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Mesoporous Fe;O,@mMoO; Multifunctional Nanocarriers:
Preparation and Microwave Response Drug Delivery
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Abstract: The porous Fe;0,@mMoO; multifunctional core-shell nanoparticles were used to microwave-triggered
controlled-release drug delivery systems. We also studied its magnetic-microwave heat transfer property and large
specific surface area. We chose ibuprofen (IBU) as a model drug to evaluate the loading and release function of
the Fe;0,@mMoO0; nanoparticles, and used a direct precipitation method and thermal decomposition of CoH,BrN
(CTAB) template method to synthesize core-shell structured Fe;0,@mMoO; nanoparticles. The specific surface
areas were calculated by the Brunauer-Emmett-Teller (BET) method. The drug loading and controlled release of
the Fe;0,@mMo0; triggered by microwave was determined with ultraviolet-visible spectroscopic analysis. The
Fe;0,@mMo0; nanoparticles possessed high surface area of 94 cm?-g™, provided large accessible pore diameter
of 2.5 nm for adsorption of drug molecules, high magnetization saturation value of 42.3 emu-g™ for drug targeting
under foreign magnetic fields, and quickly converted electromagnetic energy into thermal energy for controlled
release by microwave-triggered which was caused by mMoO; shell. The release amount of IBU was over 90%
within 90 s under microwave discontinuous irradiation and outclassed that under the only stirring. This

multifunctional material showed good performance for targeting delivery and microwave controlled release of
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anticancer drugs. The porous shell and the introduction of absorbing material not only increased the drug loading

efficiency of the nanoparticles but also realized the microwave-stimulated anticancer drug controlled release.

Keywords: mesoporous materials; magnetic property; microwave chemistry; drug delivery
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controlled drug delivery process

Fe,O, 9K BRI 5 . K 1.0 ¢ = ALERIE T
30 mL & P SRIE A 2.0 ¢ C,HsCOONa Fi1 6.5
¢ RO R T HEHE 30 min, fE T 759 W 5 7% )
50 ml i 5 VU 9L LA RS B B 28, R TE IR AR
200 CII 6 h, =il FARHAE HENRBATEH
FB T RTCK LA VR 3 K, HIRER I B R ik
RN, PTHlSR RAVITESE 50 CF T4 5 h, 14
F| Fe,0, 94K Wik

Fe;0,@mMoO; 44 K JHURL 1) il £ . B 3.34 g $H R
By N 70 mlL 1 258 F K b BE TG £ 0 B A
W, FIA 0.5 g Fes0, f11.0 g CTAB, # 7 30 min,
SR 5 FRE 00 P 25058 FE (30 min) A [R] 55 22 18 3% i &
MRV 2 pH=3.5, T INse B I | # s — Beita] | il 15
Fe;0,@H,Mo0, 41K Fk: | FH 48 F /K M TE K 2 BEws
V3 WEAEEIRA T 150 CTH: 2 h, EHTAH
J& E S 3 g 500 Chesh 3 h, W& F Fe,0,@
mMoO; 9K kL

1.3 HAESBM

it 2. $ 0.1 g Fe;0,@mMo0; 2 K i
K4y HECE] 50 mL IBU(0.3 g+ L) A #EER 7K (9 g- L)
R RE IR 24 W, TEZW B RET S BIAE
0.30.60.120.180.240 1 360 min A B b 7 ¥ , i
1S AN G I R T IBU MVRIE (S
LIy, 38 3 A - R G B S A oK R i 2k 2

Ry=M4/M 4:x100%
o Ry 259 IBU 19 8% M, /2 1 3k 3 40 0K
A AR IBU B B M, S 25 W) T 80 e b
IBU MI9) 1h &,

29 RS R L 259 IBU 19 B ik 55 40 4 2 2 7
A R AR AEAT G, N T I 9 B e X 2 R
SRR FE W S5 R 37 C Rl pH=7.0, JIT R
FH B 00 BEES AR 2R 2.45 GHz, HARSCE 2
FRHL 0.1 g Fe;0,@mMoO,-1BU, fli H. ¥ 5) 43 U1 50
ml AEFER K FERLER I 0,15 .30 .45 .60 F1 90 s



1158 Jd Hl fk

#o% 4R %35 %

I3 TR, SR Hs BT R T2 A0 ml DL e
JEIEHEAT IBU W BE A I PRt — A TS 25 W B R
i &

2 SRS

2.1 XRD ##7

FF it AR ZH BORN 245 & B2 e XRD B4 T 3020
Kl 2 J&4l Fe,0, . Fe;0.@mMo0, UKL XRD K, Kl 2
()™ 30.1°.35.5° 43.1° 53.18° .56.9°H1 62.5°4b ) 5
TEAT S 5 Fey0, 1 XRD #1#EE] (PDF No.65-3107)
EH WA, S W NS T Fh A1 45K FeyOy i 14 11
(220).(311),(400) .(422) .(51 1) Fl(440) it 1T, FH L 2(b)
A DAAR Y A b O 58 BRE Sl R BR T AR AE R A1 25 A 1Y
Fe;0, fnffsh , B Z B 5 PDF 45+ A (PDF
No.35-0609)V) & R 4 (1 R AIE I | % Rz 45 44 o 75 75 4
1) MoOs ZK A A, 1l rb B8 A Rl At 2 e | 2R 1]
HEVE Fes04 #% 5 MoO; 72 )2 Z [0 3 oK K A B i i Ak
SN , BEAN  J B 1 8 e, 3 B RE 5t 1) &5 AT

& MoO,

® FeO,

. l. L i 2 L.L @
X 30 40 50 60 70

10 20 80

20/ (°)
K12 (a) Fey04 Fll(b) Fe;0,@mMo0; 4 K UKL 1) XRD [l
Fig.2  XRD patterns of (a) Fe;04 and (b) Fe;0,@mMoOs

2.2 TEM 4 #f

ST TV A b L 56 A SO ) OB 3 A S AL R
MR B, XF il 45 19 Fey0,@H,Mo0, Fll Fe;0,@mMo0;
G0 K IR 14 T S5 RAZ 56 25 40 20 i E AT T 35 B H B
I3

Kl 3 4 Fe;0,@H,M00, il Fe;0,@mMoO; 1 TEM
K LL J Fe;0,@mMoO; 19 EDS figiis &, Kl 3(a,b) /2
Fe;0,@H,Mo0, 1% Jt BT &, NI AT LA 21 |
Fe;0,@H,Mo0, BRI AMNE W ERTE | KA A 5355
25 A AT LAYE 8 7 2 A1 58 5K 6% -2
g5 IR EZ) R 20 nm, 45 R RV H.Mo0, 2
SJUCRRTE FeyO, KK F E, B 3(c,d) ' Fe;0,@
mMoO; 1) TEM Kl & W | B b J5 19 F il (Fey0,@

mMoQy) APRIFIR RS AN KSR 52 55 ik
o ABAEAF I B A2 | JBERE S5 20 KR - 3 18 A8 75 4H A
FFAHL, X 02 T il 4 1Y Fe;0,@H,Mo0, 7 500 °C
THBERE 3 h B, B CTAB 40774 T CO, FIK 7%
KFEAER T WS T REMILERN, &5 TEM
EIZ (K 3d) M E2 BN TE Fe;0,@mMo0; 44 K ki 1) 3%
I A7 TE A B 2 1 S AL BSSLUBAIRAR N | FLAR A
H%] ) Fes0,@mMoO; KIUKLIY EDS BEi 151 (K] 3e)
WESE T Fes0,@mMo0; £ FAETE O Fe Mo fl:%%(/ﬁ\:
MAF S I AR Cu), FRESE A XRD 4585
Bt i — 25 UESE T AR 2 AL Fes0,@mMo0; 49K it
KL, Fe;0,@mMoO; 1213 18 Jhy I E 24 W 2k ik 4
HETHLE

w

I

5

\CO_)/

z

5 M

E 504 R

A
0 |
0 5000 10 000 15 000 20 000
Energy / keV

3 Fe;0,@H,Mo00, (a, b)Hl Fey;0,@mMo0; (c, d)E’J
TEM [; () Fe;0,@mMo0Os 1) EDS fit 1 &1
Fig.3 TEM images of Fe;0,@H,Mo00, (a, b) and
Fe;0,@mMo0;s (c, d); () EDS spectrum of
Fe;0,@mMoO;

KT W Fes0,@mMo0; 44 K FiUkL i /i FL IR RE
X ICHEAT T U R o B (4, AR ] B 3
VS HRIN A 22 B 23 (TUPAC) P AR HE | FE & 10 12 T —
JIGE BFF iy £ 2 B0 M H2 PR IS PR IV R AR IR i R i



%7

KITFRFAE  Fes0,@mMo0; 4L 22 D) RE 44 K 1A 14 1 i K HG Dol i )37 245 ) 1% 32k 1159

AR B EMEREIF HEAR NS 2
LA R Z Th e s BH T B B9 FRRAED ) @i BET 11
BIHFRMEB R 94 em?-g', MO, B 4 16 E A FLAR
DAL B — L IES T Fe;0,.@mMo0; 13551
20 2.5 nm,, BT BRI 235 SR s 9 oKk T Y
FLIE A A FLEEH | SRR K PORLE S AE N 259 2%
AR A2 i 245 0 R 741

100

1 —=— Adsorption
1 —*— Desorption

o
o
7 ]
= 704 __06]a
B 1 _‘ga 0.5-;
E) o
'é 60 50.4.
T 1 2 03]
E 245 H 02
2 0.2
4 54
> o
S 404 3(‘:;
30 < 2 3 4 5 6 7 8 91011 12
Pore diameter / nm
20 T

00 02 04 06 08 10 12
Relative pressure (P/P))
Bl 4 Fe;0,@mMoO; 4L M BRI B 247 3 2 5 fL A%
e
Fig.4 Pore diameter distribution and N, adsorption-

desorption isotherms of Fe;0,@mMo0O,

2.3 HEMESHR

K 5a 4 Fe;0, f1 Fe;0,@mMo0, & & 44 K kL
(I REHE 26 P R aT LA B 2 FpoRE a5 A
F RGP BT, R R AR R 4 )l 80.2 N 42.3
emu-g™, 5 Fe;0, PRLAHEE Fe;0,@mMo0; &2 & kL
) VR N P iR B2 A T B AR, A0 AT LR T Fes0,
WAL R AL T mMoO; M Fes0, B9 RE M i i 43
BN (BEE 51 AR AEREYED) BT 1S 2 | Bk AR Y
W 2), 5 Fes0, H Lt , Fe;0,@mMo0; & A 44 K kL i
FtE A5 B A T REA B LR g [ A5 LA 45 v 1Y)
TRUFNRE A | 6 I VERE S 10 25 W 2k Ak, 1] Sbh
Oy BUTE K B T K T Y Fey0,@mMo0; & 4 44 oK Joki
TEANIMEE T | AN [ B 20 0% g g oz %o L P& ]
U, 457 3 WOAE 5 W 1 B2 G A0 K BURL Fey0,@
mMoOs TEFMING 5 B AF FH T i 8 5 42 3 2k 3
Db W45 0 4 oK R B AT R Y G e 2 R, AT A
FHAEREE 53 25 RN G 1) 245 ) 4844 55 5 T
24 R

Y IR TR GO RE A A S R4S ) 24 W R, %k
Fe;0,@mMo0; 44 K UKL 347 1 W Wi I8 I 18 A e
Frme o7 I3 2 R A E R AR HEAT AR Y

80 ~ Fe O,

Fe,0,@mMoO,

T T T T T
-10 000 -5000 0 5000 10 000
H/Oe

5 (a) Fey0, Fl(b) Fe;0,@mMo0Q- FY i [l £ ;
(b) 7 BRAE KW Y Fes0,@mMo0s 41K
UKL Sh R 1% 75 FI T 6 12 i oz ]
Fig.5 Hysteresis loops of (a) Fe;0, and Fe;0,@mMoOs;
(b) Magnetic response ability of Fe;0,@mMo0,

nanocomposites dispersed in aqueous solution

under the magnetic field at different times

TN 2.45 GHz (X 54 W B 7 Lot HH 21 1 43t
I (2.45+0.05) GHz — 37, A BRER KW Fes0,
BRI Fe;0,@mMo0s A ¥ W 7E 0 58 S i i
i) — kB ) h e An &l 6a T, LR DL )3 Fil
Wy R B T W] O B e R R g, R
Fe;0,@mMo0; Y 34 8 4 mw N 3k e kK, A e F
Fe;0,@mMo0; 43 #0 , A= HER K WA Fes0, 43 L
TR BRI AN AR X B2 25— 28 70 s B 43 51 THR 2
57 A1 69 °C., MRS 0.2 mg:mL™! Fe;0,@mMo0;,
70 s B}, Fes0,@mMo0, 43 HUK 1Y il B2 T+ 2 80 °C,



1160 I OH ot F % R 55 35 &
80 4 (a) 100 4 )
70 o 90 o
—a&— Physiological saline 80
609 —e—Fe.0
o P © 704
~ 504 —*Fe,0,@mMoO, -
g g 604
§4O' § 504
£ 304 g 404
] =
20 4 304
10+ 20
10 4
0 v v T T T T T T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Time /s Time /s
1 ©
80
70 <
© 604
g 504
g 40
o -
:
& 304
20«
10 4
0 T T T T T T T
10 20 30 40 50 60 70
Time /s

Kl 6 (a) FEILIE MRS T (2.45 GHz, 400 W)A: B R K%
BRI AR A 2R (b) TE B B T 2.45

W Fe;0, (0.2 mg- mL)EF B Fey0,@mMo0; (0.2 mg-ml™)
GHz, 400 W) Fe;0,@mMo0Q; i & % H {8 4% A0 48 1 14 52 i

2%, (c) TE B RS T (2.45 GHz) U 6 5T D1 X Fe,0,@mMoO5 (0.2 meg - mL ) WU e A 45 1 (4 52 o it 2

Fig.6

supspension under microwave irradiation (2.45 GHz,

(a) Heating curves of physiological saline solution, Fe;0, (0.2 mg-mL™) supspension and Fe;0,@mMo0O; (0.2 mg-mL™)

400 W); (b) Effect of the concentration of Fe;0,@mMoO; on the

microwave conversion property under microwave irradiation (2.45 GHz, 400 W); (c) Effect of microwave radiation power

on the microwave conversion property of Fe;0,@mMo0O; (0.2 mg+-mL™) under microwave irradiation (2.45 GHz)

R O 2 0 R SR AT R I BT S5 R R IT
Fe;0,@mMoO; 44 K Uk 5 A AR 47 1 ok i W i 4 i
R LA MERE | AT LU 0 1 50 B G A 1) 25
Y ERUN R

H T N Fes0,@mMo0; 40 K FUkL i) 74 40 i
TG AR TE SO B R R E Fe;0,@mMo0; 44
KR A2k P Y1) e 0k L foe e A S i s e, 14 6
(b) 7w , TE—EJEH N, B E Fes0,@mMo0; i JE (1)
Hohn AR B R T, SR EE N 0.4 mgemLt
T2 400 W B 207 W EAEANE] 20 s BT
[ N FH k20 °CL, ¥ Fey0,@mMo0; 44 K kL v
S35 i g6 28 2 st T LA e B[] BRI AR 43 °C
P R DO I A0 R A, AR R Fe0,@
mMoQ; 44 K UL e B H0 8 4 1 1 e W Wi g 0 R R
U 0B A AL B TR DR R AR RN A R R

H=

) Fe;0,@mMo0, 44 K FiURL B8 1 3 K5 Fir W AT 174) ik
fig it DL LR RE It 1 T U o A RE . R EULIR
JETHEM, - H | Fey0,@mMoOs 44 KR 9 1w i #4055
B 290 6 Bt A R A S T A G i ¥4 n (B 6¢), DA
25 R Fes0,@mMo0; 40 K JoUkr mT LA HR 3K 3%
PR AGE | IF ol T T B A BRI
45 B il TV UK T WO TR0 e A A o ARE BB
HBIF MR T A F R R R YE A L Z 18] B A
BT A 7 A A T A R BSORI S SR A RE R 5 TR
AERAE G B, RO RIS RE s, T
mMoQ; 2 TN FL % AR % 16 ok B | 72 T3 ik T e
[ 25T, X T A0KR AR K 3 mMoO, 1 L 3] &
K e W Re ) B | 5 SRR 45 R — B, Fe,0, 4K
TR AL P A WSO F8 0T A 200 K i il et e 4Ry
SRR A X R TR M B Fe,0, 98K AT



7

XUFIF 45  Fes0,@mMo0, 4L 2 T RE 4 K 28 A4 14 1l 78 B A0 i 1z 245 ) 1% 1161

B 1 A RN 5 B R S 0 % Fes0, 5 mMoO, 11
454G RE B BRI RE SR A B R, A SR
LAFEFNREE VAR Y, RRARTE A 25 ] 9 BT
DETC (R HE BE | DA TG4 5 W Wi g
2.5 HAMEHR

Fe;0,@mMo0; 44 K Z Ak 1) A~ L )2 R 259 53 +
B B AR A T AR R FLIR R ORI AL RN R
2.50 nm, & IBU 254 43 F 1 H 42 (0.60 nm)Z K 4.0
W, IBU 70 F 5L = Ak m b iy R 22 m) nl
VA3 i S5 AF % B B BEE DA {8 TBU 43 F %64
FINFLIZWFL, SR 38 2 SO AR A =3 2 ]
) SR DT 2 s AR D IR i IBU 2590 43+ M 34
=i 6B NS X ¢ AR S =95 SN

7 25 B 3l 12 o, 1B 7(a) R W 1BU
TE 225 nm ZbA S R WO, H BE & I [H] (9 SE 4 Jir
XoF N7 P49 R S o B ARl /)N | 3 1 FH S YA v 24 400 ) e
J2 Bl B0 T[] ) A IO /NG R 7 (b) T, FE
Ty 1) B 245 ) 1) B 2805 (R) I B4 R 7E 180 min N
HABRBR RN 75%, HERE G 259 T 808 K
B ARG 360 min J& Fe;0,@mMo0; 1 254 111

Loading process

2.5 0 min
30 min
§ 2.0 90 min
3 120 min
5 151 180 min
= 240 min

360 min

200 220 240 260 280 300
Wavelength / nm

(b)
80 O__,.--""-—e
o

loadis

Dru,
w
(=)
N\

0 50 100 150 200 250 300 350 400
Time / min

(a) UV-Vis spectra and (b) relationship of R versus time
K7 25 R 8 ) 2 o i
Fig.7 Kinetic analysis of drug loading

WE KL 80%, AN KBk HLAG 18 = 12 4R IA 1)
T L MoO, #2213 1 3R A Y 2 3% i

R T i — 25 R S X R A R i 25 W 1
Wi, X FEATF 5 T Sl FE S A0 G Al S 40 e B 245 ) e
HHR AR IR iR anlEl 8 FroR, 7RI TR G
T, GURERX IBU 2595 T 19 B GHE R AR H1%
P FE T 23t 90 s, IBU 2549 4 F (1 RE 0 ALK
1.6% , SR, 24408 24 ) g i 1 3% P 380 ol e SR 1) 2R
it IBU 259 43 F 1 B i 56 25 B 2 i $2 7 | e
HESF 90 s 2595 T IR IR B T 86% , TE I I iR
SFERITC BB A P15 BT (181 8), 2k Ak I 25 3 R g
BT UL Fes0,@mMo0; 40K 2 ik B
A AR 0 e 15 R P B L 24 W BRI 5T 2 W
U FE B KR 2 3 A K R AR I 25 W B %, 7RI
P BES T MoOs J2 BE U W e e = A i i | AR
BARGY5r T Z M BER 1, Bl 8 A 90K 2
IRA L B 258 70 T R oK R Fes0,@mMo05-
IBU 44 K 44 LA 11 Bl e 44 g 1 2 F T 245 49 g i
PERE

100

—a— Fe,0,@mMoO,-IBU+microwave

1 —— Fe,0,@mMoO,-IBU+only stirring
804

604

40+

Drug release / %

204

) b 1 o \J o \J b 1 v
0 20 40 60 80 100
Time /s

8 Fes0,.@mMoO,@-1BU 7 R Mt 5 F 5 A7 ol s
RS BEPE B9 25 1F T IBU B R Hh 26
Fig.8 Release profiles of IBU with microwave irradiation

or without microwave irradiation (only stirring) for
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