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Abstract . 173-Estradiol (E2) is a natural steroidal estrogen essential for a variety of physiolog-

ical functions in organisms. However, external E2, which is renowned for its potent biological
effects, is also considered to be an endocrine-disrupting compound ( EDC) capable of distur-
bing the normal operation of the endocrine system, even at nanogram-per-liter (ng/L) concen-
trations. Studies have revealed that medical and livestock wastewater can be contaminated with
E2, which poses potential risks to human health. Currently, the primary method for detecting
E2 relies on liquid chromatography-mass spectrometry, which is limited with regard to on-site
or large-scale sample testing due to instrumental constraints. Herein, we developed a magnetic
graphene oxide (MGO)/aptamer separating material. The MGO was synthesized by creating a
water-in-oil microemulsion at 90 C, an agarose hydrogel to load the Fe,O, nanoparticles, and
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layered graphene oxide ( GO). In contrast to conventional methods, such as chemical co-pre-
cipitation and solvothermal approaches, this method is more time-efficient and does not require
high temperature or pressure. Moreover, the use of a physical encapsulation technique for en-
wrapping the Fe,O, nanoparticles and layered GO eliminates the need for chemical modifica-
tion. This approach reduces the use of harmful chemicals, ensures complete loading, and re-
sults in highly efficient encapsulation. The MGO was characterized using Fourier-transform in-
frared (FT-IR) spectroscopy and transmission electron microscopy (TEM) , as well as dynamic
light scattering (DLS) and Zeta potential analyses, which revealed that the Fe,O, nanoparticles
had been successfully loaded onto the GO to produce MGO particles mainly around 5 pm in
size. Additionally, this study demonstrated that the aqueous MGO dispersion is highly stable.
This substance was used to develop a fluorescent biosensor that uses a “turn-on” mechanism
to rapidly and highly sensitively detect E2. MGO is capable of adsorbing a fluorescently labeled
E2 aptamer ( FAM-Apt) in solution, resulting in fluorescence quenching through fluorescence
resonance energy transfer (FRET) between the fluorescent group and graphene. However, E2
preferentially binds to FAM-Apt, resulting in the FAM-Apt separating from the MGO in the pres-
ence of E2, thereby restoring fluorescence. The developed biosensor exhibits a robust linear
correlation between relative fluorescence intensity and E2 mass concentration in the 1-1 000
ng/mL range, and boasts a low detection threshold of 1 ng/mL. The use of MGO as an absorb-
ent and fluorescence quencher led to an E2-detection limit that is two orders of magnitude low-
er than that of a GO-based sensor. This biosensor also outperforms other aptamer-based sys-
tems in terms of detection time, linear range, and sensitivity; it also demonstrates remarkable
resilience toward various interfering ions and exhibits strong selectivity among structurally simi-
lar estrogen analogs. A range of ions commonly present in water samples were introduced into
the reaction system at specific concentrations to gauge the impact of interfering ions on sensor
performance. With the exception of Fe’" ions at 0.3 mg/L, which led to a lower fluorescence
intensity, interfering ions were found to exhibit minimal effects. Biosensor specificity and selec-
tivity were further scrutinized by introducing four estrogenic disruptors, including estriol ( E3) ,
17B-ethynylestradiol (EE2) , estrone (E1), and bisphenol A (BPA) , each at a mass concentra-
tion of 1 pg/mL under the same reaction conditions used to detect E2. The recovered relative
fluorescence-signal values for E1 and E3 were determined to be 33% and 23% that of E2, re-
spectively, while EE2 and BPA hardly elicited any fluorescence signal recovery, thereby high-
lighting the ability of the biosensor to precisely detect E2 with minimal interference from estro-
gen analogs. The efficacy of the MGO-FAM-Apt biosensor was subsequently validated by testing
river-water samples containing known quantities of added E2, which yielded recoveries of be-
tween 91. 0% and 110. 0%, thereby affirming the reliability of this biosensor for use in practical
applications. The developed sensor may be somewhat limited compared to liquid chromatogra-
phy-high-resolution mass spectrometry in detection limit, but the developed biosensor is cost-
effective, detects rapidly, and is capable of simultaneously analyzing multiple samples, making

it suitable for on-site or large-scale E2 testing of environmental water samples.
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HA E2 PUNR M G B AR Fe e
PEUFEEDRRS  SRIMT, JE T E2 & B R MY B A
T AT AL AE YA AR 2R b RN, 35 R I 96 [
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fi(GO) |2 I 15 2t S b4 3805 (MGO) , GO
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AR RO RFCR | MEES PR E2 B
PENEHMC HR RIS BL 1A ( FAM-Apt ) # [ 78 MGO
HE GO ZRif L, 9B K ;i 24 E2 77 7E R, FAM-
Apt R SR B2, AHEAEHIERE &9, N GO
RS IFIR R ST SR (¢ turn-
on” ) BIAEYIMEIRES . TERGIERT AR R il B AE
MGO | fyid & FAM-Apt i i3 #4355 IS P B
Bk, AT REARAR 2 iR TS 5e 00055, DT = 7 vkt
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1.1 UEB5RF

SpectraMax® iD5 £ I g Eihr{X ( 3% [E Molec-
ular Devices) ; Vanquish Horizon LC-Q Exactive™
BB (FH 4.1 RAC Y Xcalbur #R{4#E17 45
il ) A1 Nicolet iN1OMX fi BL i 78 4 21 b 5 i 41X
(FT-IR, 3¢ [ Thermo Fisher Science) ; Zetasizer
Nano ZS90 20K B K Zeta H v A% ( 9% [E B /R 304X
AR E]); Tecnai G2 F30 % & H1 7 i 3 553
(TEM, 3£ FEI A7) ; KQ-700VDE HY XU £ 45
AR TR (R LT A AR A PR F]) 5 VOR-
TEX-GENIE® 2 i&JiEiR 414 ( 32 [# Scientific Indus-
tries) ; S1010E 73 78 B .0 HLFN SCISS0-Pro Jil #4
Jii RS (3£ E SCILOGEX) ; MYP2011-100 18 4 H,
AR (AR AR R T A PR A F] ) 5 1
W 7% (% [ Eppendorf); Milli-Q Advantage
A10 EBZKAL (75 Merck) .

B B ( Gel strength (1% Gel) = 1200
g/cm) Yl (CP %) .Span-80( CP %) Iy Tt 5t
R FEPHABRA T Fe,0, 41KER(15~30 nm, |
VEBTRL T AR AR B A FRA WD) s E2 A 8085
KT 99% , W Ff b B R RS 40 A B B A R
5 mg/mL Ak A7 S0 S BOR (WA K ) WU A
(bisphenol A, BPA, fi Ul 53 & i KT 99. 0% ) M
¥ (estriol, E3) 178-Z k3L M — [ ( 178-ethy-
nylestradiol, EE2) . ME il ( estrone, E1) I F VT.75
SEEGRM BRI A E3 [EE2 M1 E1 A 30K
S EIET 98% ; AN K A A (BR 9) S AL
(ACS %) . &AL (ACS %) |, Trizma® base (ACS
9% ) ¥ T 3% [ Sigma-Aldrich; $£#2 (GR %) g T
B Ll 4 50 A PR ]  — H L AR ( DMSSO, A= %)
4% =99. 7% , % [F Sigma-Aldrich) ; H % ( HPLC
%) [ A B Fisher Chemical; G 7K Z, % ( AR
90) T AR e A PR A5 TR A (AR 2%)
WA F R AR A AL
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AW 5T BT AT R B 9¢ 6 Z ( carboxyfluoresce-
in, FAM) %638 A& i i #d% DNA J& it /& ( DNA
J¥%1 4 3'- ACGACTTAAGGTATGTGATCTTAGTT-
GTA GTTCAAGTCGT-5") 11 W4 F #¢ Be A= W) Bl A
PR (LLF {8k FAM-Apt, Ll HPLC 4fifb155)) ,
PR R AR T ICBEK TP ECHI Y 100 pmol/L Ay
B, B HFBEE 100 nmol/L £,

1.2 MGO ##HH & 5 R

R FH RS )9 A /K L 2 (W/ O microemul-
sion) & i MGO'"' . £ HL 100 wL & ¥y i % fi T
2900 pL Span 80 1, JE SIMAHTE G ; £ H 450 pL
5 mg/mL Fe,O, KM IR K E W 450 pL 5 mg/mL
FJZ GO ¥ 100 wL H4E7K AT 20 mg Bifs R &
VS RAS BK AR AW, 8 A b R 4 5) o Kl AH
IR WIMIE 90 T, [AlBf e P22 1% in 20 wL 76
IK B ; R BPEE K ARTR A W T ZE 90 C (FHildad 72
HRESEREFE ) , G202 T 0 K RH TR G V2R T AR B TR
H B MAJGEHE 90 CF R 10 min, 4k 2L+ IF
BHIE R, 153 MGO ML, 760 1 42 1 W B
E MGO Hih , B BRI, SR 5 H 4 21 (v/v) TR -
IR A VRV 4 W, Bl 5 P 4K ek 4 Ik, 3%
VRV, I 4l K E 5 2 4 mL, 7F 80 Hz 2 F
15 min, 15 25 HE B4R MGO ZKIEH .

B MGO 7K 7 W Bf 1000 175, 4 i 75 4k
20 min, #4173 A GCHUF (DLS) 1 Zeta HL A7 I &
i W AR MGO A _E 3 T R AT v oy 8
MGO HTE/K 2B 3 IR, SRIGAELLAMT R T4,
133 MGO ¥y AR MEM . Bri UERE GO 7K I I 4%
T4 SR )5 f H FT-IR X MGO il GO A9 E RE A1 41
BGHEAT S A AL R
1.3 MGO-FAM-Apt 415 EEHHE

] PCR 4 ( R4 MisE X s v 45 ) i A 20 pL
5xBuffer (750 mmol/L NaCl,25 mmol/L MgCl, .1
mol/L Tris-HCI, pH=9), 10 pL 100 nmol/L FAM-
Apt VBT 50 pL 2K 110 wL E2 WK, 7EE IR T
BEOEIFE 10 min J5, A 10 pL MGO 15 , IR &4
5], EEEIEE S min, RIS FHRE 12855 B MGO G2k
FLETHW . 2858 100 L bW (15 8% 2% K2 v
KR R 2 96 FLAR T, FH B BRG] 2 9O IR B AR
S, IR SR A TR AT .

Fl _Fo
FHXT 2GR S AH = F
Hrp F &I E2 J ket 5 CIR E A5 518, F, &

FH 10 pL M2l K4S E2 WU K6 i 2865 5
i, B 25 FURE S 2O T S5 o 1A

FHXT DR B A AE— B YE N 5 E2 MR E
LU, H A5 20 AH X 2 K 2 (E-E2 Jo v B 2 Pk [
FJ5 s, T E2 i,

14 FRERRES MTREHNSHFERRE

SRR A% R A 1Y R U T E2 AR S W
RS E2 iy MR B W 1 mg/mL,
FREL E2 FrifEfh 1 DMSO % i fic il , 4% )5 Fi DMSO
B % 10 wg/mL J5 fH 1 x Buffer ( 150 mmol/L
NaCl.5 mmol/L MgCl, .,200 mmol/L Tris-HCl, pH
=9) B R Z B W T 4 5 1.5.,10,50, 100,
500.1 0005 000,10 000 ng/mL,

P GB 3838-2002( b F /K FREE T bR i) | /K FE
T BE TP B, AR ROV AR & 4 S i 100
mg/L S 4b55 (CaCl,) 0.3 mg/L & 1Lk (FeCl,) .
0.1 mg/L & 1k %% (MnCL, ) . 250 mg/L & iz &h
(Na,SO,) 1 10 mg/L i iR 44 ( NaNO, ) , i | £¢ it
S 10 ng/mL 1Y E2, 8 T8 73 R as
PERERY S

Shy RS I A% SRR R S, FH R MR YO 1
pg/mL [ 4 MK R KA Y—E3 EE2 . E1 Al
BPA, 4350 1. 3 5 BB R RGN, A we ik &
B 25 5, BriEAR SR AR e Pk
1.5 TENHRAEMIRRIE

MAC ST T OR AR KRR, L 0. 22 um S8 AR
B EI B IR . 10 WL VB W RIN A BT AL HE i 1%
AR RV (100 L) 1, DL E2 5t i vk B 535l
0.1.5.7.5.10.50 .75 .100 ng/mL 2 $l ¥Rt 2, If
AT B2 SRR M 1.3 .6 ng/mL AR,

2 ZR5iE

2.1 MGO &R FRAE B #% B IR Bt Bz F

AR TAERRMELRE S B MGO, 75 90 C T 4k
T A LR T SRR W /K B G [ 22 32 Bk Fe, O,
YUOKRBEZR A 2 GO, 54k AL TE i A0 5%
58 4 BT 252 M EE %k T PR R B 0, AN
B e U o R 2R A T B R A R P A 3 2 1 T vk £
FRETRA GO, JoT #EAT fb 250 S 1, 1 9 A 55
AERN D, HEgik 8% 2 8, W BB E &,
MGO HA KA 51t LA R I 9 K % RiE
% = O B AZ R . #F 200 mmol/L Tris-HC1 ( pH =
9).5 mmol/L MgCl,, 150 mmol/L NaCl, 10
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nmol/L FAM-Apt %54, MGO #1 ¥} H T DNA
Oy ES W R Ky 97% , HL ATV e B A A

Wi 1a fin, st TEM %F MGO BYIE 55 3647
T, RIS Fe, O, 40 MRERE S A 7548 45 24
R GO I E B #E ER W D) T 2 7E GO )2
-, DLS #ll Zeta HL A7 I 5 2R, MGO RF K/ E
FEPTE S pm, Zeta HAFIE N -8. 16 mV, 4R
HEZE N 0. 797 mV, B BAF R e, BATXA R
) MGO 1 GO 43 3it47 T FT-IR #AE, WLIE 1b, #F
3400.1650,1100 cm™ ZbF W Y4, 3 400 cm™ Ay
W B - OH Y 46 = 8 7 26, 1 650 em™ &b iy
Wk R AT C=0 MFLFRS), 1 100 cm™ byl
W T C-0-C MRz T2 Ui MGO HA F &1
FREREA AR IR R L RIS
AT LSR5y Bt - HERL S0 AN A0 AR
S O s S
2.2 MGO-FAM-Apt f£Ri25# 7 E2

BT ik MGO B, AT # T MGO-FAM-

y 0.5 um

MGO

80 4
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E1 (a)MGO /) TEM &, (b) MGO #1 GO Hy
EEMH TR IEE

Fig.1 (a) TEM image of magnetic graphene oxide
(MGO), (b) Fourier transform infrared
(FT-IR) spectra of MGO and graphene ox-
ide (GO)
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BOHHAE, () {RIRE E2 T, EF MGO #1 GO k&
SEEBEXTEE (n=3)

Fig. 2 (a) Schematic diagram of the detection principle
of MGO-FAM-Apt fluorescent biosensor, (b)
comparative fluorescence spectra of MGO and GO
with fluorescence restored by 10 ng/mL E2 in the
same reaction system, (c) detection of E2 at low
concentrations using both MGO and GO-based
sensors (n=3)

FAM. carboxyfluorescein; FAM-Apt: fluorescently labeled
aptamer; E2. 17B-estradiol.
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FAM-Apt 8 3 Z4& MGO , M i K 25856 ; 1 244
E2 f£ £ B}, E2 5 FAM-Apt & % & & W', ffi
FAM-Apt A MGO L JBi B 7 >, BH 1 FRET &40 1
KA NMMEZOEIKE . 2OUESMIREFRE S E2
JoR R P A — S R PN B I B, PR R T v R A
R B2 B9 AE AR IR

FERATIr AR R v FERE 128 T4 MGO
5,10 s N MGO A DL 5g 4= ffF7E 487 BE 1| SR J5 A6l
ISR FAM-Apt {55, SCILXHA W E2
AT, AHLGAEH GO 1R MBI, MGO B 5 43
B, B AR OB EAR, & 2b FroR X
FEARFE 10 nmol/L ) FAM-Apt J& , LA GO i Wz i)
IS SPGB TE 520 nm 2 DL MGO Sy W i 5
R A | 3X F B MGO XHIRHR B B2 B2 615 e Lt
F GO, FHAHT MGO HEY B2 Kl i A
PRAETTE A R PR AN A5 S AR e AL FRAT)
X} MGO XM B E2 BRI 4T T I3, 264K
R E E2(1.,5,.10,25,50,75.100 ng/mL) #4
DG LN, LA MGO i BT EHE E2 26K 5 (H 5
LRk ETHEAE LA GO AW B B4 R G A5 TR 7E AN
] E2 ¥ B3 Bl N i 2 G (B I A e 35 A8k, XY
AT GO, MGO #HkFXT E2 [ H KR GE AL R K
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2.3 MGO-FAM-Apt B SS 4REMR 1L
MGO-FAM-Apt %845 194 113 T MGO Wy Fft
K FAM-Apt %660 I E2 5 FAM-Apt 2541
PSR A, O T 4R R AR, T A B2
5 FAM-Apt & & ¥ i F2 & 1 LA & MGO X i 25
FAM-Apt [0 i, 32 2252 0 P 2R AL 55 MGO 1)1
By & pH (B AIERIRIE . HEE 5T MGO A& xif%
A R R, ] 3a TR, 4k R T FAM-
Apt ZHeFEE N 10 nmol/L i}, 78 200 L 4 5 14K %
A 20 WL i MGO BRSO fe e, i — 200
5% 7 pH {HAYRZA , K] 3b £ WATE pH 55T 9 W25t
PRI 9 B de e, P REE R pH X FAM 22000 2 (1)
S A, T FAM B9 2GR E %7 pH {H
S, PEPRAR I A5 1R T 2esenm , R i &0 e T %%
MIRRM pH R 9, Ie)a, Shk 2o — A EZH
2 OLHGBE S AN S R L X A N A
MGO R BRI, i 38 1o 2 2F ssDNA 1 R 4544
I E2-FAM-Apt Z &9 it tt, B 3c.3d
YR YRR T 5 mmol/L I, 3 53
e H MGO B0 B8O B 2%, SR, 868 1 Ik
=T 5 mmol/L i E2 ZE YR A AR 4 86 25 1k I
(ARG I B AT , PRt e A6 5 V6 B2 R 5 mmol/ L,
BNES T LE A KT 100 mmol/L i, 58 % 1Kk &2 {1

b [ Control
= k2
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9 10
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Fig. 3 Optimization of (a) MGO amount, (b) pH, (c) Mg?* concentration and (d) Na* concentration (n=3)
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55 R B S TE AR O 17 SV B 5 T 100 mmol/L
I, O (A TR . BRI, BB B vk
ZE >N 100 mmol/L,
24 WMTFHBENSHRETEN

KT RE S A 45 5 7 B T B T i
PR KR AN E PR AR 45 TP B8 7, JATTIN L T 33X 2R [] 1
PR X A A I () 5, S 4 SR R A5
T A BT B R AR A R AR X B2 A B2 ) 4K
/N ABIIA 0. 3 mg/L KBS F 2 WA B AIK B2 128
MR B, ST AL AR T FAM-Apt 5 E2 945
GRS, IRATEIA T M RV BE Y 4 Fh bR 2
TP ——E3 EE2 E1 fl BPA, & PFAl 1% 8 &% %)
E2 A A S, SE A5 I R 7R [R] A0 S Ry 4%
T B2 MR 55 S e , 1 E1 Fil E3 Gei
WK E DTS, Hob E1 AR 55 S M
E2 1) 33%, E3 MAHXIZEOCESE N E2 1Y 23%, 1M
EE2 #ll BPA JLPANBEWK E 2861555 . X R FRAT
FrA ) MGO-FAM-Apt 1% Ba8 %t B2 A I B
SRk MERCE S TR RN
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E 4 (a) REFHEFIRN 10 ng/mL E2 FJ3 0,
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Fig. 4 (a) Effect of different interfering ions on
detecting 10 ng/mL of E2, (b) specificity
of MGO based sensors (n=3)
E3. estriol; EE2;: 17B-ethynylestradiol; E1. estrone; BPA.
bisphenol A.

2.5 5 LC-HRMS F £ it e L2

FTAVE T Ma 257 #5749 LC-HRMS J7 %t
—ZR5 B2 BEF AT T O . B2 A DL B A
F£i# i Accucore Vanquish C18 #F (50 mm x 2. 1
mm, 1.5 wm, Thermo Fisher Science ) #1777 &5,
AR A B A K M B A8 0. 3 mL/min, JijE
IAEIE L 55 F B B R as AT, SR e X
RBEbR AT g EE S, E2 BT m/z
271.21, F&F m/z 5351k 154. 21 F1183. 18,
Sa fon , FEXT LB T XF (m/z 271.21/154. 21 Fl
m/z 271.21/183. 18) AT /M , 7644 F B[]
4 7.12 min APFEFREE S B2 Brit ik S LM A
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