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Fe,0,/CulnS, Binary Superparticles for Magnetic Resonance/
Fluorescence Dual Mode Imaging

LI Binxi, ZHANG Yan, YAO Dong’
(College of Chemistry, Jilin University , Changchun 130012, China)

Abstract Multimodal imaging techniques have attracted great attention under the background of tumor theranos-
tics, which are promoted by the development of nanomaterials. Magnetic resonance imaging (MRI) and fluorescence
imaging are clinically used imaging techniques, the combination of which will establish novel dual mode imaging
methods and facilitate disease diagnosis. In this work, Fe,0,/CulnS, binary superparticles (SPs) are fabricated
through the co-assembly of Fe,0, nanoparticles (NPs) with T, MRI function and CulnS, NPs with fluorescence
imaging function using oil-in-water droplets as the templates. The biosafety of the SPs is improved through the modifi-
cation with biocompatible methoxy poly (ethylene glycol) -poly (lactide-co-glycolide) (mPEG-PLGA). Besides the
dual mode imaging, the constituent Fe;0, NPs endows the SPs with a photothermal effect. The SPs can be also
employed as nanocarriers for loading anti-tumor drugs, such as paclitaxel (PTX). The current work provides a new
chance for the development of imaging-guided tumor therapeutics.

Keywords Fe,O, nanoparticles; CulnS, nanoparticles; Binary superparticles; MR imaging; Fluorescence imaging
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(AR AL AR AN M RN A= P AL SR 2 AR LG, O T A o) B A A48 A BT BB 110 25 57 I ARk, Bl
AV 2E T BRIV & R, 2808 1 BRI SR E AR AR AR TF & ok . BT, 16 R E F B Ik
G AR FEAFERAR SR (MR . DOCRUE . B FIANUZ A0S 85 % . L5 TR
HLIKTZ T4 FUE - A W23 4. FEARZ IS HR T, MRS UG 7 & Jré Jt il id . MRI
FAR B4 TG RIZ W 51697, 986 AR AR o 1 F % A48 ik & b g b S 9 i b i SR
B

VB —Fles R B 22 AR B A, MRT % S 3R A S Mg 3 F0 St ik o i 2 [ 4 FH f A
AR, T S BRIk o, SRAE IR TR A st B B S DAARAS A N L SR 2 R . AR A
PR KRR D 2L RO E , MRIAS RS AR K FIRE I 204 %, ©4) 1z 0 Fi2 W
5 BB E AT TR L M R FEA RS T RO AE . MRS BN R, MRLAT 4324 T, IAUSAR
AT BURAL . MRS 50870k TOIBUSAG R 52 500 R0 T MBUSAR 3 52 5. S I X BIE T, TIAL
PG SR T H AR X 5 BE R &, T T AU A4 52 700 AT B AR XA 52 BN . 5 e g
ARAFE, MRIEAG XS FEE R . 25 [ B0 L 2050004 . JoH B HR S FJC 28 B VR B PR S8 A, R
PERRE SRS 7 T A TCAT LU LA (R, MR B /R 2% 2 A e, (A D B A% A=
B AN 714 5 0 8 P AT A 7 R A 2 i, T SEL A DA P e DU A B3 . BRI, MIRT A R
B, T B K A R A REARAS R e B R 5 .

WG I — TR T IO DR B 22 UG, e SERIRLF A5 Rl RS2 e b BT RAT Y
N FHET S . PRGBSO E P2 BIRE UK 5, JRFAZ R A B DS BRAT Bk
A, TSR TR LR BT Rl FEE , HLOEFRIE R (D) BaE . i Ik
HF BT, DRG] 43 A BT 2 BUE FIROEF o CRAR . H BRI 43, DO eHEr &
SRR NN FYRL, ORI PR E T REE T RICYORM L AR BRI R K
MR 5T RGO, DGR A SRR | JOH BT | R L R AT 22 (] B R
DAL, DR, AT RASCEAEANAR | 720 BfEE 22 53K A S gh AR ) . (B2, i FOSAEAE s
M EFERE I 2% , DO CUIR 232 A ZE B TR (M BT

MRIFIZEE G HA 45 AL, R AFES AR . B MRS 2OEUGRES Ak, ol s k1%
AL, PR B A ER A, (RIS IO 2H 2 RN 20 R B i A BEEVGA BORAE , IR BRI
PIASERIS W 5 SR WP B Y. S8 B 20 5 2053 3B MRIFIEE BUR A 9B S 0T
MR T-454 , ATSEBA I B A IR AE R . LTIt , A S FHA HREE A Fe, 0, 44 KK FILEL
B EPERR 1Y CulnS, KL T-VE NS IETC, R 2 - R AR -2 5L O R W R i B LR )
(mPEG-PLGA) B U IATE LR, SR FLIBSARE S48 T A ARSI | e MRURIZE UG T BE Y
Fe;0,/CulnS, “JUBARL T AL, HF Fe, O, 40KFLF HAT U R e RR , 12 ook -0 1WA HF
B STey R N DNINCIR (SVSE- T NTE %Y AT oLy

1 SEISESH

1.1 KA 5{EE

ZTBE A A Bk (4 BE=99. 9%) | JHIFR (OA, 4 90%) | JhMz (OLA, 4l 70%) . +/\ 4% (ODE, i
90%) Ml 1, 2-F 75 b - (HD, 2l 90%) , 3¢ [¥ Sigma-Aldrich 23 7 5 fiff B2 88 ( 20 & 99. 99%) , 3 [5
Alfa Aesar fb24 A BRA T 5 BUAL PR (46 B >99. 5%) . 1E T —Hi s (DT, 4l 98%) FIE A2 (PTX, 4li
FE299%) , Balh T FRA ] R & - R FLIR- 25 L i B R W) (mPEG-PLGA, Jiidt . 50: 50,
431 2000 Da/5000 Da) , 35 (GBI R BR A F] 5 PBS 2 vh %5 (pH=T7. 4) , 3£ 18 Gibco A H] 5 54
D5 ytrat), A fb T 5 JoK S Corpral) FE S ke (obral) , 258 B LA H A BR A F (Uik) 5
DMEM =B 1E 55 5L R Gemini i 2R I , ALt R ERHE A BRA R ; CCK-8iR &, Bl e Wkt
BRRA A5 /INREE AL = B 2L 40 B 4T1 AN BLE B2 FE AT 4 20 B 1.929 B B 75 AR H B E
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H-800 74 1% 5f i, 7 2. i 5% (TEM ), H 7K Hitachi 23 ] 5 JEM-2100F %437 5 B, 7 & i 455 BB 1 (6 B
{X(EDS), HAHL FRE &4t UV-2600 5158 40-1] LI ISOETE L (UV-Vis) il RF-6000 %175 436t i
31 (PL), HAGH/F] ; ZETA SIZER Nano-ZS Bl 8) 25 6 HU 40 KR EE AL (DLS) , 9% [ Malvern 23 ] 5
VERTEX 80V %! {ef B 75 # £1 4M G 15 A (FTIR ) A1 AVANCEIIIS00 2842 i e 9% i AN, 7 el A 68 5 2
] 3 SQUID-MPMS-XL 4 M i 4 28 45 [ 03236 B 300 K, %37 7 Fl-30~30 kOe (1 0e~80 A/m) |, [
Quantum Design 23 7] ; ICP-5000 784 Ht JBl 5 45 55 TR I 7 & SIS (ICP-OES) , [ RERHE A |
FV1000 7 #0035 A 48] 5 i 3 Be (LSM) , H R BUMREL 0724 W) 5 800TS ZUfF bR, 3 A1 1 A 25 A B
3]
1.2 LIeiE
1.2.1 mPEG-PLGA 4 7 4 Fe,0,/CulnS, = T4 fr T B9 H % S HAFTSC i1 4 OA B 1 1) Fe,0, 45K
KL F DT A 1 CulnS, QKA F 5 SR AR FLIRBIHR 125 1 45 Fe,0,/CulnS, TR T . £ % T A B
T, # 0. 15 mL 20 mg/mL Fe,0, 44 K K7 T E 5 7 W . 0. 45 mL 20 mg/mL CulnS, 44 K S 05 % 1 A1
50 L 200 mg/ml mPEG-PLGA &5 I BAK KA 2 10 mL 258 7ok, 2 AL is ke f, 67+
45 CU R AN, 1 hJFH "B O 8, BEV 2K, 138 Fe,0, 5 CulnS, BOBHT & ol 1:3 1)
mPEG-PLGA &1 1) Fe,0,/CulnS, —JC#RF. RMFIR, 5722 Fe,0, 5 CulnS, HEHEL , 437115 5
BORUR R 121, 1280 1:4 59 kT
1.2.2  mPEG-PLGA # 7 1 Fe,0,/CulnS,/PTX # fr F & # & EZRBAHFE T, # 0. 15 mL 20 mg/mlL,
Fe 0, 0 KA T VAW . 0. 45 mL 20 mg/mL CulnS, 29 KA T 5005 AWK « 0. 5 mL 4 mg/mL PTX 5845 ¥
A1 100 L 200 mg/mL mPEG-PLGA S5 RAMKIKAINA ZE 15 mL & &7k, G5 20 s gkekit £,
FETHE 2 45 CUHELE SN, 1 hE =Yoo e, FEE TRV 21K, 158 mPEG-PLGA &1l
Fe,0,/CulnS,/PTX #ki 1.
123 @i En AN =B LR A0 4T 1 RN B B2 A 2T 2 40 i 1.929 #7647 41 g
FEPEMR . 7237 ‘CRIS% CO, T, 43514 4T 140 1.929 4 A DL AEFL SX 10342 BE 4R PAE 2 4~ 96 FLAR
o, RN 24 h S, B AT 40 AT 1929 i 43515 0, 50, 100, 200, 300, 400 wg/mL Fe,0,/CulnS, —JTi#
PP KRR SR 24 b, SRJE R CCK-8 YAl 41 M AR X A7 1% 2 . &L inA 10 wL CCK-8, 2 h &
it FHBERRASCI3 450 nm Ab P68 BEAEL, FE T35 S AL A AR X A7 25
124 AR KR LT AT AN e R AL LA (Sx10° A ffL/AL) , #5538 24 h)m, 532 pg/mlL
Fe,0,/CulnS, —JCHRL TR 5% 24 h, BRI, H PBS SZ vl sh e 40 3K . 4 1 mL PBS Z& MR in
AZREN D, & THOCR MG NI, 78543 nm EOEIRG WL Fe,0,/CulnS, —JUlR 119
WG .

2 GRS

2.1 Fe,0,/CulnS, — JTHBHFHIH &

P mPEG-PLGA A H, RAMEFLE AR G4 T Fe,0,/CulnS, o R . Hrf, OAEMEH)
Fe,0, 99 KK T . DTAEMEY CulnS, KK F M BEEMER A Y mPEG-PLGA ¥ WU e /e &5 . K Bk
PSRAETEFE R A N INA R LK, B MK M FL K . mPEG-PLGA W IN7E A MR 1, 8
1 PR FR T RERE SR T IR SR AE . Fe, 0,48 K K 115 CulnS, A0 A KE 116 AR O VE R T BEf 72k 2i s | 24
A1 78 2R 51535 Fe,0,/CulnS, —JuB R Tt 1(A) Fim TEM B 0] W, , il 25 iR 7 2 50%
BEARZ100 nm. B 1CA) 8 & A BN DR 7 19 TEM K B8 R, 1T DLERRE 1~ F R PAS ] 4 J2  / k1~ 4H
B, Fe O 40 KM (4 BERS 5, CulnS, 2K ML M4 BEACAIG, RIABIRI KA 247 . K 1(B) ki
TSN IO FIZE G K S EERL, AT I, CulnS, KK F-1E24 630 nm A HA 5 & S . B 1(C)
s TR B EDS MRS R, o WK TR Cu, In, S, Fe 10 SFOCER, £ ook &
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Fig. 1 TEM image of Fe,0,/CulnS, binary SPs(A), UV-Vis absorption and PL emission spectra of

Fe,0,/CulnS, SPs(A,,_450 nm)(B), and EDS spectrum of Fe,O,/CulnS, SPs(C)
Inset of (A): high magnification TEM image of one SP.

A Fe,0,Fl1 CulnS, B FR 4 KA T

nF VR 2 BioR, @i FE Fe,0,5 CulnS, FIRMN AR FAYBERF L, FTRAS 58 AR Fe,0,/CulnS,
FE B oo R T B 2(A)~(D)RTIL, 2t Table 1 Actual Fe,O,-to-CulnS, mass ratios in Fe,0,/CulnS,
ALY R PY & YA £ 9 | I T 28 dYAm < 1 2 ) SPs versus Fe,0-to-CulnS, feed mass ratios
RSP LT . B2(A ) ~(D') A —JCHBHRE  Feed mass ratio 101 1:2 1:3 1:4
T DIS KRG, dLZEHI R Ak T b Actual mass ratio 1:0.17 1:0.69 1:1.1 1:5.9
B A AR — ok RESR AN R

@A)

[(A") Average size=180.4 nm
PDI=0.136

& & e <
g g g $
5 2 5 3
,g 15+ ,g 15+ g 15+ g 15
8 3 3 2
53 53 5 5]
~ ~ A~ =%}

| (B") Average size=172.8 nm
PDI=0.077

1(C") Average size=224.0 nm
PDI=0.229

(D) Average size=184.9 nm

2 3 PDI=0.079

[\
(=
T
[\
(=
T
[\
(=]
T
o
<
T

5_. H ’I. . o | . A

[l 1
10 100 1000 100 1000 100 1000 100 1000
Hydrated diameter/nm Hydrated diameter/nm Hydrated diameter/nm Hydrated diameter/nm

[
<

—_

<

T
—
(=]

T
—
(=

T

<
(=2

(=R ]
S

—_
<
—_
<

—

<

Fig.2 TEM images of Fe,0,/CulnS, binary SPs prepared with Fe,0,-to-CulnS, feed mass ratio of 1:1(A),
1:2(B), 1:3(C) and 1:4(D), and relative DLS size distributions(A’'—D")

2.2 ZITEBRIFHIRLIMEREFN S Sk RE

B 3(A)7RH T Fe, 0,48 KK 1 . Fe,0, 0§ 1 Fe,0,/CulnS, IR T7E 300 K N RER Rk . Al
WL, 3 FORET-7E 300 K I B 7E W S ORI B FIFF 0 77, Ui Fe,0,/CulnS, —JCHIRL R % I B AREF T
R BEIMEEYE . (HJ2, Fe,0, 24K KT B MBE LA T Fe, O, R 7, 102 th Tl BRI 5 1A
) mPEG-PLGA AR T Fe,0, 44 K KL 1 /Y 5% 1 BT 0. I Ah , Fe,0, KL (9 160 A G A 0 i/ T
Fe,0,/CulnS, —JCHRLT, T H. CulnS, 195 B, —JolR TR REML AR . R3], IR
BUSHHF AREVERE A EE TR, Fe, O, KK T A S HEARRED K. o0 T bk 7/ MRITERE, M3 T Fe,0,
BT Fe,0,/CulnS, IOl kL5 HORE 0] s B R .y 1813 (B) W] UL, SBORL T~ RE ] 1B R r, BEH Fe,0,
JE BRI R % . {H Fe,0,/CulnS, FE o 1:3 B9 “ Ik 7 A st B 57515 1) 35. 4 1/ (mmol +s ). 525 A 5t
BAEE — oo TR T BT A5 2 525 5 TR RCR
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Fig. 3 Magnetic hysteresis curves of Fe,O, NPs, Fe,O, SPs and Fe,O,/CulnS, SPs with different Fe,O,-to-CulnS,
feed ratios at 300 K(A) and 7, relaxation rate(r,) of Fe,O, SPs and the Fe,0,/CulnS, SPs with different
Fe,0,-to-CulnS, feed ratios(B)

1 emu/g=1 A-m*-kg™".

A 4(A) AT IL, —OCHBRL T A0 2658 BE BE CulnS, & SN FH 5, Fe,0,/CulnS, Fb A 1:3 A — o #
B HAG BRI PG R ST . AL, Fe,0, 40K F B AR, CulnS, PKARLF I B G5, Bk
AL DATE 2o FL R e A A B W LA R T B LB . B 4(B) s e BOR AE Tl A LI R ) B e 7%
WARE , BRI CulnS, 360 . & 4(C) FrR“OEI R, B CulnS, & S 390, FLIRAE M)

&) ya —1 ®)

—
l 1.
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=L =
|

I I
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Wavelength/nm
(D) (E)
* Y
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Fig. 4 PL emission spectra of Fe,0,/CulnS, SPs with different Fe,0,-to-CulnS, feed ratios(A,=450 nm)
(A), optical photograph(B) and luminescent photograph(C) of Fe,0,/CulnS, SPs with different

Fe,O,-to-CulnS, feed ratios(from left to right: 1:1,1:2, 1:3 and 1:4), optical photographs(D—G)
and luminescent photographs(H—K) of Fe,0,/CulnS, SPs with Fe,O,-to-CulnS, feed ratios of 1:1,

® (©)

)

1:2,1:3 and 1:4, respectively, with a magnet
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PPN, SUOEEIE AR LR —E . F4(D)~(G) B FdER Y fERnE S N R,
Bl 4(H) ~(K) R IR S5 A AR R 2O , BRI 5 @R RERS F . Wk Ik
MHOERAEL Y], Fe,0,/CulnS, oA FHHAL R REIEMZOEYERE , H T i1k Fe,0,5 CulnS,
) H A E AT R4 . Fe,0,/CulnS, bR 123 1 el AR T HoA S8 1 it Fnod et ge , i & T Ia &k
5%
23 REM. SHERAMAG TR

R AR AR N A RIS e T AR B 2= S A $ 4508 . S (A) FN(B) X EL T ik
FHEK  AFEERK | PBS S0P RANAS JCILTE AN FR I i (RS e vk . T UL, JBCE 48 h S 7E Bk
AR KWL IIE . B 5(C)Frn DLSMHRAZE SR, Bk & T4 3G ) A ss 52 514 50 h N7k
ERBRAAR . EREREN, mPEG-PLGA 105 ) Fe,0,/CulnS, Itk FHAT I R ffaett, B
AT UG FRTT 554 Py e - S s 7

. Cell culture  Cell 250
Water Saline PBS with serum  cultare ©)

Fig.5 Photographs of Fe,0,/CulnS, SPs in water, saline, PBS, and cell culture medium with and without
10% serum tested at 0 h(A) and 48 h(B), DLS size variation of Fe,O,/CulnS, SPs measured by
incubating in cell culture medium with 10% serum for 50 h(C)

The Fe,0,-to-CulnS, feed ratio is 1:3.

WE 6 PR, R CCK-8 MR 5¢ 1l T ROAMIEENE . Rk 723501 15 4T1 88 20 A1 1929 1F

Size/nm

175

150 I I I 1 1 I
0 10 20 30 40 50

Time/h

A
25
200

B)

WAINEIERE IR 24 b5, A CCK-815H], il 140 e
T 0 DR (LA T AE S A P ) AR X A 120 B 1.929
TEH . ELFEH AT 400 1929 4 il %w“

1718 B, BV AE4T 5 400 pg/mL 2 Of

RV R T3 597 240 b 7 0 A1 = T

90% LA I . BT 1085 2 0 A 9 - r

5% mPEG-PLGA (4% . mPEG-PLGA /2 2T

HE B 2 SR AN R AR R A * Commol 50 100 200 300 400
BARE, BEDS AT 07 18R R 1 20 7 Concentration/fyg mL.™)
PR, BRI EKB], mPEG-PLGA  Fig. 6 Toxicity test of 4T1 and 1929 cells with Fe,0,/CulnS,
Yor ! Fe,0,/CulnS, — ICHR T A MR 7 SPs in different concentrations

The Fe,0,-to-CulnS, feed ratio is 1:3.

PERAT.

WL T —JCHBRLF RN AR BE T . AR 5 AT L5 35 24 W i, (AT T LR A2
K. B B RN 7 B, AT AN ok L85 3R R IR B IR %, SANR Ik se i g R —5.
543 nm PR BHIECHE F P EER BN HESR I U8, 5 CulnS, R JEERE—2. AIFRME
BB, RGBT AE 4T AN PSS, 10 BH 20 M X 8k 7 N B i 00 R4 Rk 25 3B,
Fe,0,/CulnS, — ok F 1] FHF AW 6% .
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Fig.7 Optical(A, A"), fluorescent(B, B’) and merged(C, C’) images of 4T1 cells after incubation with and
without Fe,O,/CulnS, SPs for 24 h

The excitation wavelength is 543 nm; the emission collection range is 570—670 nm.
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Temperature increment of Fe,0,/CulnS, SPs with different Fe,0,-to-CulnS, feed ratios(A), temperature

increment of Fe,0,/CulnS, SPs versus the power of 808 nm laser(B), temperature increment of Fe,O,/

CulnS, SPs versus concentrations of SPs(C) and real - time temperature records of Fe,0,/CulnS, SPs
solution for 4 heating up and cooling down cycles(D)

(B) The Fe,0,/CulnS, SPs solution with the concentration of 200 pg/mL is irradiated by 0. 33 W/cm® 808 nm laser; (C) the

concentration of Fe,0,/CulnS, SPs solution is 200 pg/mL, the Fe,0,-to-CulnS, feed ratio of the Fe,0,/CulnS, SPs is 1:3, the

power of 808 nm laser is fixed at 0. 33 W/em? and the Fe,0,-to-CulnS, feed ratio of the Fe;0,/CulnS, SPs is 1:3.
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W, HIRE A AT, Fe,0,/CulnS, FL oA 1: 1 AR TR B T fie B (2 . 33 RO R T 1 A
PERE T Fe,0, 98 KK T BTk, Fe,0, 90N F 10 Ak, LAk gE . B 8(B)FI(C) /R T 0
LIy RN VR B R AR AR RE i . AT L, ORI SRR SRR TR B R R, TR T R R
RECIRREE IR AL E Z 1 06R8, m DR Ik B A R FIOCE 25668, BRIl bk R BTt
E 8(D) Jy AT FLIR ) 4 D THRRIRAE IR . vl UL, 44 TR AR f 26 TR LT A1k, DB R kL
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Fig. 9 UV-Vis absorption spectra of PTX with different concentrations(A), the standard absorption curve of
PTX according to the absorbance at 238 nm(B), the release of PTX from Fe,O,/CulnS,/PTX SPs under
808 nm laser irradiation monitored by UV -Vis absorption spectra(C) and the released percentage of
PTX from Fe,0,/CulnS,/PTX SPs versus the duration of 808 nm laser irradiation(D)
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