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Preparation and properties of bifunctional magnetic fluorescent core-shell nanoparticles

SHEN Chenjie , LI Xiaogiang , WANG Qun’, ZHENG Xiaolei , PAN Yiqun
(College of Materials Science and Engineering, Beijing University of Technology, Beijing 100020, China)

Abstract: Graphene coated ferronitride magnetic nanoparticles (G@FeN-MP) were modified by CO, plasma sur-
face modification technology to obtain graphene oxide coated ferronitride magnetic nanoparticles (GO@FeN-MP).
Zinc sulfide modified graphene oxide coated ferronitride magnetic nanoparticles (ZnS-GO@FeN-MP) were pre-
pared by solvothermal method, and the composites were characterized by X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR),
ultraviolet visible spectroscopy (UV), photoluminescence spectroscopy (PL) and Raman spectroscopy (Raman),
and concurrent cytotoxicity assessment of A549 cells and the coupled application of ZnS-GO@FeN-MP secondary
antibodies have unveiled their potential in experimental biological functions, with study results affirming the excel-
lent biocompatibility of this nanocomposite material.

Keywords: core-shell magnetic nanoparticles; plasma; ZnS; fluorescence; biocompatibility

UTAFEK, WEPEAORBUORAE N 25 i ik BAATS A TERMEM . BRI IO B H, T
P TEHEM KRR, BT YRR R ZnS 2 —FhREAT RO 2 SRR, fEr AT
X, gitfy T Z2Motss, Hoh AR AL 2 ORI 1 R RO S 2 AR AR B T IR AT I
VER 25 W) 48R TT R REVE2G W 38 o) RN 52 AR SR e SR, 5 ORI BT 3R L 9 e M A AR W R 28 P A A%
SR AR 2] T 2 B SOhRic i e ARG TE A R ORI S AR A R . BT
25386 38 AR T ERBR A R, ERRNG T O X SRR AR LU LA T I (1) AOREE U B Ak

BB E: 2024-05-15; fEEIHHA: 2024-06-12; SRABHA: 2024-06-19; MEH LA E: 2024-07-01 15:13:21
4B %& itk . https://doi.org/10.13801/j.cnki.fhclxb.20240701.001
HE&WH.: EZRESBNH (2016YFB1200602-37)
National Key Research Program (2016YFB1200602-37)
EISMEE: 2V/NE, W, WIS m R fgR Al E-mail: Lixq@emails.bjut.edu.cn;
ERE W, B0, WA W, BESET 10 A B REDIRERT R B-mail: wangq@bjut.edu.cn

SIS BB, 2/0NiR, ERE, 55 SUNRRREVE DO S AR ORI i 5 S VERE [1]. B A FPREIFR, 2025, 42(4): 2185-2197.
SHEN Chenjie, LI Xiaogiang, WANG Qun, et al. Preparation and properties of bifunctional magnetic fluorescent core-shell nanoparticles|]J].
Acta Materiae Compositae Sinica, 2025, 42(4): 2185-2197(in Chinese).


https://doi.org/10.13801/j.cnki.fhclxb.20240701.001
mailto:Lixq@emails.bjut.edu.cn
mailto:wangq@bjut.edu.cn

2186 -

EEMRER

P A 5e BURE PR 9 K ORL G 5 E W K2 A0
B, BRGNS & SRR RS S
B, A RAZTe A MR . B DA B R
il LA R e 2 MBI PERE 5 (2) 26 E RN RE M Y
P AEAZ T BURE R ANOR BRI R, G R
(8 2 — DB DO R A e BRI RS A
FAH ELAVE T AT RE 2 2 M R ARV RE s (3) AR WA A1k
IR AR AR A PR R AR AR A R N AR S R A
RN BE T o AR BORL I R B Al . RS FITE
AR IT BERZ W H A A A 5 (4) B PR R 4
RE : %50 B R M 9 K DR A 2 W) 1A A 1 RS E 1
KIWPERE AT 25 B EH R . 90K
RLR] REAEMR N & A2 R AR L PRI SBOE B, 20
HIhfett; (6) TR 2 PEPrAl . 40K BURL I 22
P 2 e PR HL R T A Wy R S U AT A 2R AT
AOPTAl o 3 A 6 X 0 K BORE B9 A= o0 A L AR IR
Fe M AE R LRI

K 8 B P A A TOR, T8 Y R LA M A R N
FELLSI0,, B LA RL AT LB, B A e &
¥y o SRR A7 IR AT LB L A% 4 A LA B 558 4 AL
DA R Jo a4, [R) I B2 52 25 R i LS B T AN IR 26 51
10055 A S S R DR AR SR K SN I Y GIVAN
Yy PR 2 B M M RO SR 2 A LB . &k
oA A A e TR G P A R R A A ) R P e
AR K N T 7, T 1) 2 0k B A i
B0 RPYT . AR S g otk
JIEMLE, R A B S T AN S IR A A
AR 2 AL, Ak PR BE AR [, (RORAS, Xt
WIS g/ SR TRRE AR m AR T B
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B, TEREMERTE ST B E R, 39 5E ke
fil B 3 2K B K A L B R T D REE M K g Kok
5 1 A R R A AR A0 D RE A RO ES Sk K
] A ) Sy RE B SRR R L L S TR B
IR DI RETE , R A AR ) 1= P U A R Y i
FiZS [y 029 A X T A% 52 1A HLY R R S 1
Yy, BB RO EUR R B RDEAR E 1
HA 7 SR B OEIE B8, AT UTEAR 98 B K
I M0 ZnS BT Al T B R AR E

P ARICRRE . 5 R . SRR b Sl R
B4 I A8 T 5 A A B P 4B 1) 79 e i T, ol
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AR SCE I X A% e 4 R A B 0 A 7 A B
90k kL (G@FeN-MP) #E 17 CO, Ik I B T & & i
Mo, il AL A BRI (GO)@FeN-MP, R 7l
Pk, DARSR B FGR IRBF R BFIR , BRAL B A B
il % ZnS-GO@FeN-MP., P 15 4/ >k ik 3ife L w1k
A SR, HE— 253 3 A0 52 90 A T 122 WL
T BERE T 9 K ORI A0 B, S5 R EoR, A0
G RIBE] T 85% Lh b, FUZA R840 i 75 1
X, HA REWAEYMAE, Fe LA Zns-
GO@FeN-MP iy BX — i LA UE B H 5256 A= 9 T 6 1
AREYE o 3 AR SO AR S5 SRR, UL ZnS-
GO@FeN-MP MIIJREEE A4 G 25, A iH
g AW I fE, ZnS-GO@FeN-MP H 45 1] L) 52 ¥
AEYIINRER T T o

1 LMBEAE
1.1 E#e

A1 5500 A BT 1 BUAL R G Pk 94 K WKL (G@FeN-
MP). J/K ZF% (AR). Z —B¥ (AR), W4T 4&/E (K
)R A R A A LR BE (Zn(CH3C00),:
2H,0, AR). Hifk#h (Na,S-9H,0, AR). Mg 4¥
(ZnSO,7H,0, AR), W4 H L igERTHr T A LAk ik
WA BRAE]

1.2 SUAERCERULSEBEMN KT (GO@
FeN-MP) B9 %l &

G@FeN-MP P # & Fe. Fe;0, Fl Fe;N 1) 1E &
M, BRSNS E 2 3 0 B . A SRR TE
CO, S5 B F IR h it A7 R ok k. 558 R 4b 38 )
R 2.5 kW, i L ZS s iR PN AR R a6 B
300Pa £ 47, il AW EZ N 2.5 L/min, FE T
A 4b BT [E] 24 10 min,

CO, i 3 fof I 5 B F 1A H B 1 AL ol — i oy PO
COy+e” > CO- +0O-+e”

CO; +0-+e” = CO- +0y +e~
CO+e” =>C-+0-+0-+e”
CO-+¢ - C-+0-+e”

CO- +0- - COO
C-+0-—CO-

CO, % E Tk & SRR, 7RGk
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. ZSh0. SRR OR AR AL,
1.3 ZnS-GO@FeN-MP £ &I #l &

B, ¥ Na,S-9H,0 (1 mmoL, 0.24018 g) #) K
in GO@FeN-MP T 2 B (15 mL) T #4715 il TR
EWiFE. HRE ZnSO,7H,0 (1 mmoL, 0.28756 g)
i, Zn(CH;C00),-2H,0 (1 mmoL, 0.21951 g) % %I
IMAZ BRI, ES e A sk . b
JE A IR I R 25 mL i R RN S, TE
KT A (101-AS, dbat i AOEH EIF AR )
Pl 140°C T 12h, HARKBRE, HEETF
K Ve O %FXTFE#ME ok, 43
PR G TR R TR 2h RS, K
HATHE ST %m:z%%kmw B J S
PR B e 30, FH WLk W B, R i 4 AE
GO@FeN-MP 1Y ZnS ¥ A #ht% Wk 7c L Fr, 2R
JEE A T 2h, RD RT3 3] =4 ZnS-GO@
FeN-MP, i & W& 1 /s . Hf ¥ LU ZnsSo,
TH,O FEEIR A W 0 7= ¥1ie 4 ZnS-GO@FeN-MP-1,
Ll Zn(CH5C00),-2H,0 MHHIR G B H 7= #9)1iE A ZnS-
GO@FeN-MP-2 (¥ 1),

1.4 #RIRAE

K A X 26 fi7 84X (XRD, 7% [ BRUKER,
D8 Advance %) X} i 1T W0 A 4 B s R FH B HL
AR 21 6 (FTIR, 32 [E PE, Spectrum IT #Y) 3£
TERE L 5T 454, KBr JE T HIRE, P35 F 400~
4000cm™; KA $L2 1%L (Raman, 7 JE
23\ 7], Renishaw 1) FR1E AL 5 2 A 206 A
BACRE; R X260 7 e (XPS, ¥

CO, plasma Zn*, Na,S,
delﬁCaIlO ethanediol
140C, 12h

GO@FeN-MP

-8

G@FeN-MP

ZnS-GO@FeN-MP

G—Graphene oxide coated ferronitride magnetic nanoparticles

B B A A BB LB AR RE VA K UKL (ZnS-GO@FeN-
MP) )45 s B

Fig.1 Synthetic diagram of zinc sulfide modified graphene oxide coated
ferronitride magnetic nanoparticles (ZnS-GO@FeN-MP)

Thermos Fisher, ESCALAB 250 Xi %!) /3 #7 £ & oG
RUMBEMAE; RAS LB B8 (TEM, HA
B F Bk &4k, JEOL-JEM 2100F #9) X #£ i A9 134
I 55 Je 76 2 43 A7 EAT A A3 AT 5 R FH AR S A
i 5% 71 (VSM, 3 [ Lake Shore Cryotronics, Ltd.,

LakeShore 8604 %) I &+ 5 A9 14 BB 5 SR H 284
Al AL V8 5z B 1% X (UV-Vis DRS, H 7 8 H /A

UV 2600 A1) A1 & 6 It g s SR 260k
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Table 1 Statistical table of experimental synthetic materials

Material name Synthetic raw material Synthetic method
G@FeN-MP Fe, Fe;0,, FesN, C Microwave plasma
GO@FeN-MP G@FeN-MP CO, plasma modification

7ZnS-GO@FeN-MP-1
n @Fe (1 mmoL, 0.24018 g), ethanediol (15 mL)

7ZnS-GO@FeN-MP-2
n @ke (1 mmoL, 0.21951 g), ethanediol (15 mL)

GO@FeN-MP (20-50 mg), ZnSO,-7H,0 (1 mmoL, 0.28756 g), Na,S-9H,0

GO@FeN-MP (20-50 mg), Na,$-9H,0 (1 mmoL, 0.24018 g), Zn(CH;C00),-2H,0

Solvothermal method

Solvothermal method

2 #RE5Tie
2.1 EESNREER
K 2 B8 T G@FeN-MP. GO@FeN-MP. ZnS-
GO@FeN-MP-l F ZnS-GO@FeN-MP-2 f#] XRD ji%
K, H"¥ G@FeN-MP 7 26=26.38°, 30.08°, 35.43°,
38.13°, 41.05°, 43.52°, 44.67°. 56.94°, 65.02°F

82.33°4b A B W (9 A7 S 0% . 485 Le X PDF AR fE R
FARH, 7 T 44.67°, 65.02°H1 82.33°(1 117 4 I 43
W %F % T Fe #H (PDF#06-0696)2" /1% (110). (200)
F1(211) §h1fi . 17T 38.13°, 41.05°H1 43.52°H4 17 §F
W& 43 51 % )% 55 FesN #H (PDF#73-2101)22 /iy (110) .
(002) A1 (111) /& i o {7 T 30.08°, 35.43°Fl1 56.94°
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. Fe FRUER A, T 28.74°, 47.62°F 56.38°H4 fiF
?’32 St W 43 5] %F R T ZnS M1 (PDF#89-2164) 11 (107).
22354 (112) 1 (1120) §41i0 . 17 T 34.50°, 36.34°. 63.01°,
ZnO 68.11°F1 81.61°1% 71T ¥ I 43 1) X i F ZnO A (PDF#

> _ [27]
2 r \\‘v J\ _— GOLFeN b 75 0576)‘ 1y (002). (101). (103). an) F1 (104)
2 W ST, 7T 44.76°. 65.16°, 82.53°FKT S g 43 5 XF
- m,«-w v} m o M“MMMMW Vi 5 Fe #l (PDF#87-0722) {1 (110). (200). (211)
GO(aFeN MP EIIEEIEO Hﬂﬁtﬁfﬁ, é’é(ﬁﬁﬂﬁ‘%fﬁﬂj}ﬁ, ZI’IS ﬁlZIJJ%i

G@FeN £Yia &1 T GO@FeN-MP ¥ i ) K 1
% " 2.2 EHRNNIBEREREE

10 26 3'0 4'0 5'0 6 70 80 90 T kB SE2E CO, 55 B T I B Ik 6

20/(°)
K12 G@FeN-MP, GO@FeN-MP. ZnS-GO@FeN-MP-1 il ZnS-
GO@FeN-MP-2 1] XRD % &l

Fig.2 XRD spectra of G@FeN-MP, GO@FeN-MP, ZnS-GO@FeN-MP-1
and ZnS-GO@FeN-MP-2

1) £ ST 068 43 51 % 1 T+ Fe,0,4 AH (PDF#99-0073) 1
(220). (311) Al (511) ff I o i T 26.38°M% 177 5 U
X T C(PDF#41-1487)%Y 1 (002) fi1fi, GO@FeN-
MP 7£ 26=26.38°, 30.08°. 35.43°, 38.20°, 41.10°,
43.60°, 44.67°, 56.95°. 62.53°. 65.02°F 82.33°4k
AT ST . 2858 X PDF frifE R R A3
7 T 44.67°, 65.02°FH1 82.33°) 117 5 W 43 5] % 17 T
Fe #fl (PDF#99-0064)* fij (110). (200) Fl (211) &
Ifii o T 38.20°, 41.10°F 43.60°H AT 5t W 43 1] %of
I T Fe;N AH (PDF#83-0877) 1) (110). (002) £ (111)
fh I o 7T 30.08°, 35.43°, 56.95°F 62.53°1Y 7 5
W& 43 51 %5F ¥ T Fe;0, A (PDF#89-4319)%° () (220) .
(311). (333) Fl (440) & Ml o 13 T 26.38°11 fi7 4
%t N T CHH (PDF#41-1487)% 1y (002) & 1 . 1
XRD f4 43 #F 7] %1, G@FeN-MP & Fe. Fe;0, Fll
Fe;N 4l Z TR & . 4 CO, S5 8 Fik ek )5

YIMIIF A KA AR A, W T T elbE U B X
A1 R AT M . & ZnSIEM S, ZnS-
GO@FeN-MP-1 7t 26=28.57°, 44.67°, 47.53°, 56.38°
1 82.33°40 A W] B AT 504 . 280k LU X PDF Frifi-R
AR, 7T 28.57°, 47.53°H1 56.38°H 117 5 I 43
S 5 ZnS A (PDF#89-2181) 14 (0138). (110) FI
(2038) §1fT . 7T 44.67°H1 82.33°F4 AT 5 16 43 1] %:F
I T Fe 4 (PDF#06-0696)! f¢) (110) 1 (211) {4 1fi .
ZnS-GO@FeN-MP-2 /£ 26=28.74°, 34.50°. 36.34°,
44.76°, 47.62°, 56.38°. 63.01°, 65.16°, 68.11°,
81.61°F11 82.53°4b A B B A7 GF i . 283 L X PDF

I ZnS J5 ) G@FeN-MP 7 S 4% i B A R R, X
HPE47 T Raman YGi%4rdr, g5 R WK 3w, H
B UL, B A RE S ERAE 1330 cm™ A1 1580 cm ™ fff
I BT A BT w0, 3 0 T D Al A
G, DR ARG LIFIRNE, HTRIEA
SRR S B B B S . G ISR Y sp® Bk
JR T N RS IR Y, TSR AR A S A
4 R0 B PO 3l H R I D e RN GG 1 0 R LY
(Ip/1g) K RAL A B A 7P FEEE, X L BN,
A B A B RBRER K., RZ, ZILEBK,
e ARG A B A R B RN )k B k£ B
G@FeN-MP ] Ip/I {H 7 0.78, £ CO, %5 & TRk
£ )5, GO@FeN-MP ¥ I/I {64 0.89, X # W f7
W 2 THD ) A AR A BT SE . 7R BE 4 5E ZnS Z
Jii, ZnS-GO@FeN-MP-1 fil ZnS-GO@FeN-MP-2 [
In/IG {55020 1.42 F1 1.51, A7 55 5 3% 10k s e B2
2B, AR E R SR,

Intensity

ZnS-GO@FeN-MP-2
ZnS-GO@FeN-MP-1
GO@FeN-MP
o \ FoA G%FeN-MP

1 000 1250 1 500 1750 2 000

Raman shift/cm™
K3 G@FeN-MP, GO@FeN-MP, ZnS-GO@FeN-MP-1 il ZnS-
GO@FeN-MP-2 fifii gt
Fig.3 Raman spectra of G@FeN-MP, GO@FeN-MP, ZnS-GO@
FeN-MP-1 and ZnS-GO@FeN-MP-2
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2.3 BEHRHPTENN

FIFH XPS Hi A 43 B 0T LU RE % 5 1 1 9 oK
B o R R KM A& . B 4(a) S G@FeN-MP,
GO@FeN-MP. ZnS-GO@FeN-MP-1 fll ZnS-GO@
FeN-MP-2 i) XPS 4% &, G@FeN-MP #ll GO@FeN-
MP (1] XPS 4 3% [€] h #R /7 7% Fe2s. Fe2pl. Fe2p3.
Ols, Nls, Cls fl Fe3p [ #¢1iF I§ . T ZnS-GO@
FeN-MP-1 #l ZnS-GO@FeN-MP-2 [{] XPS 4= % [&] i
H BT Zn2s . Zn2p. S2s. S2p. Zn3s. Zn3p.
Zn3d [ FFAE I, 48 78 % 7 AU G Pk 9 K 0K b A
fEZn. S. N, C. O Ml Fe L& ., £ Cls XPS />
1% K (8 4(b)), G@FeN-MP () Cls 4% & fE L
T 284.8 eV 1 286.05 eV 4k 1 481 A 1§ 43 51 15 & T
C—C fl C—O # ., GO@FeN-MP ) Cls &5 & fig {7
T 284.8eV. 285.78 eV Fil 289.67 eV Ab 1) 42 & W 43
HIHJEF C—C., C—0. O=CH., C—O IR

@

Zn2p

S2P 7n3p
S2s Zn3s 7,34

2z ZnS-GO@FeN-MP-2
g ZnS-GO@FeN-MP-1
=)
GO@FeN-MP CTs
Fe2s Fe2p  Ols Nls
G@FeN-MP Fe3p
1200 1000 800 600 400 200 0
Binding energy/eV
ZnS-GO@FeN-MP-2
2
g
k|

1015 1020 1025 1030 1035 1040 1045 1050
Binding energy/eV

3 =5 DL B C=0 W1 H 3 3% B 7R CO, 45 5 11K
0 Ak R v A 5 AR P N K R ) B )2
4y A 4B BV, ZnS-GO@FeN-MP-1 [ Cls 45 4 G {7
T 284.8eV. 285.9€eV Fll 288.99 eV 4t fiY 481 & I /3
A3 JEF c—C. C—0/C—S 1 C=0, ZnS-GO@
FeN-MP-2 [ Cls 45 {5 BEfii T- 284.8 eV, 285.97 eV
1 289.19 eV Ak 19 4 & W8 73 3 HJE T C—C. C—
O/C—S Ml C=0, FMW ST & MIUIB I E w5
) A Zn2p XPS & 43 B B (] 4(c)), ZnS-
GO@FeN-MP-1 ] Zn2p 45 & BE T 1 021.74 eV Al
1 044.74 eV Kb () 2 4> FE A 06 X 3 T Zn (4 2ps,, Fl
2py), A EHLIE 432 . ZnS-GO@FeN-MP-2 ) Zn2p
4 A REN T 1022.85eV Fil 1046.15 eV Ab Y 2 4~ 4
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Fig.4 Full spectra (a) and Cl1s high-resolution XPS spectra (b) of G@FeN-MP, GO@FeN-MP, ZnS-GO@FeN-MP-1 and ZnS-GO@FeN-MP-2; Zn2p (c) and
S2p (d) high-resolution XPS spectra of ZnS-GO@FeN-MP-1 and ZnS-GO@FeN-MP-2
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Fig.5 TEM images of G@FeN-MP ((al)-(a4)), GO@FeN-MP ((b1)-(b4)), ZnS-GO@FeN-MP-1 ((c1)-(c4)), and ZnS-GO@FeN-MP-2 ((d1)-(d4))
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Fig.6 HRTEM images of G@FeN-MP

SRR, AMEET AT 3434 cm™, 2928 cm™
1629 cm™ &b Ay, 33X B0 Sy I X B O—H YA
Pl BRWIE C—H 8 IR 3l . C=0 1Y {h 45 4ig
BP9 ZnS-GO@FeN-MP-1 7F 592 cm™ Ak 1 1% 1
I %} 1% T GO@FeN-MP 5 ZnS & & & C—S [i]
% BRAH 45 9% 5 . ZnS-GO@FeN-MP-2 7E 614 cm™
A 1 1 Wi Y T GO@FeN-MP 5 ZnS & 45 1k
C—S [ X PR 4 IR 3l . i FH VSM R 1E G@FeN-
MP. GO@FeN-MP. ZnS-GO@FeN-MP-1 fil ZnS-
GO@FeN-MP-2 HJiiERE. 4NIEl 8(b) 7R, G@FeN-
MP 1 161 F1 1 b 5% B Ok 66.59 emu/g, GO@FeN-
MP ) 1 F1 8 4k 3% & °~ 53.10 emu/g, ZnS-GO@
FeN-MP-1 [ 1l 1 % 1k 5% &£ &y 7.33 emu/g, ZnS-
GO@FeN-MP-2 [ 11 Fl % 4k 5% £ 4 6.57 emu/g, iX
K ZT CO, B T ZIE, GO@FeN-MP [y
v B TR, (ARG RAFRWERE, S
R RS, AR, L AT
Wi, X MR X SR B R, R DL
me ;A0 NG . i — L B BEZ S, ZnS-

GO@FeN-MP-1 fil ZnS-GO@FeN-MP-2 1) 1 Fl % {k
SREEAN T, X2 TR R S C,
ZnS 1) 55 45 5 BOPR AL BT &0 R B MR A BT R B
{EATY 2 B0 R4 A B T M, b 3 2 SRR ke W
ZnS-GO@FeN-MP [ L) £ # %5 14 B ] P9 i g 71 5t
WAk, EAY N H TR TERE I
2.6 F1F A9 ENAT IS R I

% 9N ZnS-GO@FeN-MP-1 Fl ZnS-GO@FeN-
MP-2 [} 5 SR AT DL WSO 3, M3 I o ml LA 3 A
i X8 58 A0 AT UL S 4 e 157 0 (R R o) N R BE AR
7ZnS-GO@FeN-MP-1 fil ZnS-GO@FeN-MP-2 7£ 200~
370 nm I R SR A KR I I
2.7 EHMAXBEXSH

& 10(a) & H 230nm 1 A # & ¥ K 1 GO@
FeN-MP Fll ZnS-GO@FeN-MP-1 Yl &, 1 & Bék
& FE (BEx Slit) & 10 nm, & S 52 4% 95 & (Em Slit) 4
10nm, M K& # 7] UL & i ZnS-GO@FeN-MP-1 £
388 nm AbA W (Y K S, HOR TSR EE LY GO@
FeN-MP 58, ULHI%EHE [ ZnS 2377 A Hil b B 725



2102 EAMHEER

Fe Kal CKal 2 N Kal 2 0O Kal

a g (ab6)
Fe > : (0]
| ve— |

o0 om0 Larrvesssan | | rrvresean |
100 nm

100 nm 100 nm

Fe Kal C Kal 2 N Kal 2 0O Kal

(b3) ) (b6)
Fe 3 (6]
~100nm ' 100 nm | 100 nm 100 nm

T o0am 1
100 nm 100 nm 100 nm S Kal Zn Kal S Kol

3 4) (d4)
Zn 50 S
Skl

100 nm 100 nm 100mm 7 1000m 100 nm
CKal 2

N Kol 2

100 nm 100 nm

Fe Kal C Kol 2 N Kol 2 O Kal

(c7) (d8)

Fe

P P— e e
100 nm 100 nm 100 nm 100 nm

€17 G@FeN-MP ((al)~(a6)). GO@FeN-MP ((b1)~(b6)). ZnS-GO@FeN-MP-1 ((c1)~(c8)) 1 ZnS-GO@FeN-MP-2 ((d1)~(d8)) ) Mapping JGE K%

(S T et
100 nm 100 nm 100 nm 100 nm

Fig.7 Mapping elements of G@FeN-MP ((al)-(a6)), GO@FeN-MP ((b1)-(b6)), ZnS-GO@FeN-MP-1 ((c1)-(c8)), and ZnS-GO@FeN-MP-2 ((d1)-(d8))
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Fig.8 FTIR (a) and vibratory sample magnetometer (VSM) (b) spectra of G@FeN-MP, GO@FeN-MP, ZnS-GO@FeN-MP-1 and ZnS-GO@FeN-MP-2
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Fig.9 UV-Vis absorption spectra of ZnS-GO@FeN-MP-1 and ZnS-
GO@FeN-MP-2
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Fig. 10 Emission spectra of GO@FeN-MP and ZnS-GO@FeN-MP-1 for excitation wavelength 1.,=230 nm (a), GO@FeN-MP and ZnS-GO@FeN-MP-2
for 1,=220 nm (b)
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Fig. 11 Fluorescence microscopy of ZnS-GO@FeN-MP-1 in 1,,=405 nm
((a1)-(a3)), 445 nm ((b1)-(b4)), and 488 nm ((c1)-(c3))
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Fig. 12 Fluorescence microscopy of ZnS-GO@FeN-MP-2 in 1,,=405 nm
((a1)-(a4)), 445 nm ((b1)-(b4)), and 488 nm ((c1)-(c3))
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Fig. 13 Cytotoxicity tests: (a) GO@FeN-MP; (b) ZnS-GO@FeN-MP-1 and ZnS-GO@FeN-MP-2
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Fig. 14 Color changes of ZnS-GO@FeN-MP-1 coupled with the

secondary antibody: (a) Pure magnetic bead samples; (b) With secondary
antibody and magnetic beads; (c) With secondary antibody but without

magnetic beads
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Table 3 Absorbance value of 1 mg ZnS-GO@FeN-MP-2

at 450 nm

ZnS-GO@FeN- Second antibody- Second

MP-1 ZnS-GO@FeN-MP-1 antibody

0.24 0.285 0.385
Absorbance

0.164 0.321 0.371
value

0.205 0.248 0.364
Average value 0.203 0.285 0.373
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Fig. 15 Color changes of ZnS-GO@FeN-MP-2 coupled with the
secondary antibody: (a) Pure magnetic bead samples; (b) With secondary
antibody and magnetic beads; (c) With secondary antibody

but without magnetic beads

at 450 nm

ZnS-GO@FeN- Second antibody- Second

MP-2 ZnS-GO@FeN-MP-2 antibody

0.600 0.821 0.385
Absorbance

0.581 0.766 0.371
value

0.585 0.877 0.364
Average value 0.589 0.821 0.373
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