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Abstract

Pyropheophorbide-a (PPa) is the second generation photosensitizer in photodynamic therapy
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(PDT). But free of PPa there are still some defects, which leads to reduced clinical curative effect.
For example, it is easy to self-aggregate in the physiological environment and accumulates poorly
in the tumor tissue. In order to solve these problems, we constructed a photodynamic therapy
nanoplatform based on polyallylamine hydrochloride (PAH) modified with Zr#+ as the central ion
and 2-amino p-benzoic acid as the skeleton (Zr-MOF) to support PPa (Zr-MOF-PPa@PAH), by sol-
vent method and self-assembly method. Zr-MOF-PPa@PAH has good encapsulation efficiency, ef-
fective cell absorption capacity and good biocompatibility. In addition, the cells in vitro experi-
ments show that the intake Zr-MOF-PPa@PAH nanomaterials can accelerate PPa drugs into the
tumor cell nucleus, and drug release behavior is pH sensitive. The results of MTT assay on human
hepatoma cell line HepG-2 clearly show that Zr-MOF-PPa@PAH composites under light can cause
cell injury and apoptotic cell death, nano composite materials can improve the PDT of PS drugs’
antitumor effect, but the dark poison effect can be ignored. In conclusion, the photodynamic ther-
apy nanoparticles with good biocompatibility and low systemic toxicity were prepared in this
study, which improved the photodynamic efficacy.
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1. 518

P A2 7 A N AR R W . ARSI JNE AT . U7 . FARE E A REIER &
DR VRITRCERAG . T 2P &S8R A1) [2] [3]. J6B /A7 (PDT)VE N — Mt A T 7k, & B ik
YRR TRIT R i 25 /NP AT 45 52 O [4]. JEVR. SRRIGRIAN A SR B TR AR E R [5]. H
JRELN: SEREGT(PS)FEE M KRR T, MIESITH = EBRECPs), *Ps SABES FRA R
¥, Pod BT A A S PESAU(ROS), FAAEIK ROS BT BIVR AR Bk R 40 M P 1% 25 1 R 20 T AR, 51k
YHAE TEIRBE[6]. FEFEBN YTV, JRBGR SR RO EENER .. O HRIE M R SR
HHZRER(PPa) Y PDT JLBGHI[7] [8]. PPa I A T2 MME, BARKGEMBSEE TR, RIFMEMMHEE
PR BRI 5B RE /), KRB RAFR) PDT RCR([9]. B2, HTHA T/, KiEtZ. AR R
o RAEER S, IREIEL 2 N B M ER T R [10]. AR, &R A VINEZE(MOFs)TE SR ETE . b
ONES S MEALERAL . REVE L AR BB T AEAE . B REMORLRI 25 Ak 3 S5 5 T LA T2 IS TS [14] [12] [13]
[14] [15]. HERRIEAEVIEE AT, 48 A HUAESLN R I AP AR SR A 2. 7E5630 )
L ZYREIOh B2 B H[16] [17] [18]. A B R AE[19] 0 H 48 A HIAESE (ZIF-8) f 3 — by 8t Bl
71(CeB), flHh T ICREGIAE IR Z b 25 5 SRR M I . X 65 55 [20] 4 B T AN IR RO et i & @ A
HUREAL(U10-66-NH,) % %2 1 Bixf 5-FU I fEEe /AR RE 77, 45 R e ) 7k 5-FU ks 5-FU 1)
FERERE

TEARSCH, BATR B F RGPS 54145 Zr-MOF-PPa@PAH, FATIE T ZZr-MOF-PPa@PAH
TEFEANI =42 ROS IIRE ST« Ik, BATIEHEFL T Zr-MOF-PPa@PAH (1A% PDT 2% . 41 B I A
LIRS, Zr-MOF VR NGk E AR 7 R 1 3 35 PPa fE/EFEIRES R A S 45 R L, -5 7 PDT ML
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o AN, PAH f2HiSE R 1 Zr-MOF HURa 2 PEAAEIANAYE, SEA 1 MBAEAAR a) . PRIk, JRATH BT
1] PPa 1% i R 40 1T AE2 — MRA AT IR AR 258 PDT ¥ 5.

2. SCIGERSY
2.1. LI BN R

211 XWHR

NN-HIEH B (DMF). /8. LFE. HEES N ralifh: Seie = 3 fil I g 48 2-a (PPa) t
T BT B R . 2- HE N 2E R (98%) . ZrCly (97%) . I HIIEES(MB 99%) . PAH (Mw =
15,000~18,000). 1,3- 55 AN (DPBF, 97%) [ i3 s SEM AL AR B IR AT 47,6- pkIE-2 K ILH)|
W(DAPI = B0 (03325 90%) . 2',7- & AR EK . ZRES(DCFH-DA 98%). MTT (97%). kit is
£:(DMEM). it 2 11135 . 0.25% 3% 5 11 i - AM/PIA XU R [ RV B AN AE ) A B ] NS 40 HepG-2
S R Dk K2R 4Rt

2.1.2. {L3&

i 2 EBL(SEM) (H 57 S-4800, HAZFRA R, HA); &5 5 (TEM, Tecnai G2 f200s-twin);
A - WO (H LA R AR, HA): (BB AR (FTIR) (i & A ], #5[E); D5005
X SHERATSFHX(PE ] T ) BEARC(WD-2102A, Jbii/N—; PIRHLA IR A ) %6 B S (DM
IL IED, Leica HistoCore PEARL); X #£& ) TREitk (H A< UIVAC-PHI A ).

22. kEE
2.2.1. Zr-MOF HY& R

AR HBEFIPGEA T MOF, 2-2 345 7% — H iR (NH,-BDC) (108.6 mg)# T DMF (5 mL). J\/K&
185 (ZrCly) (56.2 mg)ies T DMF (5 mL). PMIERAE Sk R N IR G, FEAE RSORS00 i ABEREZ (1.0
mL). ¥AE 120°C Nk 24 /NiF, 7245 MOF. SR J5 X iE fnidt 4 4litk, 25.02(9000 rpm, 20 min)ii5E, 4RJ5
BETIEAZZH:(3 x DMF), 2 NPs LBk B 16 DMF, S yiig i i@t 24 h, i EEE 2 k. R
JEHRE R R TE =R N BT
2.2.2. Zr-MOF-PPa@PAH BI& R

# 20 mg MOF 4 KA1 k3T 20 mL ZfgH, #7330 min. SAJSHIA 5 mL PPa Z B (1
mg/mL), i NREGCHIEE 24 h, FEAZ 44k )5 5 0(9000 rpm, 20 min), ARG TEFIZ B x LEE, 3 x
7K). 20 mg MOF-PPa 7E /K H1 43k, #8743 30 min. PAH 7KV (Mw = 18,000, 5 mL, 20 mg)H NaOH &
(2 M)A pH EA 7.25. S8 J5H PAH WIS EIR Zr-MOF-PPa ¥, fE=IR TMRE, BEOBHiHE
R FRAFHT Zr-MOF-PPa@PAH 44 K0k FH /K BEds JLIR,  FF & B5.02(9000 rpm, 20 min), .25 4.

2.3 RifE. BAMREMERNE

FIF 20 256 B (DLS) M 52 50 pg/mL MOF-PPa fkif%s . HAL L IES 1 10% FBSDMEM F1 PBS ff)
FasE MR .

2.4. PPa B9 pH B9 M Bz B i scie

FREL 30 mg Zr-MOF-PPa@PAH, A IEHTLEH, — A 10 mL pH = 7.4 f¥] PBS (0.01 M)Z2 &,
—f A 10 mL pH = 6.4 [£] PBS (0.01 M)ZZ i, — 4K+ PBS HILA 10 mL pH = 5.6 [¥] PBS (0.01 M)%%
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MRS PT, T RGP A% AR FRER 37°C, FELL 100 rpm [8ERE. A 0~12 /BT, BERE 1 /B 53531
BURE FH 240 - 1] WA 66 B IS K 670 nm AL &G, 5L PPa IR .
2.5. Zr-MOF-PPa@PAH B £35S BN E

F DPBF (£ DMF 1 1 mg/mL) % 'O, 4 3k51, UL MB AZLLEES, € PPa, Zr-MOF-PPa@PAH K]
0, B R, B, EEANRESA MB 1E 671 nm AR kR, 29749 0.10 OD. #RJ52r 5N DPBF
(30 uL), % 670 nm OGRS (ShFRHE N 0.1 Wiem?), Il E7E AR [FINA] DPBF & WRAE 415 nm WOGRE, it
SR BRI T () B R R In(AGAY), LA — R R R . 3% A ()T EOLEGHIN '0, B 7o,

ch = (I)MB ttMB (1)
Her t A1 tyg 20 S A ARIIRE 5 AT MB 7272 DPBF WU FEAR 25— B 48 B8 IRk i 5 1] . by 9 MB 7 DMF
L0, BT, N 0.49. SRIGFES Zr-MOF-PPa@PAH F1H Hi PPa [f) 'O, & T-F= %401l Jy 38.4%F
53.6%.

2.6. ZApAESE

JH-98 4 i (HepG-2) 7E & 10%J14 2 L& A1 1% 100 mg/mL Hi 4k % (5 % =515 2) I DMEM #53%,37°C,
95% 7 A1 5% CO,. DMEM 577364 2 REH—IR. EATE FISZIS . 40 A A BB 70
VEtk, SR G R R I R R

2.7. ARSI

# HePG-2 41 s & T DMEM 1 96 #L(100 pL, 4000 N4iff)rf. FFLIEH 24 h. AR5 KANEIR
PPa o, Zr-MOF-PPa@PAH % & 4Hifitl, PPa ¥ & 4(0.625, 1, 1.25, 2.5, 3.75, 5 ug/mL) o 45 A [F) v &
[FIEAL PSs 4 h AL FE TH64k 10 208k (GEIT 670 nm i JELS AT, 10 mWiem?). TRET)E, ZHHU7E pH = 7.4
] DMEM HhZkSEEI% 24 /NI o EFFEARA, KA E T8 3-(4,5- I REMEME-2-5E)-2 5- — K JUMER AL
(MTT, C = 0.5 mg/mL) {85 3# 3 E 4 h, 4 150 pL — H FEFH(DMSO) I I3 148 (5 iR,
B FRAAE 490 nm P TR 6 BE(AVE - 4R HOA735 2 (%) i% N = H 5

I IAEIE R (%) = AJA, x 100%

M B0 HEAH 5 R AR R S0 AR )

2.8. Zr-MOF-PPa@PAH K45 EX

¥ HepG-2 4Hfu4Ft T 6 FLAHMES F- I (BBl 1 x 10° D), W HE 24 /M. Zr-MOF-PPa@PAH 7£
37°C N3l E 15, 30, 60. 75 1 180 min. FEEH 754, PBS ¥ 3 1K, 2.5%/% —EE[H € 10 70k, F:ik
IR ST, PBS ¥E 3 K. J5 M 2 mg/mL DAPI X} HepG-2 4ififd 47 10 2> 8h4ett. #Ja Fl PBS M =1k
PLZ:Fk DAPI Jekl )G, o5 B3R, eI b, i HE S BaE T RO .

2.9. Zr-MOF-PPa@PAH ZEZHBEA E M S (0, N &

DCFH-DA A HEL 5 10, /%, 1 488 nm ik F RSG5, H 1 mL % Zr-MOF-PPa@PAH (1)
DMEM, PPa ik A 2.5 ug/mL AFE/SFLAR LR HePG-2 IR(AMAEE N 1 x 10°), W E 2 ho PBS
P& 2 ¥k, 50 uM DCFH-DA % & 30 min. PBS 3 3 ¥k, #RJ5H 670 nm #0t, TR AN 10 mWiem?® )5t
MO 04 2. 34 6. 10 min. BEYEEH PBS ¥k 3 ¥k, SLEIA FIM W%,
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2.10. AT LABAD G SIS

¥ HepG-2 40Mud%fh T 6 FLAMIE (AL 1 x 10° ML), W5 E 24 /if. JH 1 mL & PPa.
Zr-MOF-PPa@PAH ] DMEM, PPa ikJE N 2.5 ng/mL AL N FUAR_E IR I HePG-2 4H i (40 f 55 A 1 %
10°), A PRI 3 AN IAEELE FH, 45 PBS it =1k, 485 1 mL PBS, | 670 nm Jt: &4+ 0.
2. 5. 10 min, j0A AM (2 mmol/L)F1 Pl (4 mmol/L) & 15 7040, WEHE 15 70805347 FIM 2047,

3. ZR5WiE
3.1. Zr-MOF-PPa@PAH HIRAE

F SEM #1 TEM #1#% T Zr-MOF-PPa@PAH [HJEZ (W11l 1(a)). Zr-MOF-PPa@PAH IR 6, 4N
K- HIRiAE N 68 nm, A EUE(DLS)#E B Zr-MOF-PPa@PAH 7£ 2 5 1K k42 98 nm (L&
1(b)). tnld 1(c)r %0, Zr-MOF. Zr-MOF-PPa. Zr-MOF-PPa@PAH [1] Zeta HLA7 405l h—22.1 + 1.12 eV,
-13.12 + 15 eV, 20.7 + 1.08, HT PAH J#hlg#:, WA KREIERA, MERM K. /£ 7 RN
Zr-MOF-PPa@PAH 1E & IfLi& 15 72 3L A1 PBS H RSF 3 23 184k (W 1(d)).

80
Diameter (nm)

(b)

118
204 ——DMEM 10% FBS
—PBS
g 17 1164
= Zr-MOF Zr-MOF-PPa z
s E
A H
] Zr-MOF-PPa@PAH &
o 1144
o 10+
S
(]
N
-20 4
112 T T . r r r .
1 2 3 4 5 6 7
-30- Time (day)

© (d)

Figure 1. (@) SEM image of Zr-MOF-PPa@PAH. Inset is the TEM image; (b) DLS of Zr-MOF-PPa@PAH; (c)
Zeta of Zr-MOF, Zr-MOF-PPa, Zr-MOF-PPa@PAH; (d) The hydrodynamic value of Zr-MOF-PPa@PAH was
cultured in PBS or DMEM (containing 10% FBS) for 7 days

1. (a) Zr-MOF-PPa@PAH K SEM El#%. &R~ TEM Ef%; (b) Zr-MOF-PPa@PAH B DLS; (c)
Zr-MOF. Zr-MOF-PPa, Zr-MOF-PPa@PAH Zeta EL{[E]; (d) Zr-MOF-PPa@PAH BY7KE1 1K/ E PBS
5 DMEM (& 10%fs4105%)FigsF 7 X

4] 2(a) Ay L AR 21 4R 1% (Fourier transform infrared spectroscopy, FT-IR), Zr-MOF 7£ 3100~3550
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em G SEIRENIE, VR T ERIE R AR IR SN0, XU EIEM N-H (P4 HRSIHFEIE . 1574 cm ™t %
4R E C=C XU 4E RS, 1386 cm™, 1258 cm /3 %24 C-O Fg Al C-N 8 (1) {H 45 4R 3, 690~900
cm ™t =ANER 1,2,4- = HUREEIA) C-H T4 iRz, 1528 cm &N PAH [¥F H 5L C-H B ks,
1100 cm gy C-C B 2R EhIE . X LURFIEIELE Zr-MOF-PPa@PAH [R£L AN A il 25 b Hh 3454 5t 7
(R, E B D45 2] Zr-MOF-PPa@PAH. i & 2(b) KA R X-5 24175 (XRD), Zr-MOF f£ 260 =
7°, 8°, 12°, 26°AMFIEIEY) S5 SCRRIRGE I AIRF[21], 26 = 70X B TEI(111), 260 = 8°I4X B i (200) .
IS I TR 2 Zr-MOF & 5 2 45 54k . Zr-MOF-PPa@PAH HIAT5T 6 5 Zr-MOF FIRTSTIEAR R, B
I PAH bR 45 A KA AL, B gitaErE. 5 2(c)h Zr-MOF-PPa@PAH [ X £t 1
REit. W%, Zr-MOF-PPa@PAH F7£7E C. O. N. Zr jt&. Zr-MOF. Zr-MOF-PPa@PAH. PPa
[PV AMR IS an ] 2(d) BT, Zr-MOF TE ] WL S 4L b 6 XA U, PPa 7E AT ILB[IX 400~800 nm
5 AN I, For 400 nm B — A SRR i, 7E 660 nm BRIT A YRBRIE, A 3 AN I4LE 500~630
nm X1, XL PPa (MW 2R &9 HIHFIEIE . Zr-MOF-PPa@PAH 7E 400~800 nm 14 5 AN AT,
7 400 nm AbAH — N IRR R IE, 7E 680 nm AbH —ANIKkRIE, T PPa I # T Zr-MOF |, JfH
660 nm IEZLF2 7 10 nm, XA AER Zr-MOF #HRHK F 0 B 15 PPa 48 & 45 5

—— Zr-MOF ——Zr-MOF
——Zr-MOF-PPa@PAH —2Zr-MOF-PPa@PAH
—PAH

Transmittance(%)
Intensity(a.u.)

L] L) L) L] L) L)
4000 3500 3000 2500 2000 1500 1000 500 10 20 30 40 50
Wavenumber(cm™') 20(degrees )
(a) (b)
1.0
Zr-MOF
Zr-MOF-PPa@PAH
0.8 ——PPa
3 E)
s < 0.64
z £
) a
g 204
£ <
0.2
L) L] L) L) L] L) L) 00 T T L2 T v T T
800 700 600 500 400 300 200 100 O 300 400 500 600 700 800
Binding energy (eV) Wavelength (nm)
(©) (d)

Figure 2. (a) FT-IR spectrum of Zr-MOF, Zr-MOF-PPa@PAH, PAH; (b) XRD diffraction spectra of
Zr-MOF, Zr-MOF-PPa@PAH; (c) XPS spectra of Zr-MOF-PPa@PAH; (d) UV-vis spectrum of Zr-MOF,
Zr-MOF-PPa@PAH, PPa
2. (8) Zr-MOF. Zr-MOF-PPa@PAH. PAH BI4IMRUSEE; (b) Zr-MOF. Zr-MOF-PPa@PAH
B XRD 1i78fi&; (c) Zr-MOF -PPa@PAH B XPS gEi&; (d) Zr-MOF. Zr-MOF -PPa@PAH. PPa #Y
£ | Wb Al L
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3.2. Zr-MOF-PPa@PAH BIFEME (O B FF%

JeER PPa 7E 660 nm [ IS T 72 A2 5 1 40(F0,) » BoATT LA DPBF it 48 (PO) 154 T, T H 2 (MB)
NZHOGHGR, & Zr-MOF-PPa@PAH [f] 'O, & F7= 3. DPBF 7 415 nm AA R5R MUK, 24 DPBF
W3 R SR A AT W S T 55 EL T 2% . o+ DPBF A5 A4 SR & 5 Y6, DPBF WG FEAR AL I
R fifbok 2 5 ik a) ¢ R B AN &] 3(a), 4] 3(b)fT~, DPBF [&fRZ%, Zr-MOF-PPa@PAH ] 0, & T/ %N
38.6%, Hfh PPa ] 'O, &1 /* % 58.4%, Zr-MOF-PPa@PAH ] 10, & 177 HAK MK JE K 7] e 2 R 9k 3
B2 T #5r PPaBE i, FBIPPa 5 O, 70 T 2 A RE R BOR G . AR B 7= FAL T, {H& Zr-MOF
BT PPa R K P S B B RO KILE, IiA RT3 m6sh a7 ek .

0.6 Os 0.354 Methylene blue
10s e PPa
0.309 . Zr-MOF-PPa@PAH
0.54 20s - F a@
oy 30s 2 0.254 y=0.0026x+0.0069
2 0.44 & — y=0.0028x+0.0017
4 120 @ 0.209 = y=0.0021x+0.006
£0.34 X 0.154
3 :
§o.2- & 0.104
< = i
0.14 Z 0.05
" 0.00
0.0
T T y -0.05 T T T T Y v
300 350 400 450 500 0 20 40 60 80 100 120
Wavelength(nm) Irradiation time(s)
(a) (b)

Figure 3. (a) UV-vis absorption spectra of decomposition of DPBF after irradiation of the Zr-MOF-PPa@PAH
NPs in DMF; (b) First-order plots for the photodecomposition of PPa, Zr-MOF-PPa@PAH and MB

[#] 3. (a) DPBF 7£ Zr-MOF-PPa@PAH NPs B DMF &% &R RSN - ATk ; (b) DPBF [EfRIRES
SeBBETE) K R iRk

3.3. Zr-MOF-PPa@PAH = PPa B pH Mo Rz R A

YK RS B R, TR AR P v A A BT PP B I B AR A, AT R R
Birh i R, Bt IE AR AR . AR AR ERIABEZ) N 7.4, IRI4L4AK pH {E4 6.0~6.8, Tfi{E
SELCA R BRI AR, pH ERTME R 5.2, BL, FRAEAR pH ME(5.6, 6.5, 7.4)HHT T RIS . 1d3%
FERLTE 0~12 h P REJR PPa (15 . Wil 4 ATLUE H, pH 1N 5.6, PPa (MR AUR i i1, 6 h FECE N 45.8%,

80
70
60
50
40
30
20
10

PPa Release(%)

0 15 3 45 6 75 9 105 12
Time(h)

Figure 4. Zr-MOF-PPa@PAH is released in response
to pH stimulation

[& 4. Zr-MOF-PPa@PAH pH 380 S #2 1 PPa
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12 RN 76%, pH = 7.4 B, PPa IR BCR MK, 48 LR, Zr-MOF-PPa@PAH BRI R A 155
BeAE OB PPa, AR IR 3 AR AE FEIREE R > . I, 1% Zr-MOF-PPa@PAH 4R HE 146 1E ¥ A=
R N IER, e I H7E MR AL 4, $RmEesh T sk

3.4. Zr-MOF-PPa@PAH B4 AR BN & 4HRE A 75 1 S A

TEREREETT AR P YUK 25 RE 233 NZHM P9 SO LS AT 9T T HepG-2 4t Zr-MOF-PPa@PAH 44
KBRIIARVEAT A . DAPI RZGL T, 7E5E8 E BAEE N B, Zr-MOF-PPa@PAH 44K ik 75 7¢
S TR0, H Zr-MOF-PPa@PAH 4L FH HepG-2 4iifitl, 1E CO, B M T 2 )5, M uH 8 B
SN AT N, RN S(@) TR, Z9Ab S 15 min B, 4IPN A TEE A LI, %
B Zr-MOF-PPa@PAH i N 41, Bl & B[R] (R RE K, 2 A P 41 €0 5 S ilkok o, 68 Zr-MOF-PPa@PAH
SEAENGNNL, T EEAN SRR, MHIRESEA KA, B Zr-MOF-PPa@PAH TolE #5157 I
AL LB R B Zr-MOF-PPa@PAH RE % 15 A 4H M (1) 5% S A% 5751 o

FERTT CATHE I ST T0, B P2 R (14 3), (HAMNMN ARG 2, A LR 'O, 1)
PRI, FATTH 2,7- S A POE R T RS (DCFH-DAYE N ROS FA I 2%, Wil T Zr-MOF-PPa@PAH
TEANML N =4 1O, 1IRE73[22]. DCFH-DA RIHE 4RI, 41AL A BERg/K fiF A DCFH, Figk ROS %k
7-—F K6 FK(DCF), 7E 488 nm ek T retE4p a7 (23], F Zr-MOF-PPa@PAH A1) S50 40 fin
DCFH-DA (50 uM), 3 660 nm B0t (Zh3 10 mW/em?) 5T 10 2304h (14 5(b)). 59 %18 B 5 ikt T g
F, 10 /b e K MR T AR R, BEHGURRT LTI, 76 660 nm SRS AN fE 2
PEA K 105, U] Zr-MOF-PPa@PAH BLA B I~ 40AE /T .

Bright field DAPI PSs Merge

(b) DCFH-DA

(a)

15min

30min

60min

75min

180min

Figure 5. (a) Fluorescence imaging of HepG-2 cells after phagocytosis
Zr-MOF-PPa@PAH; (b) DCFH-DA qualitative detection of reactive
oxygen species in HepG-2 cells (*O,)
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Figure 6. (a) Zr-MOF-PPa@PAH composite and free PPa with HepG-2 cells without irradiation; (b)
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