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Fabrication of Gold Magnetic Nanoparticles and Their Application for
Rapid Detection of Aflatoxin B, Using Surface-enhanced Raman

Spectroscopy
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(Ocean College, Zhejiang University of Technology, Hangzhou 310014, China)

Abstract: To introduce -NH, and -SH to the surface of Fe;04/SiO, nanoparticles, Fe;O, nanoparticles were first modified with
tetraethoxylsilane to form Fe;04/SiO, nanoparticles, followed by the addition of 3-thiolpropyltriethxoysilane and 3-aminopropyltriethxoysilane.
Au nanoparticles were then assembled on the surface of Fe;0,/Si0, via the electrostatic adsorption of -NH, and the effect of the Au-S bond to
produce core-shell Fe;0,/Si0,/Au gold magnetic nanoparticles. These magnetic nanoparticles were characterized by a variety of techniques such
as transmission electron microscopy (TEM), energy dispersive X-ray spectrometer (EDX) and ultraviolet spectrophotometer (UV-vis). Using
Fe;04/SiOy/Au gold magnetic nanoparticles as a Raman active substrate, aflatoxin B, (AFB,) was directly and rapidly detected by
surface-enhanced Raman spectrometry. In the absence of external magnetic concentration of gold magnetic nanoparticles, the detection limit of
AFB) was higher than 10.0 png/mL, while in the presence of external magnetic concentration, the detection limit was decreased 100-fold (<0.1
pg/mL) with a linear detection range of 0.1~10.0 pg/mL. The recovery rate of samples was 84.35~91.98% and the relative standard deviation
was 4.88~9.90%.

Key words: surface enhanced Raman scattering; gold magnetic nanoparticles; aflatoxin By; rapid detection
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2% T B 5% b7 2 6 (surface enhanced Raman
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RIMALE SRR — 2 FAE SERS A 152
J&, U BB RS SR AE T H A I R . ASC e
SR FREREE JFIE G4 S 9K, FELAGK FesO4
SR A REVERZ Lo, G 3R TS o W S AR TR B
HAAE FesO4 KM, TWHBEAXTL N Fes0o
SiOy/Au S WELKFRL, HFIFHEXT AFB, AT HPuE B
BRI . SO TSI RN AT Fes04/Si0y/Au
S REANRITRLIE g LA AS DN R S IR 5, 357 1 )
F Fe304/Si0y/Au G KRR ud A I AFB, 1S58
ke

1 MR5ERE

L1 U8 5 A

% 3 L B (TEMD, fif 2% FEI Tecnai G2 F30;
FIMBEBOLH 2618, 3£E DeltaNu Advantage
7855 ERAM-TT WA OB E T (UV-vis), HA B E
UV-1780; pH i, Ei#gERHMCE K &AHRA A
PHS-3C; 85-1 fli/iitt4s, iR mHEARAR;
BSA224S HLT R, JbmBEE R RA AR
Al; LD5-2B B OHL, JER s B OHUA R A ]
KQ3200B ks, EL A A RAH .

VU5 AL =Bk g Kk ikl (Fe;04, 50~100 nm,
Aldrich); ¥HHEREHR B, (AFB,, ] &K); PYZ4HJE
ikt (TEOS, Aladdin); 3-%i A% = &S FEfik ke

(MPTES, Macklin); 3-2 A % = 2 A 5Lt (APTES,
Macklin); 2R ZMEMERE LR (PVP, TCD; — RJ:AE
ft (TPS, Alfa); & &R (HAuCly-4H,0, Macklin);
B G R o Ml sl A4l LA H4iFE .

1.2 & 4R Bk By &

FREX 1.0 mg 548, H 10 mL & 2%01 PVP &7k
OK:Zlg=1:1, V) RS &R, ARG
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T, % 0.5 mL % 3.0 mg TPS ) 2R I A 2
AERANF, WG E AR NS, o
WA R AL, 10 min JEIRTREEOA R AR,
WS GRBRLATRICAT 4 COKFI&H

1.3 w4 R Bk o9 5410

%¥ Mirzabe 715, IR T 20.0 mg Fes04 44
KITkL, WS BT 10 mL 254K NN 100 mL 58
i, FEIIN 50 mL K ZEERK 0.5 mL &K, 7
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REEE A fE FAMEAR (RIAE TR s kliiek, E42 10
mmx5E 3 mm, TIWILARESERIERATD ¥
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WU 50 mL To/K 8% 50 mL ZE58 K3 4K Bk it
1T, ARG BRAE 50 mL Tk 2/, A 0.5 mL
KR, TEBAEIRGTER NS A 20 uL APTES 1
20 uL MPTES FHAERF M. 18 ho [SIEE PR 5 i FH AR
Ay B3R L A -NH, M1-SH 1] Fe;04/Si0, 44K Fiki,
WU 50 mL To/K ZEEAN 50 mL 2848 /K B4 e 20 BUE
10 mL 281K

1.4 Fe;04/Si0,/Au é&}@ﬁ é[i] ?{’(%ﬁﬁ FJ)‘] /E;\ﬁk.

HU 10 mL 3R B IG 9K BRI, FAMd A
Fe;04/Si0, PUKFURL 7355, 72 FiEw, A 10 mL.
1.2 i1 Au PURBRLER, B THUWRIRS % 0L
400 t/min JEEHRY 4 h, K Au PUORBOR T 2H2ETE
Fe;04/Si0, 4Kk 1-3RIM, A5 FIRSMGAR 7 E gk
WRL, 32 BIETR, SRR A 20 mL 2% 187K
. BEE FIRABNEZIR, &SR HHERE
Kbt H BB RS FI) Fes04/SiOx/Au 4K i

1.5 DL Fes04/SiOo/Au 45 4 K FUkr h 4 8
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AFB; [1H7 2 515 B i fi7 2 6 i A B 45 e 5
AFB; ¥y ARG . HLLA & B S g K ks i 5
AFB, ALl — RV GG BRIRE N 1.0 mg/mL,
AFB, W Z 535174 10.0 pg/mL. 5.0 pg/mL 1.0 pg/mL.
0.5 pg/mL F1 0.1 pg/mL [P, FHRS M IR LEy
H 3L 50 pL B R B T #3  b, FHT
M3 R A TR A G oK R SR B vk i
B, FERL GRS RS N U A AFB, HIHL 2
W BN A PRI (8] /8T 10 min.
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Fe,0,/Si0,/Au: B a1 K L

B 1 Fe:0./Si0./Au SRELIKETRIAN & R ESEXE]
Fig.1 Synthesis route of Fe;0,/SiO,/Au gold magnetic
nanoparticles
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ETECAEEMZ . N TSRk it 570
SE R MMER NS &, ASCSEEH TEOS 1E FeyO4
KB Si0, 4M57¢, 285 APTES L2 MPTES
Xt Si0, AR 5ER T HEAT DhRElL, 152717 -NH, F1-SH
1) Fe;04/SiO KAk (B 1), MM AT iRt -NH, [#%
FEL I B A Au-S B R iE— 20K Au 9K TR £ Hh
W B ZHARTE Fes04/Si0, KM, MU B AL
] Fe304/SiOy/Au & HEGNAKITH -

2.2 Fes04/SiOy/Au 4wk 44 K Bk th FAE

22.1 Fe;04/Si0y)/Au & FE4 K Br e & 4%
F R4 (TEM) 947

2 NARFEIDHEERET Fes;04/Si0,/Au 44K 5
Fift) TEM E& . nTLAEH, Fe;04/SiO, HEMEANKFRL
FIRIARICR (100~200 nm), (& 2a, 2b), FERKLIK
WG LVES—EHREHLER Sio, MaEZ (K

2¢, 2d), HAEREMHR TR T BRI T K= Au
KPR, Au GUKERLRERIE, KNS, RifRTE
6~8 nm  [f] o I T R R A T DUOR B, Kk
()R IAIEE N 0.24 nm, 5 FesO4 [ 222 fimAHYI A,

T/ NORE S T TRD 2 0.20 nm, 5 Au /19 200 fb T AH
Wi (B 2e), BEBIGI/ING Au UKk &% b &7
T Fe;04/Si0; KKK -

e

5

(& 2 Fes0./Si0,/Au SHALNKERIIAY TEM ]
Fig.2 TEM images of Fe30,/SiO,/Au nanoparticles

E: EESHEE (a) (b) (¢) A= (d), HH#HE (e).
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Fig.3 EDX spectrum of Fe;0,/SiO,/Au gold magnetic

nanoparticles
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2.2.2  Fe;04/Si0./Au £ Fk4h K BF2 g EDX 4
M BHE I E AT

K 3 /& Fe;04/Si0y/Au S HESKIURL I EDX 15 4]
MEERE Rl LB, Au JTTEREE SR Fe 7oR
IRy B, TR C TR SR T M
SR, Cu TGRSR T BT, Ui FesO4 44
KBR R BEEE Au TR A BHE
Fe;04/Si0Oy/Au S EAN KRR T I 703 AT B, X FE

AHEAT TSR, AR 4a PR . FF EDX S35
IIHTE RIEAT BN, 15T R R A7 B (18] 4b.
cv dv e MO MEHRIEH, KB A X 8] KAt
FESHICRAATTRYI A, NIV A X [R] B AT JEE
SEIURVIE, “ERESS, XL, HItET
B Au PUKIURIRA LA AE FesOy KU AR MM o

Drift corrected spectrum image Scanning

b [ox]

e md|||[f =

[E 4 Fes0./Si0/Au SHALRERRIAIRE AR K TEM [E]
Fig.4 TEM dark field images of Fe;0,/SiO,/Au gold magnetic nanoparticles

223 Fe;04/Si0/Au &L ARHALE) UV-vis
ikt

Abs
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Fig.5 UV-vis spectra of Fe;0,/SiO, nanoparticles with Au
nanoparticles

E:oa, BREHK; b, BRE =K ¢, AW,

Fe304/Si0y/Au AN KIRLIK UV-vis Y6 i Ul 5
Fizne 24 Au GKRIRIAE Fe;04/Si0; R BEAT X
=R DRSS, 75300 Fe;04/Si0/Au 4x 1
YPRRRLAETK HH IO 53790 0.425, 0.624 F111.010

(& 5a, b Al c ), Ul Au BURLEHHE 7 1

Fe;0,/Si0, BRI IFR T, HBEHBEREIEM, Au 9K
WL ()75 5 2 PE R

— B Au GUKIBURLIEAE 520~530 nm AT IR I
U, T 5 rfr Au GO SUE A7 B AR 4E 528 nm

148

AR KA, W Au GORBRII S BB AR T
FesO4 MURIZRTH, Au GOKER < AR KA RE, Au
WAL (PRS2 ARA,  AITIAE Au KRR
WK A R AR B R 4082

224 Fes04/Si0/Au & Fh4h KA 6 Rtk o
MR

L N

[ 6 REESE Fe0/Si0 HRFKLER (a) FFes0./Si0,/Au
SHARFRLER (b)

Fig.6 Fe;04/SiO, nanoparticle solution (a) and Fe;04/SiO./Au
gold magnetic nanoparticle solution (b) without magnetic
separation

Fe304/Si0, ZHKBRL 1 A Sz Fe;04/Si0o/Au 41
YRR 20 T kase, KINagE G A4
D JEEERAR R, W 6 . H— B IR
YRS (BAR 25 mmxJESE 20 mm, TUTLR
SR AIRA R BT Fe;04/Si0, I Fe;04/Si0-/Au
YRR RTORLIA TR EE S M S MR EE e k7 VB By
YRR TR AR S50, 7E 30 s 2 PRI AT SEER 4 43
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5 (K 7a M1 b), WHIEET Au YEKEHRIK] Fe;04/
SiOy/Au GGG B A B AP IRE SR8, w bA
I R GG RAR = SERS A6 RAUE

7 HisyEEH Fe0/Si0 FRLRMR (a) #Fe0./Si0/Au &
HAZRERRLRIR (b)
Fig.7 Fe304/SiO, nanoparticle solution (a) and Fe;04/SiO./Au
gold magnetic nanoparticle solution (b) after magnetic

separation

2.3 TEOS Ji & xt Fe;04/Si0, 4 % Bikr th & vy

&8 AN[E TE0S FAE Xt Fe.0./Si 0 Sk Bk R A — S EREEE
I
Fig.8 The influence of different amounts of TEOS on the
thickness of SiO, shell of Fe;0,/SiO, nanoparticles
AN[F] TEOS FH & FesO4 BRI Si0, 2 EFE 1
N 8 fizn. 24 TEOS F&E N 20.0 pL I, %
PR 4.0 nm (ITEETE Si0, )= (K 8a), 24 TEOS
FE4 40.0 pL B, Si0, 24 )4 6.0 nm( & 8 b),
2 TEOS FHEMINZE 60.0 uL i, SiO, 2 FERE N
120 nm (& 8¢). —SAALREZ i1 EAE R AR
HILLR TR EL SRS FesOy ANKIRLA S AL A B
RBE, HuR AU EREAELE, W3

Fe304/Si0, ZKRRLLE R, PRI, A3CiEH] 40.0 uL
YR R TR A& T

24 BHE KRB Fes04/Si0/Au 4k 4 K UKL

# % v

[ 9 Au SRR FEE 1)1 (a), 238 (b)y 3% () FI40R (d)
RH8Y Fes0./Si0,/Au SHEALHIRBURIEY TEM Elf&
Fig.9 TEM images of Fe;0,/SiO, nanoparticles covered once (a),
twice (b), thrice (c), and four times (d) with Au nanoparticles
Au ORI HO Fes04/SiOy/Au <K
RORLI SN S5 R & 9 Fros. 78— Fe;04/SiO;
RIMEKRLT BN D> (& 92); AR Ik,
Fe;04/Si0, UKL I T 466 B B 48 K KL 1 B 4
(] 9b); BEEHE =, K EREARR T
Z LT MEEEEEA Fes04/Si0, 4Kk IZR T (K
9¢): MAEEEIYIRIT, SPUKBURIESE CB#HE
BT (& 9d). AT IERIEEF AR L
R ARRL A2, B R LR Au 9

25 EHEFE B W EAE

AFB ¥R FIhr 26 il 10 fos. iR#EZS5 L
BRI, 0T 1784 om™ 1 1758 em (R U4 4 5l @ T
pyrane ¥ A0l cyclopentene ¥ ] C=0 {45k},
1591 em™', 1547 em™ (RIVEJE T 5508 44 s S AR AR
), 1357 cm™ AbFIVERIET 53R [ FR43E, 998,
692 e AL — R BN RS FR b Cyp A1 Cyg JR T L
(] C-H HIAHIEHRSN. T 1357 om AbiHs S04 5 bk
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7T 1000~1300 cm™ f1] 8 A BEFE TS S T4 (5 Rig
CHEAE EEh05D, ASCEEIER 1547 em™ ARHIK
SEIRENEAE AT B R R By AR G VERRIE I, FRARYE
WSR2 I RN 38 HE B BE 3R By FOARTEE LA h 2k
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E 10 BHHESE B HRIWRISNILE
Fig.10 Raman spectrum of AFB, powder
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B 11 FeHiRAERT Fe0./Si0/Au {EERAC R E S R B AVhL
kil

Fig.11 Raman spectrum of AFB; using Fe;O4/SiO,/Au as a

Intensity

substrate without magnetic concentration
TEARRGIR AR 5614 R, LA Fes04/SiO/Au SxRigk
WRAERLE, EREAGI 10 pg/mL AFB, BE S ISR A
2ok, SR WE 11 s, WEIHATEH, AFB,
SIS T, R Fe;04/Si0/Au e
YARRRLAE AR IR A 261 TR AFBy AR =T 10

pg/mL.
2,62 FEREEMFT A Fe;04/Si0y/Au A2
AFB,

Xf AFB; FEARIEBHISMER CRBkiimiek, Bt
10 mmxJEJE 3 mm) SN, SRR
G SRR AL, IR G R e, S5 5R N 12
FRe IR, AFB, TEREIRAR 5 AR AN KR 2 7 HY

150

TR SRR, P SR AR R T TR IR T
WG 5 R T ) AFB, SRk i B e, B
—J7 AT RS S RGN K RORLAE S E R T HAHSE
LRI BUMUR A% 8] () G G iR E ] (RN
5. HTHERYE B e TR R, B
BT WO Z R SO S B R I, ARSI
IAFERELE 10 min NTERL, AT AT SEEIGT AFB, FPRIH
Foril o

3500 1357

3000 | %
2500 - 098

2000 - Y 692
1500 | 1758 ¥

1000 -

wladred o L,
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Intensity

Raman shift / cm!

B 12 HERAEEM T Fe0/Si0/Au fER KA EME S E
B FURIEEiE
Fig.12 Raman spectrum of AFB; using Fe;0,/SiO./Au as a
substrate after magnetic concentration

27 R EHE B ARET R &

FERIRAESAE S, N3RS AFB, 1E 1547 cm™ AL1)
UE5R 5 IR FE IO R, IS AFB, #%°A 10.0 pg/mL.
50 pg/mL. 1.0 pg/mL. 0.5 pg/mL. 0.1 pg/mL F1 0.05
ng/mL B H S ERER, KB AFB IKFEKE 0.05
pg/mL B, 1547 cm™ AFAEVETRAERE S 150 LU (f5
WELE<3), LA HRARA IR PIbRAE, HCeRH 0.1
ng/mL VE LA Rl (G PR o

LA 1547 cm™ ARIRJIESEXT AFB, R EEEAT XU B/
B, iR 24 AFB WKREZLE 10* mg/mL = 107
mg/mL JEE N, 1547 cm™ Ay 858 S
AFB; RIS R RAF, AL ERN
In1=0.438 InCapp;+6.7105 (Inl Jy 1547 o™ Kb 5 5
(RIXHEL, InCapp) 9 AFB, IKFEIRTED, R*=0.993,

28 FHETHERBESRKENINE

NESE ZARHE 2RI AT SN, BCEVREN 0.14 1.0
A1 10.0 pg/mL PRI 25 2E B KIS A A E oAl
W, AR RWE = PATREARH TN, FriS e
JEE RS 35 BE AT 45 AN 1 s BB SR A mk
KN 84.35%~91.98%, HXTIndEfwZE (RSD) 7E
4.88%~9.90% 2 [i], 15 B Fr g 3. () b e 2k 2% B 5
LR B LT
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& 1 Fe0./Si0x/Au SHEAR BRI RGN AFB, RO ERBE 515
BESH
Table 1 Accuracy and precision analysis for AFB, detection
using Fe;0,/SiO»/Au nanoparticles as a substrate

ENGERRE MERE EETRHE HREE
/(ug/mL) /(ng/mL) 1% (RSD/%)
0.92
0.1 0.97 84.35 6.71
1.05
0.88
1.0 0.97 91.98 4.88
091
9.60
10.0 8.06 90.97 9.90
9.63
3 Zhip

ARILLL FesO4 YUK AIZ A, A/ NRIAE Au
YPRITRLIE R AL TEE5 1K) Fes04/Si02/Au 41K
KL, DURGOR TR E AR S PSRN AFB, HHT
BRI, S5 R RILEL S AT AFB, Al
BRFAMIK 100 £%, 7€ 0.1 pg/mL~10.0 ug/mL £EH: 75 A,
BAANRE SR )N 10 min,  ATTEESE T bR
SERS  FH&:REAN KU 85 it 25 2 20 E AT Dokl B ks
MH T

BH TR
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