40 )38 1 P IR Transwell 246 3E — 25 1Rl T
IR AT 4E AL 7% SR 2 Re I Al Re . fET
SIS ] A8 4 PTX@DTPD-PPP . PTX@DPD-
PPP 55 i 85 24 20 FAS W] AR M 2HAH LG, 48 BT A% 26 B
TRENTRE (P <0.000 1), A 00ma 541 (14 40 i L 5%
F AN PTX@DPD-PRP.PTX@DTPD-PRP. ii & PTX
41111 50.92%- 58.66% Fl 26.26%. 1] 1E 12 28 52 5 v,
PTX@DTPD-PPP ZH ) 41 i 3 #% %2 [A] #F: i 2518 T 25 il
FIH 54 (P<0.000 1). £ Efrik, PTX@DTPD-
PPP + L X} i 988 20 L 7% 5 42 28 A7 2 W X0 i 41 1) e
HiZBE 11 9Kk A8 I \PDT 5 PTX AL T 1 [|) 4 ] e
5E (K 6C~F).
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ZE T, AR T —Fharmg 8 TME i
K MMP-2 fif 5 ROS B 259, R & A8 A2 R AR
[ 20 2% 12 K PTX@DTPD-PPP, ] T 3L JIR 9 ) PDT- 1k,
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Figure 5 Cytotoxicity test of PTX@DTPD-PPP and other formations. A: MTT assay of 4T1 cells incubated with formulations of different

concentrations with laser; B: MTT assay of 4T1 cells incubated with formulations of different concentrations without laser (n = 6); C:

Calcein-AM/PI double staining of 4T1 cells treated with different preparations. 4T1 cells alive or dead were respectively stained to green

(Calcein) and red (PI). Scale bar = 20 pm
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Figure 6 Cell migration and invasion assays. A: Microscopy images of 4T1 cells wounded and treated with different preparations; B:

Wound healing rates of 4T1 cells wounded and treated with different preparations obtained by ImagelJ; C: Microscope images of the Tran-

swell migration assay of 4T1 cells incubated with different treatments; D: The transwell migration rate of 4T1 cells incubated with different

treatments; E: Microscope images of the Transwell invasion assay of 4T1 cells incubated with different treatments; F: The transwell invasion

rate of 4T1 cells incubated with different treatments. n =3, x+s. "P<0.01, ""P < 0.001,
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