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Abstract: To target neovasculature and tumor cells, a novel cationic liposome with verteporfin (BPD) active-
loaded in lumen (CLL) was designed and its basic in vitro and in vivo behaviors were evaluated in this study.
Calcium acetate gradient loading method was applied to encapsulate BPD actively and cationic lipid (2,3-dioleoy-
loxy-propyl)-trimethylammonium (DOTAP) was added by post-insertion for the positive charge of CLL. Results of
characterization showed that the diameter and zeta-potential of CLL were around 100 nm and 28 mV, respectively.
Compared with passive loading liposomes, CLL significantly enhanced the stability of BPD loading. What's
more, the loaded BPD in lumen could switch off the fluorescence and photosensitization during blood circulation
by homo-fluorescence resonance energy transfer (homo-FRET) effect, leading to the diminished phototoxicity to
normal tissues. In vitro cellular uptake and cytotoxicity assay exhibited that positive charge dramatically enhanced
the uptake of CLL both in vascular endothelial cells and tumor cells leading to superior therapeutic efficacy. In vivo
study further showed that CLL reduced the clearance rate and increased tumor accumulation compared with
passive loading group. Quantitative results of exvivo organ indicated that negligible CLL distributed in normal
organs contributing to low phototoxicity. Animal experiments were conducted according to the Guidelines of the
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Experimental Animal Ethics Committee of Peking University Health Science Center and International Animal
Experiments. In conclusion, we successfully designed a novel cationic targeting liposome that overcame the
limitations of passive loading and significantly enhanced the efficacy of photodynamic therapy.
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calcium acetate gradient method
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% (ECGS/H).0.25% 7 EDTA i & [/ . L- 25 & Bk i
8 R Z O (LR RHE REHCE R A R); iR
413 (FBS, 4% 5 PAN-Biotech A &),
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2V BEAC A Cy, i A FIT AR ARV W AR AR e R v, i
I T o3 A4 v v ) 25 R FE A C,, b A JiE R o A
WAL AV, BB Z (BE) tFHE A F:

EE (%) = (C,xV,) / (C,xV,) x100% (1)
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HI G R RLAR LA K zeta RAL AR Ak . SR A IR £ Y
VEREAT BB R i R %, A 3 R SR B LR (TEM)
GEIAR VAN SE

WHTFRILR ] Triton X-100 58 &4 CLL, 15
PR ELASFE S (disrupted, on-state). 1] 0.9% NaCl & W

[F) B 48] A R 1) 551, 43 31 58 BE S 5 (intact, off-state).
o FH 2¢O 6 A I B CLL AR B B 56 R S Ay =
690 nm 4k BPD % )t 58 B2, I 1t 55 % 615 5 IR £ 2
(RF), it & A0

RF = F,, / Fuq (2)

1 /N B W0 35 AR A% 2 B8 % CLL iR i B 52 401k
AT B (e = 675 M, Ay, = 720 NM).

BRI RME KB FI#ILIR (electron
spin resonance, ESR) il B HI & 7= A2 o K RE W RE
T EE K I B 0 U L -4-DRBEEH (5 pmol-LY) ) B
T HE B AHE AT R, BN 40, REIR
1 min. CLL MAEBGESTE &A1 5 B i 23 1 A 690 nm
WOk 2 50 mW.em2 it 4T IR, FEROEIE 1 min, YEIR S
7. RIVERCRE 75 AT AG 00 73 380 A 2R AL T 4%

RINEEM  F A 10% FBS 1 4E B £5 7K K ML
CML.LL J CLL 3t 4 F i 71 53 51l # B %2 BPD Jii &K
JEN 5 ng-mL?, B 37 CK A T AT R s
3o 50.2.4.16 K 24 h BUFE, A FH %¢ )6 e il A0l &
Jem = 690 nm &b BPD %16 5 B o il 511 ¢ J S B &
()RR, 0 A Py A RIS 1) A5 EURE DU 75 11 28 e 53R
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BPD Jii &Kk % N5 pg-mL*, LI 500 pL, T~ 37 ‘C4>
S A 5415 &% 30 min. JESESei R L, SR At
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T35 WA AR A S BH S R DR T A I R R BE 1 e B 1R T - 1683 -

% DiO Jii & WK ¥ 4 0.25 pg-mL, 4 FL I A 200 pL,
F37 ‘CHr B9 5.15 & 30 min. 3 27, PBS I &
3. BEFLINA S ug-mL? Hoechst 33342 4H fitd 1% %t i
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ITEMGREE . @ #2515 TR R 20 B 18 B €44 BPD 11
LL & CLL % % B¢ 25 BPD Jii &K EE 4 5 pg-mL?, J&
GRSLIR R L.
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SOSG H L5 A A K PRE, AR I 41 A py B 28 A S 1 2R
Be. B HUVEC 40 AT 4T1 400 43 51 LL 8x1044N/4L . 2%
104N LEEFR T 12 FLAR 1, W B ik . CLL A LL Bk
% BPD Jii & W 4 5 ng-mL?, & LA 500 pL, T
37 CHWFH 15 min. 25, FH PBSIHEHE 31k, SOSG
2R S E KR ET A5 FBS (185 97 36 R B 1 ),
LA 500 pL, 37 ‘CHEHE 1 h, J& 220 AR 5 AL 34 J7 %
Fl . 690 nm ot %% 50 mW-cm 2} | ik 41 jd 2%
HEAT IR, 70 B E S 5 10.20.30 s & 1 min. &U0O6
PR &5 AT RPN & (FITC I8 i), 13 3 2 H e @i | 10,
30 s 2 1.2 min i} SOSG 1) 7% J 5 5, LL SOSG ¢ )t ot
FE- B s R e R .

MTT RS MM K HUVEC 4N AT 4T1 41
4351 EA 8 000 A4™/4L A 2 000 A/FL 4 T 96 FLAR 1, 1%
B . CLL & LL %% % BPD i K & N5 ng-mL™,
B fL NN 100 L, 37 ‘CH¥ F 15 min. 3 &7, A
PBS i ¥t 3 ¢, & LN 100 pl 75 Wy 41 58 4= 1% 9% 3
37 CHEAE 1 h. fdH 690 nm L2868 30 s, HlE T
4351 50,100 F1 150 mW-cm2, %R 45 o 5, 4k 48
737 CHE 9h. M AIHRGFREE, IO 100 L MTT T
TEM kS E 4 he B H 45, I\ DMSO T 37 “C it
JEHRPE 30 min. {3 BEAR AR I 540 nm AL RO EE (A)
1, B szie AMEIC N A, STIBALAEIC A A, EHEH4HA
fHid A A, dEHAEEZ (V) THE AU F:

V (%) = (A-A,)/(A-A,))*x100% (4)

BB SES (LDH) RSN 4520 Koklib
BRIEMTT ¥, 5 75 B2 1EAT #OK 5 4L 34 (56 °C, 30 min).
B % FLBE 3 3 bW 120 pL, 43 500 N LDH A& T4
W60 plo Z TGRSR 30 min, 13 FHEGEFR K I 490 nm
b AME, Kr2ieH AMEAT A A, MR AT N A, 4058
SRR AT N A, e LDHBSR A 2 L AR T

LDH (%) = (A—A)/ (A A x100% (5)

Calcein-AM/PI 4B & 1 HUVEC 4 [ 4T1
R T8 fLE =, WH IR . CLL X LL#RFER
BPD Jii &Kk J¥ A 5 ug-mL™%, A LI 200 pL, 37 °C %
B 15 min. 3¢ 257, TN TC 8 40 58 4 15 77 3 4% 4L i
A 1ho ffH 690 nmFOLAE 50 mW-cm2 30 s. 6

FR 25 TR 40 452 5 5 £ 20 min, 245 B Ol 2 S s T
22 IR 0 & 2R 9548 . B LN Calcein-AM 14
I TAEW (4 pmol-L7) 200 pL, 37 “CHEE 30 min. W%
Bedt, & FLm N PLAS I T AF % (2 umol-Lt) 200 pL,
37 CWEH 15 min. FWR 2 Y, LA TG 4185 7%
5200 pb, I 37 BPAE A 3L SR AR B A AT B R AR .

Annexin V/PUBT RN © eI E 5 A
Y24 ROt IR D BRI Calcein-AM/PI G FEAH M et . W 2
[HRE 725, NN Annexin V T/, =R E 30 min. W
FYe, MNP AR = iR 9% & 10 min, 37 BP {3 H 4t
REEMBERERE. @ i ERNE: B HUVEC
Y Bz ATL AN fh F 6 FLAR b, B IR . 425 ot
HED R [F] Calcein-AM/PI G FEAH AL 4 2 . W) 22 IH K5 97
Bk, BFALINN 500 pl AN & EDTA BB (A B EAT AL .
1500 r-mint .0 3 min W AEGH A, i\ Annexin V T.{E
UL A 30 mine A P LBV E 59 & 10 min,
7 R 9 A AT A

BB HE 20 X BALB/c /MR FEHL 2 Ty 4 41,
45 H . ¥ BPDJf&E N1 mg-kg! I CLL.LL.CML
F ML i) 51 43 ) dE R A O SN N AR, TR 4R
245 )5 2.15.30 min #11.3.6.12.24 h M /N B P Btk % ik
JAELIL, 4 °C 4644 2 000 r-min™ & > 10 min 75 ] it
o B JE MK 10 ub, i 200 pL 2 EGE $2HU BPD.
10 000 r-min™ & 0> 10 min, 18 F 9% ' e 1% 0 1
t BPD & E AT IR . K 2 min B AE 0 58 058 A
N2 25 I ) 30 00 24 R P A v B A 6 B B, T R
TF) A0 (R RE G 5% 6 3 BE 7 43 B, 9 DL I 98 E 1 40 B ot
AR AT M . fdi ] Das2.0 # 1, SR AR B = A A i
GuitsE AT G, TH R R 4B 1% S

RNFR 9 H A ATLIR Y BALB/C /N RBEHL N
34, FH 3 H . K BPDIE N1 mg-kgt ) CLL LL Fl
CML il 351 43 7 e 3ok 2 8 ok vk 6 N /N BR AR Y, TR SR 2 )5
10 min (8 0 h).1.3.6.12 K 24 h, f# Ff /NS ¥ 14
Hit% 2 G AT G R B (Mg = 675 nM, A, = 720 NM).
24 h BRAZ S5 S, % /0N BREAT 0 JU E I8 5 A 50 49 31 %
MR E, /NI SAR & ST BBCR4E
(Aex =675 NM, A= 720 NM).

MBSO K GraphPad Prism 7 41 i3k 47 4b 71
AT, BT S0 LT 340 £ bRdfE 2 (x £ 5) IR, P<
0.05 N EA BEMZER, P<0.01 N EAWEHEXER.

ZER
1 CLLHHIESRMA

PR 1 CLL &b J7 20 1% M e A5 A 25 FR B IE 47,
K FH 8 PR K A v s % i A o 30 3o TS R 5 A R 2 3t 59
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Scheme 1 Preparation of verteporfin (BPD)-loaded CLL

Table 1 Formulation of cationic liposome with drug active-loaded
in lumen (CLL). HSPC: Hydrogenated soybean phosphatidylcho-
line; Chol: Cholesterol; DSPE-PEG,,,: 1,2-Distearoyl-sn-glycero-
3-phosphoethanol-amine-N- [methoxy(polyethylene glycol) -2000];
DOTAP: (2,3-Dioleoy-loxy-propyl)-trimethylammonium

Formulation HSPC Chol  DSPE-PEG,,,, DOTAP
Mole number /umol 24.9 7.77 0.390 5.79
Molar ratio 64 20 1 15
Mass /mg 19.5 3.00 1.07 4.05
Mass ratio 71 11 4 15

IR 1% % iR BPD #E AT H %1 5, i\ DOTAP fif 46 A
FiE B R P B e, #1075 CLL, L& g 2k 1.

185 58 A1 43 60t B TE A A A 2R R 324 1y il
9 (98.03 + 1.81)% /% (1.96 + 0.04)%, &5 5% % £ 5]
R ZVETT LA D0 4 BPD . Ay 3 4 5 0 3 Bl 3 24 1o
P2, PR 7E #0024 J5 il il 5 46 VAP in N DOTAP il %
CLL. #fi A\ DOTAP Hi 5, il K42 5 7£ 100 nm 72 47,
REW A BHREUNT 0.2, 3 AL FE X 157740042 78 B B
o (B 1A). i\ DOTAP 5, zeta LA {H H1 21-6 mV
N 512 28 mV, & B DOTAP 4G A &Y (K 1B). &4
H 4 P g — B B CLL kA2 i #5147 (B 1C).

K FH 566 e A4S CLL % )6 R A% #0440 10 1%,
AEAE PR T I RS (B 1D). /N8l Wi 4 Btk
g R 59O 5 45 B — 5, W 1E frok. ESR
GEREB, X CLL 450 52 B, WO IR A & S 8UE
£ 4 (reactive oxygen species, ROS) 15 5 7= 4, ROS
55 ON“OFF”IRZS; 24 CLL BN, B0 I8 5 2 S 5
ROS {5 51/ 42, ROS {5 5 A“ON™IRA, ROS 1™ 4=
B ' B 3w g 0 (B 1F). %% & ROS {5 5
) T 2R R A 1) 7] 1D vy RCMIG B 16 AR i AR IE 223, 7
PN ARG A A, CLL 1) %% % Je ROSAE 5 K A1, ] [
A FE P e d e . BIIAHE 25 986 & ROS 15
SRS, 13 LLRFE BN 197 8

(DOTAP)

Post-insertion

RN S =g S TIPS £ e o ) R = R
ik 3 B A 2% 3k 4T BPD (1) AL E AT 2 k> 250
M FE 2 (8 1G). BHESF I 4& (CLL & CML) 254ttt
& 28 W =y T AH B AR BE ) R 2 (LL A& ML), Bl
] DOTAP ()4 N 2% il 57 B g A — € M. (HAE
24 hIr CLL 1) 25 ¥ ittt 2 2 731K T 20%, 5 B He A4 4R B
E VBT o
2 YHREIRENEASR
2.1 DIOHRIZBERRIE  DiO kric 25 11 g S5 4 ) 4 o 4%
Hi R 45 R B, HUVEC 41 g & 4T1 4i i 5% X CLL
EYRESTLLA, IFHCLLE A A AR A R
B 1) I8 P B 0 i RS 1) e 0 % e e 4 B P A 1 i A
H (B 2A.B). fE4: 27 & S & 25 A — B oL F
HUVEC 2 i 1Y) CLL 45U & K 292 ATL 40 M 1) 5 £, 1M
LL 55 s 0 0 5 3 72 S (9% 5 FE ~120) . X Ud B
TRl 240 6 450 BT S5 A Y AR (1) e ) AR, CLL $8 & 2%
¢ EE R W T HUVEC 4l il 3R 11 &G 0 2 4 LAy 20 4y
FHM . HUVECHH ML ARG 4 R 5 e &
g5 R — 5, H vl 71 DIO 15 5 35 45 A A 4H i 5 B 3
(KE12C). —J7 i+ T CLL i IF #1177 5 HUVEC 44
Jit B8 2 T A7 PR AT i LB s 5% — D7 T2 BT DIOAE
UM REARICHD, B 5 LS5 e JIiR, ZE 4 A ALt 7R
Hh i 351 HH 3 3 DIO 55 4 A R k- 7 i B AR L
2.2 ERZABERRIR 2R T AR 1 4t i £ B U Rk
B, fE HUVEC 41 itd K AT 1 40 b, #5-B5 1] i CLL 44 BPD
R T LL 4, 380 CLL 7] s Zheks BPD I i i
2 HUVEC Yl 2 4T1 41 i (K1 3A.B). HIE|3C.D ]
S, i 20 e B R R) 0, CLL 255 LL 41 BPD B &
22 S IB BN o K A2 H T 4 5 A ) A A R R
G, 24 CLL $5 BB 42 00 1 AN I, 200 P 35 BB 6 PR AT ; T
WIS L 5 HCE AR TA T AN, 24 i 5 G R T R A Ak

i P R A AR AR R 7 SRR 5 AN 1 BE L F TR
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Figure 1  Characterization of verteprofin (BPD)-loaded liposomes. A: Size of liposome with LL and CLL; B: Zeta-potential of LL and
CLL; C: TEM image of CLL. Scale bar: 50 nm; D: Fluorescence spectra of disrupted and intact CLL; E: VIS spectrum images of disrupted
and intact CLL; F: ESR absorption curve of intact and disrupted CLL with 50 mW-cm? 690 nm laser in different time points; G: BPD
leakage to time curves of CLL, LL, CML and ML in 37 ‘C saline with 10% FBS. LL: Liposome with drug active-loaded in lumen; CML:
Cationic liposome with drug passive-loaded in membrane; ML: Liposome with drug passive-loaded in membrane; TEM: Transmission
electron microscope; IVIS: In vivo imaging system; ESR: Electron paramagnetic resonance; FBS: Fatal bovine serum.n =3, x s
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Figure 2 Cellular uptake of DiO-labeled liposomes. A and B: Cellular uptake of DiO-labeled LL and CLL in HUVEC cells (A) and 4T1
cells (B) after 30 min incubation measured by flow cytometry; C: Cellular uptake of DiO-labeled CLL and LL in HUVEC cells measured
by confocal laser scanning microscopy. Blue: Nucleus; Green: DiO. Scale bar: 20 um. F.1.: Fluorescence intensity. n = 3, X = s. “"P<0.001,
""P<0.000 1 vs LL group
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Figure 3 Cellular uptake of BPD-loaded (5 pg-mL?) liposomes. A and B: Cellular uptake of BPD-loaded CLL and LL in HUVEC cells
(A) and 4T1 cells (B) during 30 min incubation measured by flow cytometry; C and D: BPD mean fluorescence intensity ratio of CLL to LL

in HUVEC cells (C) and 4T1 cells (D) during 30 min incubation measured by flow cytometry; E and F: Singlet oxygen yield of CLL and LL
in HUVEC cells (E) and 4T1 cells (F) during 2 min irradiation measured by flow cytometry; G and H: Cellular uptake of BPD-loaded CLL
and LL in HUVEC cells (G) and 4T1 cells (H) during 30 min incubation measured by confocal laser scanning microscopy. Blue: Nucleus;

Red: BPD. Scale bar: 20 um.n=3,x £s
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Figure 5 Apoptosis assay of CLL and LL. A and B: AnnexinV-FITC/PI apoptosis images of CLL and LL with 50 mW-cm? laser in

HUVEC cells (A) and 4T1 cells (B) measured by confocal laser scanning microscopy. Green: Annexin V-FITC; Red: PI. Scale bar: 20 um;

C: Annexin V-FITC/PI apoptotic images of PBS, LL and CLL in HUVEC cells measured by flow cytometry; D: Percentage of apoptotic
cells in HUVEC cells treated with LL and CLL. n =3, x £s. ™“P<0.000 1
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Figure 6 In vivo pharmacokinetics and biodistribution of LL, CLL and CML in mice bearing 4T1 tumor. A: Pharmacokinetics curve of LL,

CLL and CML with BPD dosage of 1 mg-kg™ (n = 5, x  s). F.I. was normalized by F.1. at 2 min post injection; B: Fluorescence images of
LL, CLL and CML in mice bearing 4T1 tumor during 24 h post injection measured by IVIS. Tumor was marked by dotted circle; C: Ex vivo
fluorescence images of the organ separated from 4T1 tumor-bearing mice treated with LL, CLL and CML at 24 h post injection, measured

by IVIS; D: Organ to muscle ratio in 4T1 tumor-bearing mice treated with CLL at 24 h post injection.n =3, x s
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