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Application of magnetic iron oxide nanoparticles in magnetic
resonance / photothermal dual-modal imaging
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Abstract: In this study, water-dispersible magnetic iron oxide (Fe;0,4) nanoparticles were synthesized with
solvothermal method. The nanoparticles were characterized with a transmission electron microscopy (TEM)
and vibrating sample magnetometer (VSM). The in vitro magnetic resonance response and photothermal
conversion characteristics of the nanoparticles were evaluated. In addition, the cellular uptake, cytotoxicity
and biodistribution were studied. Finally, magnetic resonance/photothermal dual-modal imaging effect of
the as-synthesized Fe;O4 nanoparticles was investigated in the tumor-bearing mice. The results showed that
the obtained magnetic nanoparticles were uniform with a mean diameter of about 125 nm. Moreover, the
superparamagnetic Fe;O, nanoparticles showed remarkable magnetic resonance response and photothermal
conversion properties. The results of cellular experiments showed that the cell viability was nearly 85% even the
concentration of the nanoparticles was up to 1 000 pg-mL™', an indicator of good biocompatibility. In addition,
the nanoparticles could be taken up by the tumor cells and then located in the cytoplasm. After intravenous
injection, the nanoparticles were tended to enrich in the tumor over time, which is helpful in achieving
dual-modal magnetic resonance/photothermal imaging. In sum, the obtained Fe;0, nanoparticles showed great
potential to be applied for multi-modal bio-imaging which may play an important role in the diagnosis of tumors.
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RF SKE=EALEL [iron (I1T) chloride hexa-
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R =8, KR (EZH7ERAA R A);
IR L LA (doxorubicin hydrochloride, DOX, it
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green, ICG, A RBFHEARAA]); DU AR Z T
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A HTAl, A SeEe K 2 B R Ak .
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KTEME Fe;O4 HRRIAOHIE RAKIIEH
IR B FesOg gk, il 8 vkt . K 28K
I FeCl;-6H,0 0.473 g FT 5 H2 = 44 0.40 g ¥ T 70 mL
EG, 7EHHE NI NaAc-3H,0 3.854 g, 58214+ 30
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RAFRIDH) Fe;O, AR HIHIE 437K DOX
I ICG Frid Fe;04 49K Ki. Fe;0,-DOX il £ J7 i
T: K DOX (1 mg'mL™) 1 mL JIIAZF| 2 mL Fe;0,4
(2 mgmL) KERFHHLE. HOBRELTER
DOX, H pH 7.4 HIBERRELZE MK (phosphate buffer
saline, PBS) ¥l ® FiFW L. & LG eE%,
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KPR AN 66 FE I HAE 480 nm i K AL RO
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(FOV)=200 mm, [F]J i} [A] (TE)=40 ms. LA Fe &1
WP AREALR, 1T, [E N AR, 22K
RONERHR K Fe,04 9KBLAC B AL B K
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BEAh, TR IAUR 5 Fe;0, 90K ML FE K R,
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ng-mL ") [ Fe;O, /KIEVR, 1EFFEMISLE&MF T, R
FHH B AERS 1 min 7€ Hid SR, 2R 28 .
HAIREN  HOWHUAE KM MCF-7 400, FE
BT AL A i 2R, TR AL 5x10% A4l
MRl TS BB A 6 FLi, RJEE T 37 C.
T 5% CO, MM FRAH H BE 77  FF 24 h 41BN BE /5,
435 H 1 mL & DOX 8% Fe;0,-DOX 8T 5 15 77 W 5
PR B IR, RN 10 pg-mL™" (L DOX if,
Fe;04 %f DOX K V358 284 5.54%) . 428555 0.5
51 h R R FRME, JFH PBS PRk 3 . JojEH
LysoGreen (1 pmol-L™', 30 min) #11 Hoechst 33342 (10
pg'mL™', 15 min) 44(t. PBS Wik 3 /5, A 4%
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K 808 nm ot (2 W-em™®) ME5F 3 min, 7 it R
T LL A ARSI BREAT 1.

FR5TE
1 Fe;0, FKRIAYRAE

FIH TEM X Brifil] £ 1) Fe; O 49K 45 14 A
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SEFHFZ 5~10 nm KV RGO K S A4, ik
AN, Fe;0q4 GUKKLAETCAM Nt I, B8 Fa E Hb 43 8k
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Figure 1 Characterization of the as-synthesized Fe;O4 nanoparticles.
cles, the average size was obtained by measuring about 150 particles randomly selected from the TEM images.
field-dependent magnetization curves at room temperature for the Fe;O4 nanoparticles.

suspendsion without or with a magnet
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RREIEIR AR B bR X BRI R . AN, UL E S
Fe B TIREHATEIEN S, 4R WE 2B PR, 1T,
5 Fe B 7k BA RIFIANER R, HLMRRY
NEEE IR E (r), N 26.37 mmol-L7's™, ¥iH]i%
Fe;0,4 YK KL EA R UF FIA S G SR A8 1 e, AT LA
YERRSE T, ALK MRI i 5257 .
3 RSN REAR

K1 808 nm OGS (2 W-em %, 8 min) 5} FesO,

Applied field / Oe

TEM images (A) and size distribution (B) of Fe;O4 nanoparti-
(C) Normalized
Inset: photographs of the nanoparticles
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RF| 75 °C, Ui FesO4 PUKKLDG VL I RE 5
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WSO, ReE Ot REHL o AER, BT RAME T B #
MRHEATIR AT FT

A 0 2 4 6

8 min

A Fe concentration / mmol-L"!
III!!IIIIIIIII 2 [ s0C
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Figure 2 In vitro magnetic resonance response of Fes;O, Figure 3 Photothermal effect of Fe;O4 nanoparticles induced

nanoparticles. (A) 7>-weighted MR images of Fe;O4 nanoparti-
(B) T»
relaxation rate (1/73, sfl) of Fe;04 nanoparticles as a function of
Fe concentration (mmol-L™"), the slope indicated the specific

relaxivity (72)

cles in aqueous solution with various concentrations.

by continuous NIR laser irradiation (808 nm, 2 W -cm?). (A)
In vitro photothermal images of water and Fe;O4 suspension (60
pg'mL™") as a function of irradiation time. (B) Photothermal
heating curves of water and Fe;O4 suspensions at various
concentrations as a function of irradiation time
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EKZE | h, QPO ERNEMR, WEHEZ K Fes0,-
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Figure 4 Cellular uptake of Fe304-DOX and free DOX in
MCF-7 cells. Red: DOX fluorescence; Blue: Hoechst 33342
staining of nuclei; Green: LysoGreen staining of lysosome.
DOX: Doxorubicin hydrochloride
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Figure 5 Cell viability of MCF-7 cells incubated with different
concentrations of Fe304 nanoparticles for 24 h
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Fe;0,-1CG EZEo A0 Tl B B K ifygs S50 0, 1 6
W2 ICG T B4 A0 T EME . il e R 4634 . &1 6B
FETRAN AV 8] s B8 07 1R 8 G BRI, RS ICG 1E
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I 5] ) 4 K 32 7 TR A B3R Bk o T Fes04-1CG MRt A&
R[] (14 42 320 T 8 MR B4 & R . B 6C i ST 24 h
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AT UL E WA, YRS 24 h S, 1ICG AU B AELE T i
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WRE. EANHLR AR K, Fes04 49KKHA I
SRR PE, FF MR AL BB BT, NIRRT S 24 h /2
HHEAT
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PR AR G B S5 SRR, FesO4 9N
KR AT DA S AR A AR e O iR . HE— 2
W 78 F A P9 OB 5, DABR I B Ay SRS 20 1%
ER AT REYE, g5 WK 7 R W TA FTIL, 7R
WESCARIEME b, R IKIE S FesOy 9K /)N Bl A fi
P80 0 57 BH S Eb AR B 2 /K 2L A i Re A T S, R 4
S5 FE [ IE A Lt T R . e Ah, DS SR
FETE, FesO4 PRI IR S ALK T 45 5 9 A= 7
ERAKHBRC T 48.7%, UiHHiZ Fe;O4 YUKKL B A RIF
AR P AR R RO . 1 7B R T R N #R AR A%
R, FesO4 4KRL BA R IR PG IVER, BT
ZLAMGRRI ] B B, SRR B R R R B 2 . DA
R Fe; O AR KA R UF BB RE, Rel®
VE R LR/ PR 35 i 5 77
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Figure 6 Biodistribution of Fe3;04-ICG and free ICG in S180 tumor-bearing mice. (A) Tissue distribution determined by the ICG
fluorescence at different time points, the ratio of the fluorescence intensity of each tissue to the total fluorescence intensity was plotted.
(B) Quantitative analysis of fluorescence intensity of tumors at 6 h, 12 h and 24 h post-injection. (C) Ex vivo fluorescence images of

major organs and tumor at 24 h post-injection. n=3, x+s
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Figure 7 Dual-modal imaging of S180 tumor-bearing mice
observed 24 h after intravenous injection of saline or Fes;O,
nanoparticles. 7T>-weighted MR images (A) and photothermal
images versus irradiation time (B)
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