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Magnetic mesoporous silica nanoparticles for drug delivery and photodynamic therapy
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(1.Department of Pharmacology, School of Basic Medical Sciences, Tianjin Medical University, Tianjin 300070, China; 2. School of Med-
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Abstract Objective: To prepare temperature —pH responsive and core —shell —structured magnetic fluorescent mesoporous silica
nanoparticles for antitumor drug delivery and photodynamic therapy. Methods: First, the core of nonporous silica coated Fe;0, was
prepared via solvothermal reaction and reverse micelle method, then mesoporous silica as the middle layer was further coated on the core by
modified sol-gel process, and finally the Fe;0,@Si0,(F)@mSiOy(P)@P(NIPAM-co—AA) nanoparticles were prepared with the polymer shell
modified on the middle layer through seed precipitation polymerization. Transmission electron microscopy (TEM) was carried out to
characterize the morphology of the nanoparticles. Doxorubicin hydrochloride (DOX) was used as a model drug to investigate the drug loading
and releasing behavior. And MTT assay was adopted to evaluate the biocompatibility and cytotoxicity of the nanoparticles. Results: The
results of TEM showed that the average diameter of the nanoparticles was 300 nm. The drug loading and releasing results indicated that the
nanoparticles exhibited an excellent drug loading content of (206.75+17.59) wg/mg and encapsulation efficiency of (68.91+5.86) wt%, and
controlled drug releasing could be obtained by changing the temperature or pH values. MTT assay showed that the cytotoxic effect of DOX—
loaded nanoparticles irradiated with a 680 nm LED lamp was significantly higher than that achieved by chemotherapy and photodynamic
therapy alone. Conclusion: Fe;0,@Si0,(F)@mSiO,P)@P(NIPAM—-co—AA) nanoparticles could be used as an antitumor drug carrier to

achieve a synergistic effect by combining chemotherapy and photodynamic therapy.
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M2 BN 3Z 0, fg M DU 8k =k (Fes0.,) 40 KA
THH OB RE AR RE . R I P2 45 7
WEHAR AR (MRL) (REFRT ) 2591 4 45y T8
FHETSET 120, RSO T SEBLZ ) 058 ik T4
R LA R AT OGS TE ST I U RIS, I X 254
R R T YO, UBRRMERIER
(fluorescein isothiocyanate , FITC Y SZOEEELE Fes0,
FRZLs , LB GG ZnPe B9 FLEE TR iE 2, LA
ZEIR IR N5 9 SE N B B —co - TR TR R oe )2
B BT A pH OB MR W A% ST S R RS A
LA ACREGR A B Fe;0,@Si0,(F)@mSiO,(P)@P
(NIPAM~-co—AA) (LA T @ Fx FSMP-NPs) , 3 XF H A
TIESHFRAE, R, DL ER 2 Bl 2% 2 (doxorubicin hy—
drochloride , DOX ) A A5 7 24 49 X6k H:28 24 5 n] 2 B i
e 1 sl IR P ROR AR SR AT T RS
T .

1 #R5HE*®

1.1 ##

L1 ZfkE B SR Hela 20 MRE i R b
R BEBE R A SIS AL CLRFD

112 SLEHH SEENERER R EE FITC 3-%
PEL = 2 SLRE S (APTES) N — 53 P9 55 9 45 Tk Jiie
(NIPAM) NN’ 3V FH 3 XU Hs e (MBA) L e At
(KPS) N MR (AA, 11 S 4l A= AL B B0 8 BR A
)3 THI (PO A 2 BT B2y 13 B2 2 A7 PR Hl ) s R AR
LTk (Brij58) ZnPe 3— (5 T Ik 4 PN 2k — A 0
FERE(MPS) (1,3- R 5 R0k (DPBF, Jb 5t A R
R ABRAF); MR TSkt = P LR LR
(CTAB) ., — I EL WV AR (DMSO) . IF ik R £ iR (TEOS, K
HTTGR R A4 TR s W =K (25% , KigtTiif
SR 2R )5 3-(4, 5- 1 L mEME —2) -2, 5- K
FEDU R IR ER(MTT, 28 =5 KA Y1 A58 i) ; DOX
AR A TR A F)

1.1.3  SZE{YES  HT7700 #U35 5t B ids (H
A H SR AR AT ) s TU-1901 WU R 28 4h ] I,
SR T (At Bl AR A BRI A R ) s F-
380 AR T (R s AR B B Ay e e A1 FR
28] ) XLOOIWPOINRC 680 nm LED 4T (IR T 7
G A BRANF] ) ; Universal 320R 5 3R 423 1k 550 L
(%% Hettich /A7) );IS-RDD3 & 1E IR IR #5 (35
FERGIA FRA ] ) ; Synergy 2 fh2 A& SR MIASL (3£ [
BioTek 227 )5

1.2 ik

1.2.1 FSMP-NPs 14 5%

1.2.1.1  FesOq AUKBLT 1A B R 77 0 il

7 Fe;0, KK T, # 0.706 g ZBENERAEL 1.9 mL
TR 1.9 mL MBS A 20 mL A EEH, R
PSS 8 38—, e AR VU IR R R R 4
W B IIEE 200 CCR 10 ho KW SR EE
Tk, A5 B R RGO T, B0 B UTTE FH S &
Bt 3 UK, BHR 20 mlL, S JE 40 BT 10 mL 3R e
L =4 150 mgs

12,12 SEOHEALTE FeiOy 49KKL T Fey0,@Si04(F)
AR R RABB AR . B 2% 10 mg FITC #1175
pL APTES 7E 5 mL Jo/K ZBEH RGN 24 h, 2N
TP 4 CHRAF. SRJEH 2.8 ¢ Brij58.0.15 mL Z&1H#
7K 1.5 mL Fe;0, R CUBER R .0.56 mL ¥RZ /K751
A 11.25 mL B kerh B4k 30 min J5, FR4A00A
1.0 mL FITC-APTES % Fl 1.5 mL TEOS, 50 “Ci#'t
N 8 ho SUWEEHS ¥ ™ WG 51 15, FIJeoK
CEE 3 K BRIR 30 mLo FeJA A 20 mL Jo/K 41
HREDGIRAE 2 0.5 g6

12.13 A FLEEB L% ZnPe 78 520 fE 94 K ki F
Fe;0,@Si0,(F)@SiOy(P) G i : >R FH R R 1 e 5
ik o FONCHT, S5 10 mg ZnPe T 100 mL DMSO
MOEERIR AR AR 1:1), & 24 h )5
BB EIE WS ZnPe MR . 75 250 mL =K
HL SIS 0.4 g Fes0,@Si0,(F)44 KA 11 2.1
W .0.34 ¢ CTAB. 1.0 mL ¥ % /K #1 108 mL Z& 1%
K, AMINTEK SRS RN AR £ 160 mL; &R 10
min Ji7 , F-0 BIIIA 60 mL ZnPe 18 1 A1 0.6 mL
TEOS, Wi 8 ho W LG, F-& = 2wt 57
B, 0K GBEE 3 R  BRR 30 mLe e INZE 20 mlL
ToK LT RAE , P2 52 0.4 ¢

1.2.1.4  MPS &Ml Fe;0,@Si0,(F)@mSiOP)4H KA
THIE: #5503 g Fes0,@Si0,(F)@SiO,(P)A K AL
T LB (R CTAB).300 WL MPS LA K AR A4
FRUHICK C B 5INA 250 mL = #0015 5 6
R RYEREAE 150 mL, 80 CHiFE 3 ho W ES S,
A3 ULTE T 20 mL JG/K ZBE0E 2 WK, IR PR A
BB 18 3500 myE AT Aet, R R AR HUA
P, 2 B0 CTAB 24 he S iR G r= e
£, M1 10 mL Jo/K S 11K .50 mL 221 /K 3t 5
U153 MPS B Fes0,@Si04(F)@mSiO(PY4H KA
T, I 2 8 mL ZRIB/K TP RAE, 7 52 120 mg.
1.2.1.5 FSMP-NPs [ & : RAFFIERS
Pio B 0.1 g MPS B ) Fe;0,@Si0y(F)@mSiO(P)
YR T A LT 20 mL 221K S, HBRE
100 mL =#fH , K 0.45 g NIPAM .0.05 g AA Al
0.025 ¢ MBA #F 30 mL Z&1#/K s AL, #L
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PREFE B R AR BT 75 CRFL A 0.015 ¢
KPS, 4RZE S0 5 he RWVES S B 25, 100 mL
FEIBKVE 5 W LARR R O H SR FLER 5, 15351
Z U REREMEN AL A AL RE AN K KL T Fey0,@Si0y(F)
@mSi0,(P)@P(NIPAM—co—AA), ¥ H M T 20 mL
ZRK T DAL P 32 60 mg.

1.2.2 FSMP-NPs (J4FE  FSMP-NPs (199E 51 5% H
B P BB (TEM) 54T %S . K FSMP-NPs 43
BT ZE Kb L 10 g/mL 3, B 2 HO 2
SR 5 PR A NS WO 1 T e A R A ) L, =
BTG BTSSR T B T PO
6T FSMP-NPs A7 658 5 . FSMP-
NPs S8 TR, OB TR W HoK 43
RO B e Ry 4

123 FELRBA (ORI K 750 wl DPBF(300
pg/mL DMSO %) fin%) 29.25 mL FSMP-NPs &k
(300 pg/mL DMSO %) ' ,DPBF 284 R 7.5 e/
mL, PR G 9 4, B4F 3 mL, 7 51{HFH 680
nm LED 4T85+ 0.0.5.1.2.4.6.8.10 min LA K3t
{#4F 10 min, 75 LA 7.5 we/mL DPBF A DMSO & LA
AR AR B R X IR SR UV-vis JGiE,iC
SEASLHAE 417 nm AEAYIEOGRE(AE

124 2498 K 10 mg FSMP-NPs i 10
mL % 0.3 mg/mL DOX ) 0.01 mol/L # FR £h 2% il
(pH 7.4) % EFSIRA S B TE AR 25 ot
PR 24 h(25 °C,200 r/min), BFER24 5 7= B0 o
(5 000 r/min, 5 min), YCHE I3, UL3E F A28 v
PE 2 R, RRR 10 mL DAPE LR DOX, S/t
VRS LIEWOR A, R UV—vis Y4, e
1E 480 nm ALAYMOGRE . FI 2 Hil4f 1) DOX bR
HERMET s 2 & i, M2 s A
B PIEIT 4 CHARIRAE , J SRR 5
1.2.5 MR W4 B 25 5 1 DOX -
FSMP-NPs JLIEZY 12 mg, 7351 A 5 mL 0.01 mol/L
R 5 22 WP (pH 7.4) 1 0.01 mol/L 2 1% h 2% vl itk
(pH 5.5), T 37 Cak 25 CHHIRIE 7 2% PR 7 (200
r/min), 5 0 HIHR T 2.4.6.8.23.26.32 F1 48 h
J5i B DOX-FSMP-NPs % 5043 5 (5 000 r/min,
5 min), /IO ER 15 3 mLOFAMINSE AT 5T 1 2%
R AR SRS ) o KT UV—vis Y, I 54
THWAE 480 nm Kb Py WG, TS5 8 2 ] 4 1Y
DOX #2525 1) RAVRER

1.2.6  AMIREMESCE: SR MTT BE 6 32 46 0 240 i
161 Hela M5 5% T3 10% 6 4 35 1% 84T
(100 U/mL 552, 100 pe/mlL 555 )0 RPMI 1640

RigedLrp  JF T 37 °C 3% 5% CO, MR AN B 5
FEAETIGFE BERR 2 d AR AR 1 R OGBS E R I 4 i
AT

J T VEH FSMP-NPs A9 41 g A= 90 A0 25 7%,
0.25% MR8 1 B A A0 6L s S A i B, e
fLZ 5x10° 2 H 2 BEHERD T 96 FLAR T, FALAAAR
UM 200 wL, JFiE H & A BRI FLIE %
fLo FEREFRAE PRI 24 b )5, AN 30, 7] S FL
A3 SIS [ B 1 FSMP—NPs 59 10 pL, i
e BE 43 511K 40 .50 .60 FT 75 pe/mlL, BN 5
B3 APATAL, BUEAIA 10 pL 0.01 mol/L #2h
SEPUE (pH 7.4 BFLYE AT IRFL . dhEid55% 24 h s,
LI 20 pL MTT(5 mg/mL)AEK ,4 h 5 /NS
FEFRW, BEALINA 150 uL DMSO, & #% % A% H 4R
¥ 10 min, 145 P 800 . A2 2R IAY
D7 REALAE 570 nm PERARPWOCEE, % LLTF AR
THA L MAFETE

CV(%)=(A=Ao)/(A=Ag)x100%

CV HHMIAATE 2, A S8R £L OD fH, Ay A
ZZFL OD {H, A, Xt HEFL OD fA.

XEFALST Dtsh F1iR 57 LAY Fesh J1iG )7
RIS, 23 500 1) A L o A2k R 10 pug/mL
(4l DOX, 60 wg/mL ) DOX-FSMP-NPs(DOX ¥k &
910 pwg/ml),50 we/mL B FSMP-NPs (L) F i Bk
FSMP-NPs+Light) LA & 60 wg/mL ] DOX-FSMP-
NPs(DOX ¢ &4 10 pg/mL)(LA R &K DOX-FSMP-
NPs+Light), F{#F 680 nm LED T #8 44 10 min,
Ja R LR MTT E k07 740 g
13 St FLE LB s Fox, RH
SPSS17.0 FAF X E AR AT AL B, Z2 21 [A] 3485 L R
FHE R 2 J7 22 53 #T (one—way ANOVA), I 47 J7 22
FEVEREIR: , 5 25 FF IR LSD 35 5 7 22 AN k2R
Dunnett’s T3 £, UL P<0.05 N B G122
2 H#R
2.1 FSMP-NPs # & 4E
2.1.1  FSMP-NPs BROUIEA 3840 375 5 fL 5 b sk
BiXt FSMP-NPs HJE S T0%S . HE 1A A] & F)
FSMP-NPs 2B H R AFERIE IR, B S
Iy SRR 2 R 300 nm., (I 1B TS ML A
£I| FSMP-NPs 3 2 HLIU A9 FLAE 2544 , I H T ULgE 2]
Hrp g T REAGORK T
2.1.2  FSMP-NPs By#EYE  HIEl 2 ] AT, FSMP-NPs
TETCHEAFAE S5 T TEK T 88 5)  TAEA #E )
FETER ,FSMP-NPs 37 BV REERIREIZF T , KB IR
Tt RS , I H G FSMP-NPs 37 2 ok .
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in e 100nm

A B

Bl 1 FSMP-NPs H9iE 51 B S5 3R 4EE (A.x15 000, B.x120 000)
Fig1 TEM images of FSMP-NPs

2 FSMP-NPs 7E (A FH B)IATFAE S THIK 5 B
Fig 2 The water dispersibility of FSMP—-NPs in absence of (A) and

in presence of (B) magnetic field

2.1.3  FSMP-NPs [U5EGiE 4 0r - i E 3l %,
24 470 nm BRI, FSMP-NPs Y 7E 520 nm 4 H3
T — R BT 5 FITC 4 S SR XTI 5 >4 i A8
PR DB 604 nm B {UAE 675 nm AL BT — 5%
K P, 5 ZnPe K EHIEAIRTI

1.2

0.0 T Y f T \
500 550 600 650 700 750

#HK/mm
3 FITC (A), FSMP-NPs (B)(470 nm i %) #1 FSMP-NPs(C),
ZnPc(D)(604 nm F &) 538 E
Fig3 Normalized fluorescence intensity of FITC (A), FSMP-NPs
(B) excited at 470 nm and FSMP-NPs (C), ZnPc (D) excited at
604 nm

22 REAR (0) #tem s R oM DPBF i[5
'0, NATIAZE G N A A, (THAE 417 nm 4b
MG A . 1 4 J2FH 680 nm LED 4T 75 A [ i
[] B8 5} FSMP-NPs+DPBF A & DPBF 7E 417 nm

A G RE AR . ] 4A BT, AE FSMP-NPs+
DPBF 4 F, W& MRSTAS ] 9 4L 4, DPBF 7 417
nm AP GRE 2 T B SR T ZE H AT DPBF 19 2544
T, Bt A R [) B SE K, I B B A IO
JEREAR (A 4B),

0.9 -

with light irradiation

0.8+
0.74
0.6
0.54

M6 /au.

0.4+
0.3 1
0.2
0.1

0.0

0.9+
with light irradiation

0.8

W56 /au.

t/min
B

E 4 F 680 nm LED XT7E 7 [&] it 6] BR 54 T FSMP-NPs+DPBF(A)
#1 DPBF(B)7E 417 nm 4 BRS¢ 2L

Fig 4 Absorbance of DPBF at 417 nm in presence of FSMP-NPs

(A) and in absence of FSMP-NPs (B) at different times after

irradiation with a 680 nm LED lamp

23 B RARLE RS DOX 1 480 nm Kb A TR
558 G SR AN AL UG K5 DOX 25 TR B e c Mk 32,
JEHAE 480 nm ZERYWOGEE , 53] DOX (R JE -1
JCEEFRAERZE y=0.016 0x+0.0034, R?=0.999., Hi¥rifE
M ZR 11543 FSMP-NPs 13- 228 24 i fn 4o £R 4
5°K(206.75£17.59) pg/mg . (68.91+5.86) wi%.

24 HpBARL RS T DOX B y=
0.024 1x+0.020 1,R?=0.999 (pH 5.5) Fil y=0.014 8x+
0.014 3,R?=0.996(pH 7.4)11 5 25 R . Fr
REE IRV 5, FEWREE R 37 CHF,pH 5.5 &K
DOX 7E 48 h 1Yy BB =ik 40 wt% , 1M 7EpH
7.4 50T BRBECRIINE 10 wi% ; 7EIREE N 25
CHt,pH 5.5 £&44F DOX 7E 48 h i) 2T RR Y
4 30 wt% , T E pH 7.4 544 T 0 BRBERE A 5

wit%,
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Fig 5 Cumulative DOX release from DOX-loaded FSMP-NPs at

different temperatures and pH conditions
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FSMP-NPs #5450 pe/mL I, P-4 40 L7735 2R 24
h 88% , Xt 4l il HEAS VLA T ME (P=0.144) ; YRy
60 pg/mL I, FIGHMIAETE R LR 77% , FF iR RN
HH 20 B 75 14 (P=0.013), FH ] 6B AJ 1, DOX-FSMP-
NPs 2H BI4bT7 20 F1 FSMP-NPs+Light 20 RIS 5h 7134
I7 20 B A0 LAE IS 2803500 h (38.63+2.32)% . (60.87+
8.13)%, HWIEWMEIAITHL DOX-FSMP-NPs+Light
ZH AT T R IR A S T (20.63+2.55)% , 22 5+ H AT
Gt X (P<0.01),

120+

1004

MIAFH5 /%
g8 8

E
o
I

o
(=3
1

T T T
NPt s LT
o e W “\‘s\«b*‘\:sﬂv 00\“,:5«%\'

o ‘ Tl
OO%

B

5 Control 41 5 "P<0.05; 55 FSMP-NPs 41 Fb4:4P<0.01; 55 FSMP-NPs+Light £, DOX-FSMP-NPs ZH H.44P<0.01
6 A[ERE FSMP-NPs %t Hela ZAf7FE RIENT (A) MURFES FSMP-NPs iR E 4 50 pg/mL, DOX iKE A 10 pg/mL B AE & & T

Hela 48177 % R H5500(B)

Fig 6 Viability of Hela cells (A) treated with FSMP-NPs at different concentrations and (B) treated with FSMP-NPs, FSMP-NPs+Light, free
DOX, DOX-FSMP-NPs and DOX-FSMP-NPs+Light (the concentration of FSMP-NPs is 50 pg/mL and DOX is 10 pg/mL)

3 iFig

TN L EALREM A ML TCHLZ 7T 45 F4 40 K
AR (L R T R NS LA N SO S E o
2001 4F 5 Ui 3E MSNs VA48 K A H T ik 245
153712 (0 S 1Ty R =2 X6 259 53 —F S B4R TR A
Ao AR AT E B A TELL MSNs Ry F
AR Z2 D RE R B KRR R G o TR
Je AL 2R BE L IE H H VRS 5, pH b E R A1 2L
ARG, PRL AT AR FH L R a5 ke S 34T b 8 245 4 ry 4
Fo TR(N-57 N BN MG THERE ) (PNIPAM) & —Fi e FH Y
HREER A, MmIE) H AR FAR L A iR
(LCST)32°CUI LR}, 23 Az I EIK i IR S 21 i
IK SRR AS (AR | 55 3 K PR B AR SR IR T D4R
HLCST™, BRI HR (PAA) & —Fh B B (% pH B
R KMEREY, B RAFW A A, &
I T pH w2 AR i i A5,

AR TS IR ) ) L ) e R RT EERE,
TR RE A pHOBUER A 1 PR R P 2 AL SR b

YRR T, B AR BE LS R, R GUOKR KL T FesO,
BT A B E — A REST 2 P B LA AT A
FRIREYE AN FL — A REGRRL (B 1), FLREMESE S
T AAAL T EA S B mg e i P (R 2). 18 3 e
NG E L5 R UL, 7E 407 nm A1 604 nm 114
KT, FSMP-NPs 7R T A DR G, IS5
FITC F1 ZnPe K HFHEAIXTRL, $EEH FITC Fl ZnPc #%
AU A E FSMP-NPs N, 41144 /i DPBF k%
LR A I AR Y 10, P A I o AL 4A AT L
A, Bfi# 680 nm LED kT YEHY IR ES , DPBF 7£ 417
nm A FRAESCAN B AR /N, Tt DPBF 5 48 A 7E R
R ZAE T AR 10 min HZR MRS 2577 A2 B I
Ak Ji—Jr i, A RGO B ES DPBF 10
min HAERAMRS AN 2 7= A 0 ARk . A4S R
W1, DPBF $4MRUS N I%, 2T 680 nm G IR
AR, Bk AT ZoPe PRARRY 10, B, B 5 4
IR SRR, FRATIT A B 25 3k i
H2G Rt 72 HAT B 8 0 R B A pH AR | 1k
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2B

)7 Ao P T AR H Y . MTT S5 5R%W],

Y0 i 355 FE 3R T FSMP-NPs % K 50 pug/mlL i

FEARI B AN EE P, 1T DAt A 7 e 225

55 (& 6A). R T T A R A g A, FRATRAE

SPGB iR 4G Jf it MTT G T RICR

RSN . B 6B A, S50 R 60 pe/mL

DOX-FSMP-NPs+Light(DOX ¢ 4 10 pg/mL)h 5K

Y654, i3 5 DOX-FSMP-NPs 4] . FSMP-NPs+Light

ZH DL R4l DOX ZH 4 200 i 47378 50 He ] LU B, >R

FAARST RGBS GRTT , e 20 M 2E AR ] 1

T B A6 IR T BT T , B S iR

BITRCR

ZE b ARSI BT MR T R L R

FEA IR B /pH RSCEE M W M Y 25 ) A, ik A

BAICHGN ZnPe , 47 RS EBVER X iy 10 ) 1 25 4 AR

JGEh I I PRRRG YT
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