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Efficient separation of gossypol from cotton kernels with
copper mediated magnetic molecularly imprinted polymer

YANG Shuling, CAO Yu, HE Kunlin, FENG Shun, ZHANG Chungu’, SHAN Lianhai’
(School of Life Science and Engineering, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: Cotton is an economically important crop in China. Cotton fibers are widely used in the
textile industry and cottonseed is a key source of edible oils and proteins. Cottonseed contains
gossypol (GOS), a natural bioactive compound that exhibits medicinal properties, including an-
titumor and antiviral activities; it is also a potential contraceptive agent. Despite these benefits, GOS
has some critical drawbacks, as it is associated with side effects such as antifertility and mammalian
growth inhibition that limit the comprehensive utilization of cottonseed resources. Consequently,
GOS needs to be efficiently and specifically separated for safe resource utilization. Conventional
molecularly imprinted polymers (MIPs) have limitations as they often bind to targets in a manner
that is too rigid or fragile, which leads to significantly lower specificities and mass-transfer rates.
Accordingly, a novel copper-ion-mediated magnetic surface molecularly imprinted polymer (GOS/
MIP) was designed and prepared to solve these problems. GOS/MIP integrates three key strategies :

metal coordination, surface imprinting, and magnetic separation. Copper( Il ) ions were introduced
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as functional “bridges” between the functional monomer and template, which resulted in softer and
more flexible interactions and more homogeneous imprinted cavities. The imprinting sites were
anchored to the surfaces of the functionalized magnetic cores, which accelerated the adsorption
and desorption processes and simplified the preparation and separation steps. Free-radical po-
Iymerization enabled precise synthesis. GOS/MIP was thoroughly characterized, with scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) used to observe its
morphology, and a vibrating sample magnetometer (VSM) used to measure magnetic properties.
Energy-dispersive spectroscopy (EDS) was used to analyze the elemental composition, with Fourier-
transform infrared (FT-IR) spectroscopy used to examine chemical bonding. The results confirmed
the existence of a core-shell structure and that the imprinted layer had been successfully prepared.
GOS/MIP was found to be composed of spherical particles 400-500 nm in diameter. The material
also exhibited an excellent magnetic response, with a saturation magnetization of 47.78 emu/g, which
enabled magnetic separation within only 7 s, thereby ensuring rapid recovery under practical
conditions. Performance studies revealed that GOS/MIP exhibits an excellent binding ability for GOS,
with equilibrium achieved in 120 min. The apparent maximum adsorption capacity and imprinting
factor (IF) were determined to be 74.01 mg/g and 6.48, respectively. Selective and competitive
binding experiments showed that GOS/MIP is highly specific for GOS in complex matrices, and pH
binding experiments revealed that optimal binding occurs at pH 2-6, which covers most industrial
processing conditions and highlights the large-scale industrial applications potential of the material.
GOS/MIP retained its good adsorption capacity even after seven adsorption-desorption cycles,
thereby demonstrating excellent stability and reproducibility. GOS/MIP was used as a dispersive solid-
phase extraction (dSPE) adsorbent in combination with high-performance liquid chromatography
(HPLC). The developed method exhibited linearity in the 5-200 pwg/mL range, with a high correlation
coefficient (R?>0.999) and limits of detection and quantification (LOD and LOQ) of 0.024 and 0.079
png/mL, respectively. Average recovery rates at three spiked concentrations (0.08, 0.24, and 0.80
pwg/mL) ranged between 95.1% and 98.7%, with relative standard deviations (RSDs) below 2.4%. Only
50 mL of solvent and 50 mg of GOS/MIP were required in a simulated industrial GOS-separation
process, which separated 3 mg of GOS from 10 g of cottonseed. GOS-recovery rates of 77.0%—83.3%
were observed. The GOS/MIP-based separation method combines specificity, sustainability, and cost-
effectiveness, thereby addressing the key challenges faced by traditional GOS-separation methods.
In addition, it overcomes the toxicity limitations associated with the comprehensive utilization of
cottonseed. Hence, cottonseed can be safely processed and cottonseed byproducts can be used in
animal feed. This study provides a potent tool for the green, fast, and specific separation of high-
purity products from plants; the basic research presented herein is both innovative and is potentially
industrially applicable.
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FEAH B GOS 23 B R

AR K, 4 )8 v % MIPs (metal-mediated
MIPs ) i o 51 A 4 J& B3 22 ] 4 42 2 g R4 S Al
Gy LT AR WIS IR T S A R TR
BE 0] 5] I 45 A O 5, B TR AR E A ALY B
25 i, AT S 3 4 v U R S R T

AN, FTH T BNl $% AR (surface molecularly im-

printed technology ) i iz E[J 375 )22 £ 7 7 [&] {4 5 i
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Sy AR R T AT AL IR 1% S8 MIPs 1 [
A k5o
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HL b 2 A AR T AR S SR L 25 A B 2 VR
o HoAth 9 2 A F 9 o Zhi 28238 i I e - B 9 1
% GOS 1R TH 7 1 B R A W, W BE 45 s (204
mg/g) H F 1 i 4] %8 (10 min) , {H IF {4 R, A
2.20, zhi 7@ A h R A LW & T GOS

() MIPs, H: % B} 75 5 4 (632 mg/g) , (HAX Lb 3F Ep
B4 W (NIPs) & 13%-~15%, . F i if i) 48 K (12
h) |, AF B o AR Al 0RO B, RS 40 A T . Wang
SO S AR TR A U IS -5 RS 1 R R T B 3
% T 3 F GOS i) MIPs I 9E47 b #5 , AR R 415
| fly MIP W B 25 B 5 (564 mg/g) , {H M1 4 F NIP
(506.5 mg/g) ¥ A B W AL #&, H P i B a] 3 4
(720 min) , %5 J5 -5 J5E 3% 18 B 3 A5 3] (1 MIP - £ i
8] & (40 min) , W BfF 25 2 42 K (120 mg/g) , 2 IF {i
AR, N 2.86,

AR SR 4 B Ay T -3 18 B -1 43 B = T P IR
FEmg BT IR T —Fh B A Cu 1) A 5 19 il
F 4> T BN 4 B GOS/MIP, GOS/MIP il i A
HERAEH &R, H LY gk Fe,0, W1, GOS
KRR Ay T, T T B (AM) ) D Bk, 2 — i
H LN % PR 55 (EDGMA) R 22 Bk, Cu( 1T ) Jy i 42
Ty Be SR BT 4 F AR 27 . AHER T I A A
HA 85T 3P AR OEH, S8 T IR G Ak 25
A VEH 1 VBRI A AT M S B AR SR S
. @i £ Mo X GOS/MIP JEAT T FAF FIE fig
W5, I BT L F DARE 0 A i A v e i Bk
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Inspect-F50 Y7 & 5 F14# B 7 BB fl G2F20
1o o A S B fUBE (36 [F FEI A A)) , PPMS-9
PE S G 13T (352 E Quantum Design A 7] ), Oc-
tane Super B& & & HBOL 5 (3£ E Octane A Al ),
XFlash 6130 fg i {X (32§ BRUKER /2 ) , FTIR-
650 fi FL I A5 4 21 A0 O 35 A (R e s 2R Bk 4 K i i
AT IR AT ) L 1525 15 08 A 8 3% A (55 [ Waters
7y d] ), UV-1800PC % 4b AT UL 43 O ot B2 1 ( I g
AOE X #$ 4 BR 2~ 7] ) , EKUP- Il -20E #4li /K & 4t (14
JIE B4l K 35 %A BR A 7] ) , Nano-Zen 3600 4t ki
FEAY (J2 [E Malvern 2\ #) ) .

AM(>98%) fH A& — 5% T 5 (AIBN,>98%) . HL.7K
i R 4 (Cu (S0,) , - 5H,0, =99%) . £ /K & B2 4F
(Zn(S0,),-7H,0,>99.5%) . J5 ik fiR VU Z fig (TEOS,
99%) | H Jk T M 19k 40 3k O 3L — AR e (MPS,
98%) . B £ —liF 4000( PEG-4000, 4= ¥ ¥ 4l 2% ) | ik
fiz 4 (NaAC, 98%) . bl % & (DOX, 98%) . £ [1 ik
(DOP,>99%) .+ % % (OTC,>98%) .2-#2 3 -1-Z5 H
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I (HNA,98%) .2,6- —F2 3 28-1,5- I if (DHNDA,
98%) . H JE T M Bz (MAA, 99%) . A B iR (ITA,
>999%) \4- 7, FE ML BE (4-VP,99%) , 44 7K (NH,-H,0,
ALY ) L T (299.5%) LUK LR (299.5%) |
AL AN (298%) | R (HPLC=98%) #41 [ _L ¥f ff
5 5 43K ) A FR 2 7] EDGMA (98%) | i i 1 A2
(NFX, >98%) X111 H Bl H T k500 ( 11 ) A PR 7 5
ANK G E AL (FeCl,-6H,0,99%) Il [ | ¥ 2 78 Ak
A AL B AT BR A 7 5 GOS(=98% ) W [ 8 4T ek 5 7= 4
A BRA R T (RUT, 298%) W [ 8 #5745 4 1y
BRABRA T o B o W LB Fh R ¥ [ AR
iR AL TR 5 (035 2 £ G R B 1 R
HIRBE 2 Al 5250 K Ok M 4liK (18.2 MQ-em) o
1.2 #RH &

1.2.1 Fe,0,# %

FREL 2.70 g FeCl,- 6H,0 ¥ fi# T 20 mL & [
30N A, BRI 7.2 ¢ NaAc ¥ # T % 4 20 mL &
TEEYLIE N B. FREL 2 g PEG-4000 % T 55 4 20
mL Z " idh Co ¥ A B.CIRA Il g
30 min J5 , %% & 100 mL 520 28 H1,200 CF 2

ho SR 45 d 5 B = v H = S IRl ARG S
W AE P2 W, TG /K 2B RN 25 8 K e S Bk e Boas
BRI 12 h, 15 5] Fe,O, (R 1745 .

1.2.2 Fe,0,@Si0, #| %

£ Fe,O, 94 K ki 2% i 78 — Ak E)Z . FRIX
1 g Fe,0, 7> #( %] 100 mL JC /K 2 B - K IR & % W
(4:1,4KFH ), 7F 31.4 rad/s HLAETERE FiIA 3 mL
NH,-H,0 fil 2 mL TEOS, = i & v 12 h J& , 38 i 4
G oy B TEOK OB 25 B T K VR R
W, BB UR T 12 h, 13 3] Fe,0,@Si0, /45 1o
1.2.3 Fe,0,@Si0,@MPS #| %

FREL 200 mg Fe,0,@Si0, 43 #F 100 mL 10% 7K
g2 75 31.4 rad/s HUARFE T AA 1 mL MPS,60 C
TR 5 h RN AR EE R A R R A
W3 53 B 7 ), TG /K B8 F /K DR BOR , L
2SR T 4R 12 h, 15 3] Fe,0,@Si0,@MPS £ 17 % 1 .
1.2.4 GOS/MIP #| %

Bt 13 mg GOS % f# T 16 mL H %, Bt 100 mg
Cu(S0,),-5H,0 i#f# T 4 mL £ 5 7K, ¥ &K
57,30 min J5 /il A 14 mg AM #F 47 7 2H %% , 30 min
Ja A 100 mg Fe,0,@Si0,@MPS, %] 1 h 5 finA
190 pL. EGDMA #1 16 mg AIBN, il & & & )5 ., 7
31.4 rad/s FLAEFE .60 CF W 12 h, 2 i 4%

R A B Z WG, W30, P - R IR
BV (8: 2, AR TR L) Ve I B ik L 2 BR AR A L SR e
ToK CBER 5B K =Y vE =k, i A 0.2
mol/L Cu( I )7 30 min, B 5 5 5 H £ 8 17K
VRS 3 W, B R TR 12 h, 15 3] GOS/MIP
TRAFEH .

NIP 19 il % & B2 bR A i GOS 4b, 4y 25 5 35
EIE
1.3 MR B B i
1.3.1 R B M E5

B 4 mg GOS/MIP & NIP, Jj F % 1% 1k J5 40 %
F| 4 mL &k A 0.5~500 pg/mL i GOS i
W, =R P IEREEE 2h 5, R B AR, 5
AT DL 43560 BE I E W BERT L B WCZE 373 nm
(R WG B 25 A A o il 2695 31 5T B R GOS 1
R B IR (D)X GOS 1 0% B & i 1731
&L AR ()X IF(E 78,

Q= W (1)
QGOS/MIP
IF = —=—— 2
QNIP ( )

Ho, Q(mg/g) Fm M EHK I B & , C,(pg/mL) £ R
GOS W 1 #) I B & MR B2, C,(ng/mL) & 7n W [ Je
GOS A % 43 ot ¥k BE , V(mL) F R % AR FL, m
(mg) /R M BHY TR 5 Quosar M Quie(mg/g) 70 I
7% GOS/MIP FI NIP %} GOS it W Fff £ .
1.3.2 3 FRM £k

B 4 mg GOS/MIP = NIP, A H! [ 7 1k J5 43 1
F| 4 mL 50 pg/mL i GOS AR, e E I T
BEFEBE T 5.10.20.30.40.50.60.80,120,240 min
J& Wy B A RE 58 AN AT UL ool B I e R
H 5 B3R AE 373 nm ARG
133 #HBFURMEZH

B 4 mg GOS/MIP & NIP, J H % 1% 1k J5 43 %
F| 4 mL J &% B R 50 wg/mL 9 GOS.RUT,
OTC.DOX,DOP,NFX,DHNDA HNA #5 i % %
PR T WS 2h 5, BB MR, LA AT
D43 5 Y BE 12 I 7 I 38 3o A o il R H SR L
GOS FHI 45 25 K6 2R 1 90 Gy I o Ve 85 1) e 28 I ik
1.3.4 ZHEHERM LR

B 4 mg GOS/MIP & NIP, J H i 1% 4k )5 73 %
#| 4 mL i Bk &8 50 pg/mL ) GOS,RUT,
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OTC.DOX.DOP FI NFX IR & W, 505 F jig
MWEE 2h 5 B MR 3 mL B K BRI
2 W LA S B A e S M W B A 4 43, T 3 mL -2
R TR A VT (8 2 IR B ) W U 2 Wk A e ot W A 1y
YT o o AR VRV TR R R, B e R T
P8 12 h J5 00 2 mL i sh A il i HPLC 4347 .
1.4 pH & HERBR MK

B 4 mg GOS/MIP = NIP, i 1k 5 4 # #| pH
{576 2~13 J5 Bl N 19 GOS % 7 (F 2% HCI K %
WA 2% NaOH 7K ¥ W R 19 RO PE ) o & I T e 4%
WEE 2 h 5 RSy B MR AN R A o G EE
5 W BRE R S T E 373 nm BB T 4E A
e RT3 GOS il i vk
1.5 EEFEAMENK

¥ 4 mg GOS/MIP i 1k J5 4 # #] 4 mL 50
pg/mL Y GOS W, = M s E 2h 5 . %
GOS/MIP H 4 7 v #4325 31 Ve L i e, 1 Cu (1)
W H AR 5 YU 4 mL 50 wg/mL 4 GOS YA W
R AT R B AN W B - - P AR AR R AT T IR
I AR W B R LS GOS Y T B R
1.6 AXRITFHEEXEAP GOSHHE

10 g B34 RLRS FI 100 mL PR - 7K (8:2, f&FH
Fb ) IR A W WA 250 mL SEJE B L, 7E 40 CF
I 3 h, AR 3 U IO 28 0 i DR L e G 7R
KAFH] 0.7 g2 E ,EW% T SOmL W & H . B
50 mg {5 1L J5 19 GOS/MIP 438 T | iR 50 mL & i
Wb, FIRGEH S E 120 min J5 , # 5 2 GOS/MIP
I B W, MR S mL KBRS 2 L5 mL
M- R (8:2 AR B LL ) IR A W WE I 2 ¥, & I e
Wi It E 25 T, 38 2F HPLC 43 7 Ab B AT 5 v W
GOS Y Bt W JiE .
1.7 &4

T AL 5 B AR AR D GOS M4 B il A
%4 25 Shimadzu WondaSil® C18-WR 4 (150 mmx
4.6 mm, 5 pm),HEE K 25C; KM K 280 nm,
T BN g B K - R (85:15:0.1 KT ), Wi A
1.0 mL/min, #F£ 18 10 pL.

T PR R B S G 0 R AR AR R IR
B PERE RS AR A B — 8. WA A
A S AH B 43510 0.1% H R K A 0.1% H AR H B .
¥ B Uk B B : 0~3.0 min, 60%A; 3.0~7.0 min,
60%A~25%A;7.0~17.0 min, 25%A~25%A ; 17.0~20.0
min, 25%A~60%A

2 ZR5TR

2.1 GOS/MIP H#l & K &H4Mmik

GOS/MIP il &t Bl 1 o . & Jeid i
20 %6 20 BB AR 2 I B AR (GOS) -4: @ B F (Cu
(ID))-Hik(AM) =& A9, X & GOS/MIP Ji§
i & 8 . AR5 L EDGMA N s2 Bk 5, AIBN
S| KR L H SR G T A R A K R 2 T
WERAEW)ZE, PG LA T4 GOS/MIP, iX
FoptRE B A T H S GOS 44 .

R T ARAT B AR A W B AR L HEAT T AR S
1 %63 % Nicholls %57 i) T4 , ¥ GOS 5 MAA .,
AM . 4-VP ITA(W) Bz i & Z I 1:4) 76 W B P 4R 3%
30 min, %2 £ ¥ W AE 190~500 nm ) UV-Vis % &
DL S S RE B ;% GOS 5 Cu( 1) .Mn( 1) .Zn
(I Ni( IDH (R Z Lk 1:5) BE A 30 min J&
TN BRAR R R, A2 45 397 UV-Vis 3% K] i
— 038 o R B S AL, % B GOS/MIP /Y & 1
S H, 28 4 Fh RS [ AE 42 8 A 5 MIP, DL
Kl £ 4 B4 8 B AR 48 A3 MIP #5175
5, AR aE 2 s

Hi [4] 2a 1 2b AT, D) RE 0K AM Fil4: s B 1
Cu( Il )ffi GOS Ky UV-Vis FR1iF 1§ % 1 5 5 25 #9
O BE T AL RN 5 #E— 2P 4y B K B, GOS-Cu
(I1)-AM — o & 3 fe i i W i e (& 2¢.2d) o
X ZE R LI GOS-Cu( 1 )-AM R EMESY .
i I B AR R ST BGE & B, R A AM AT Cu( ID) 4l
251 MIP 78 W% B 25 f 1 3700 1 S At X iz B 4 5 4
JBE T A (K 2e.2f)

it — 25 B IE bR SR 25 5 SR B % 12 eR
& (DFT) # 17 & F 4k 2% 7T 5 (Gaussian 09 # 4,
B3LYP-D3 iz PR 25 & (A B IE , def2-svp 3E4) . &
Jext GOS 5 4 P& R & ¥ & A& W kAT LA b
JEH AR KR RLAEE(E 1,K 3), %8 GOS 5 Cu
(M)A w156 45 5 e (AE s o n=—464.97
kJ/mol) Ml 2 5 fii 45 &5 8 (AEqos.on= — 429.07
kJ/mol) 1 & Fl (AEqosn= AEgos ot AEgos.om=
~894.04 kJ/mol) 4 X {8 5 K, £ W] GOS-Cu( Il ) AJ
L 4 A BT I A A S S A A O B
A ESE . 2 —2 ik GOS-Cu( I ) 5 i # ik
MR IR &R (3% 2,18 4), &8 GOS-Cu( 1) 5 AM
HEATE 4545 BE (AE o smonome=—1 087.34 kJ/mol) 44
X fe K, 36 L RE 4% T2 e et A A% 19 e I 1 4
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Synthesis process of GOS/MIP
GOS/MIP : metal-mediated magnetic surface molecularly imprinted polymer for gossypol (GOS) ; TEOS: tetracycline; MPS: methacry-
loxy propyl trimethoxyl silane; AM: acrylamide; AIBN: azobisisobutyronitrile; EGDMA: ethylene glycol dimethacrylate.

b 3.0 ¢ 3.0
GOS-Cu-MAA
24 2:4 GOS-Cu-AM
18 818
g g GOS-Cu -Cu-ITA
g g
—<° 1.2 —2 1.2
0.6 0.6 0S-Cu-4-V
0.0 : . 0.0 . Qo8
200 300 400 500 200 300 400 500
Wavelength / nm Wavelength / nm
e f ]
40 GOS/MIP o] GOS/MIP
T 17 NIP 2
30 30
% CI
g £
< 20+ < 204
o] Qi
10 10 ;H
0
AM  4VP ITA  MAA Cu(l)  Mn()  Ni(l)  Zn(I)
Functional monomer Metal ion

(a)GOS EXREIEE LK. (D)GOSERAELEEEF.(¢c)GOS-Cu EXRE B LA K (d)GOS-AM SERFEE B FR LI HiE
;(e) BTN (£) & 8 B T # 23T GOS/MIP 71 NIP I Bt GOS L R A M (n=3)
Fig. 2 UV-Vis spectra of (a) GOS with different functional monomers, (b) GOS with different metal ions, (¢) GOS-Cu with
different functional monomers, and (d) GOS-AM with different metal ions; effects of (e) monomer type and
(f) metal ion type on adsorption performance of GOS/MIP and NIP to GOS (n=3)

4-VP: 4-vinylpyridine; ITA: itaconic acid; MAA: methacrylic acid; NIP: non-imprinted polymer.

Cu( I )1 AM T GOS/MIP W4 .

2.2 MEBRIE

E 5a K& EHEY FT-IR E 3,3 441 em ™ 4 A9
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B3 (a)GOS-Cu(Ill).(b)GOS-Mn(1I).(c)GOS-Ni( Il )#1(d)GOS-Zn( Il ) ¥4k ZE1E
Fig. 3 Optimal structures of (a) GOS-Cu( 1), (b) GOS-Mn(1l), (¢) GOS-Ni( Il ) and (d) GOS-Zn( Il )

-OH 5 ik & #1 558 cm™ 4t 1Y Fe-O 4 1iF & & B
Fe,0, BTyl % , I H7E J5 S24& i . 2 fig £k A 3% 1w B
Wi R AR R E . 745,949 A1 1070 em ' Ak 43 5]
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fIE U

AR A B (& 50) R W, Fe, O, 1 i 14 8l ) 2%

B2y 392 nm , 430 22 5 98 K ORL I kAR
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et o — 0 R B MR B9 B 2D W &, JF B
Fe,0,@Si0, il Fe,0,@Si0,@MPS # % T Fe,0, fit
Ul TR 8 M B TR R o W GOS I i 4 kL
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F ) 5 R 2958 30 nm (¥ Si0, 2 (& 6¢)
FUEEEE 29 40 nm (1 ELG 2 (] 6d) , X B Re ik 19 T2
AT R T A 5T A Ak R0 B A o5 2% BF . A L HOG
i 6e) WoR , MK EE T Cu( ). JTRM
Iy A 4 B (KL 6f) ik Cu gt R #5143 i £ GOS/
MIP |, 3 A5 1) F B30 4 s 1 o 1) 3559, D 42 7+
A1 1 BRI RE ) o W 2R o B 5 R (R
6g) B, M kL4 2 )2 1 B ) A7) R AR R H IR
(47.78 emu/g) , H7E 7 s P HI AT S BLRE 43 55 (1A 6g
TR W R B AR A ek 4 45 1 B 6, LA B 40 4 ) & R
43 B B B ]
23 MRMES R

3 gk A I R B L Bl O 2 IR | B M R R
L P B S B 8K T GOS/MIP Y W B 44 i 1k %
PRI RE T .
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B4 (a)GOS-Cu(ll)-AM.(b)GOS-Cu( Il )-4-VP,(¢)GOS-Cu( Il )-ITAFI(d)GOS-Cu( Il )-MAA B4k &
Fig. 4 Optimal structures of (a) GOS-Cu( 1l )-AM, (b) GOS-Cu( Il )-4-VP, (c¢) GOS-Cu( Il )-ITA and (d) GOS-Cu( I )]-MAA

1 GOSEXREEEBFHENERR
Table 1 Binding energies between GOS and different
metal ions

Metal ion AEqos s/ AE o5 s/ AE o5/
(kJ/mol) (kJ/mol) (kJ/mol)

Cu( 1) -464.97 —429.07 -894.04

Mn( 1) -93.14 -160.21 -253.34

Ni( 1) -491.33 -363.09 -854.41

Zn( 1) -127.57 -99.70 -227.27

£2 GOS-Cu(ll ) EEUMEARARBGBEANEAR
1I

Table 2 Binding energies between the GOS-Cu( I ) com-
plex and different monomers
Monomer AE 5 v monomer/ ( KJ/MOL)
AM -1087.34
4-VP -1054.12
ITA -446.85
MAA —643.58

e R H B I fE . Scatchard 75 2 0 1 R,
GOS/MIP h— &Mk (B 7o), 5 T & )8 5
T B A ZE A A7 f0E 134 5] [ B BT 2 A T
WA R E GOS REW IR 45 5 3] Ik 45 S M 45 5 (2
ST LA SR 0 R S P R R T 59 0 R R
BhF, AL A1 AR AR BB, AT AR Y GOS/MIP (1 36 W £

KW B e Q) F AR B H B (K,) 18 43 1 S 74.01
mg/g fil 90.42 wg/mL., NIP H {7 1E—FhAS AT i 4 Y
I 5 S R W BB Te) , H Q.. AT K, H 43 B 2
11.43 mg/g F1 48.31 pg/mL, i i il & 45 3R 15 5]
GOS/MIP [ IF 2} 6.48. Lk %W, 5 NIP
I, GOS/MIP H A3 #5581 F5 5 45 A B GOS 11
BE.

Bl 72 W B 2k (18] 8a) s, GOS/MIP 7E 4]
4R 60 min PN I B THEE 1K 3 OF i 25 B Y 70%, Bl S
HUR I T 29 120 min I 1k 20 0% BFSE 47, 309
T 16 W% B 4 B B B3 25 i ] = AL AR GOS, Bl 23
i L T R 3 3 2 i AR 8 A BT B, GOS/MIP
() W% B 4 (35.03 mg/g) 8 3% & T NIP (1) W fff &
(8.79 mg/g) , 3 V4 Ty Tt R FH B4 e A7 4 445 - 5 g
F M ELB R T T GOS/MIP = Y 45 5 4 1R 531
LE4 GOS [RE 7, 1 NIP it 2 3 Fh s 5 M 45 4 1
Ro SR P — GOR Pl R R LA R B Bl T 2 8K
i (&l 8b.8¢c) K I, P AN A BHER BE 75 5 Oh G iBi A
2 W] Ak 2% W B AT RE O W B Ok AR b Y R 4R
BB,

il 3K GOS/MIP F1 NIP 43 % 4 B fE GOS Fi
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a : T 1.0 b c
i T ™ 626 -
: GOS 1625 1386 1 1 GOS/MIP-GOS A T GOS/MIP-GOS 12.1 mV
: GOS/MIP-GOS | & /1 GOS/MIP Pg{i‘})‘f‘zz GOS/MIP -8.68 mV
240 S per—
; GOS/MIP 3 ; ! 5560 : . NIP PDI=0.17 NIP -6.74 mV
i U SR 515
; NIP T Nkog MY Fe;0,@Si0,@MPS PhI= 023 Fe,0,@Si0,@MPS 113 mV
i TN . 475 nm .
" Fe,0,@SI0,@MPS | 1093 fedh Fe,0,@8i0, PDI=0.14 Fe;0,@sio0, /\ -15.8 mV
i PR 392 nm
; Fe,0,@Si0, 1 1 /WA Fe;0, PDI=0.20 Fe;0, 8.94 mV
: Fe,0, ERd ki
' T T —t A T AR T | I N I A S W L
4000 3000 2000 1000 10 100 1000 10000 -150  -100  -50 0 50 100
Wavenumbers / cm™ Diameter / nm Zeta potential / mV
5 EF NIP RERKHET/E GOS/MIP K (a) L5h ik (b) R E S (c)Zeta B
Fig. 5 (a) FT-IR spectra, (b) particle size distributions and (c) zeta potentials of carriers, NIP and GOS/MIP before and

after template adsorption

PDI: polymer dispersity index; GOS/MIP-GOS: GOS/MIP after adsorption of GOS.

T

i oo oo

100 nm "

8807 Fe,0
] F;0,@510,
40 ]
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=3

-40 4 J
-80 Ly - T T
20 <10 0 10 20
Field / kOe

El6 (a,b)GOS/MIP K AH# B A ; (c) Fe,0,@Si0, %1 (d) GOS/MIP ) i% 51 B 45 B ; GOS/MIP K (e) BEE M () CuTEH 7 ;
(g) GOS/MIP F ik itz i i ¢ (R . Y B R 2 E)

Fig. 6 (a, b) SEM images of GOS/MIP; TEM images of (c) Fe,0,@Si0,and (d) GOS/MIP; (e) energy dispersive spectros-
copy analysis and (f) Cu elemental mapping of GOS/MIP; (g) magnetic hysteresis loops of GOS/MIP and carriers (in-
sert: magnetic separation of GOS/MIP)

q b ] 0.4
a 60j 1.2 1 c ]
y=-0.0111x+0.8186, R*=0.9051 »=-0.0207x+0.2366, R*=0.8285
1 GOS/MIP {1 = 03]
45 0.9 01 =74.01 mg/g, K,=90.42 mg/L I 0,.=11.43 mg/g, K,=48.31 mg/L
) ) )
] 3 )
§ 304 = 0.6 =02
S < < « Q
1 = 3 &= e} (e}
151 - 03] 0.1 .
) o
0 ] 1 ®
T T T T T T 0~0 T T T T T 0'0 T T T T T
0 100 200 300 400 500 0 15 30 45 60 0 2 4 6 8
Cy/ (ng/mL) 0/ (mg/g) 0/ (mg/g)
E7 (a)GOS/MIPFINIPHZERHME; (b)GOS/MIP #1(c)NIP i Scatchard #l & B £k (n=3)

Fig. 7

(a) Adsorption thermodynamic curves of GOS/MIP and NIP; scatchard curves of (b) GOS/MIP and (c¢) NIP (n=3)
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Q X
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t/ min t/ min t/ min
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Fig.8 (a) Adsorption kinetic curves, (b) pseudo-first-order kinetic models and (c¢) pseudo-second-order kinetic models of

GOS/MIP and NIP (n=3)
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SOePd e
H
° OH HO, Y O OH
OH » ]
HO (@) O O
OH  ho v~ “OH
OH
GOS RUT
OH O OH.O O HNT™Y i

LR ] (35 06 . R UEHE R B, GOS/MIP Xf
GOS A7 1 5 U 310 0 i 5 1k W B L, BB I 22 4k
GV IR G R Moy B GOS, iR & 4k
HE T 5 )
2.4 pHERAEE MR

TR R 1 pH {H 23 5 W B 2803, S 3500 B AR
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M, GOS/MIP Xf GOS iy W B i 75 pH=6 B} ik e fIk
{H (27.83 mg/g) , 24 2 H &% m A (35.55 mg/g) 1Y
80% , 75 I ¥ Fil 9 BB 8 17 47 0 3 ROR I JEL R 2 GOS
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Fig. 9 Structures of GOS and seven analogs
RUT: rutin; DOX: doxorubicin; OTC: oxytetracycline; DOP: dopamine; NFX: norfloxacin; DHND: 2, 6-dihydroxynaphthalene-1, 5-

dicarbaldehyde; HNA: 2-hydroxy-1-naphthaldehyde.
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Fig. 10
tion tests

1
MIP.

: mixed solution; 1II :

(a) GOS/MIP F1 NIP 3 GOS R E UMM KM T EE R (n=3);
(a) Adsorption capacity of GOS/MIP and NIP to GOS and analogs (n=3);

supernatant treated with NIP; Il : supernatant treated with GOS/MIP; IV : eluent of NIP; V :

t/ min

(b) & ERMREMEIER

(b) chromatograms of competitive adsorp-

eluent of GOS/

Peak identifications: 1. DOP; 2. NFX; 3. OTC; 4. RUT; 5. GOS; 6. DOX.
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(n=3)

10'(R*=0.999 ,2: GOS H i ¥ &, pg/mL, y : W IR,
mAU-min) , 7L H N 5~200 wg/mL, #4218 3 f5F1 10
£ 15 W L (S/N) 1K H FR (LOD) Fi g # B (LOQ) ,
4394 0.024 pg/mL 1 0.079 wg/mL. K T 1A GOS/
MIP 75 52 BRafE A< v (9 38 M, 4 0 HF MOR R gz 7k
F-(0.08.0.24 ,0.80 pg/mL) [Y L SEAEAS 1 W (B Bk &2
GOS Jii £ 1 J&F 1] 201 (0.009 8 wg/mL) , DLk 5 b
L2 ) il GOS. th 3 3 Al %1, GOS/MIP Xf
TIAR B SRR AR W GOS 1Y -F- 1 [0l i %y 95.1%~
98.7%,RSD A 1.9%~2.4%, iji W fT # 57 () HPLC J5 ¥
HERRPE R4, 3E T GOS 40 #r .
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(a) Adsorption efficiency of GOS/MIP and NIP to GOS under different pH conditions; (b) reusability of GOS/MIP
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Table 3 Recoveries of GOS in extracted reconstituted so- 0334 °
lutions of cotton kernels at three spiked levels
(n=3) 0.22
Spiked/ Detected/ 0 0
(ug/mL) (pg/mL) Recovery/% RSD/% o011 ]
0.08 0.0854 95.1 2.4
0.24 0.246 98.7 1.9 o 0007
< T T
0.80 0.783 96.7 2.0 0.05 | 5
R 4l 2l 7 2 W BfE S 56 B9 25 IR i B GOS/MIP —_—
SRR 5% F I E 2 120 min, AT DA R RAR Tl
653 8 ok AR G e 1) Y R . 12 iR, GOS/ Fe
MIP ML 40 53 B A3 50 GOS 15 B i) oy
7.48 min, 555 (7.47 min) — 2, B 5L P GOS : : : :
. . — b s . — 0 3 6 9 12
B LT I, A o R AR AR GOS /Y & i ¢/ min

5 0.50 mg/g. % 4 MR ELH,H 50 mg GOS/
MIP M\ 10 g A4 FF i i 43 245 5 3 mg GOS, g
HR T7.0%~83.3%, 41 BE 5 T 90%., bR 45 SR AE S
T GOS/MIP J& M A A~ v K KA 4 85 45 3] = 460 )&
GOS WA 1T 5,

R4 RBICHAHGOSHHEER (n=3)

Table 4 Separation of GOS in cotton kernel samples (n=3)

C

/ Measured/

( M;‘;nsb (ng/mL) Recovery/%  RSD/% Purity/%
92.1 21.2 77.0 0.08 94.1
97.7 229 76.6 2.2 92.1
107.6 18.0 83.3 2.6 91.0

2.7 EHfh MIPs 3ttt

M T EME R 4 F GOS i) MIPs(#£ 5), A
SCA R M R o 2 T E S A 4 R A 5 AR
T ALY AT B A A B ) B N B T IF
{8 (6.48) , B9k GOS/MIP {1 W [t 25 A (G 4 3, 5
JE LR S B S 3 AR T LA LA MIP R ¢ 5
PR B Fe /N (R BE T IF S fl) , A R TN 2 L SE b
AR SR M BRI RN R A B GOS. e B
e A A P R e R A M R TR AP A SO R i PR S
UL Ais 9 7 B MIPs WO T 3e 860 . 245 1Y
T 5 A0 A AL BT b, AT RS Y e 0 A R AR B
R R TR, DATT 38 i BRSSO A R 1 A A5 B A A7
SR AR W R TR X AT AR T
B30 57 A 422 fih BT 25 g, DTG PR A% B R 4
S B JE] 5 G A0, AT L P R — 2 55 A BLVE A (A
B RN PR AE T A AS IR A4 e ST i T

E 12 (a)GOS/MIP NIR{ZH A H 5> EHFEIH GOS K (b)GOS #R
G L E
Fig. 12 Chromatograms of (a) GOS separated from cotton
kernel samples using GOS/MIP and (b) standard
GOS

x5 HHMXTF GOSH MIPsIREMLLLE

Table 5 Comparison with other reported MIPs towards

GOS
. Quad
Material max - Time/h  IF Sample Ref.
(mg/g)

MIP-PMAA/SIO, - 0.33  3.85 standard GOS [23]
MIPs 632 12 1.3 - [25]
MIPs 204 0.17 2.2 [24]
MIPs 120 0.67 2.86 - [26]

GOS/MIP 71.32 2 6.48 cotton kernels this work

IF: imprinting factor.
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T v M RE R LU R S AN B RE L e A B TR
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i GOS e #F 25 i o 38 B Tl Ak AR 7
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