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YR, TR TR S IO 2R SR o PR 2R 0 vk ke i A USSR Y B B R AT A AL 3R AR B A 1 IL-
COF-1 F# 4 30 mg, #E it 84 3 mL/min , £ 588 pH 4 7, L4 S mL 4 1% (v/v) &oK-F BEE R T IR0, 3t
A 0. 4 mL/min, ZBGI R PRGN NaCl, 2R FH = R0AH (035 - = 55 DUB A BT R 156 FH A A e B B4y o %) il i 36 i
TTERMNT, LLHER S mmol/L 1 Z RSV WAE R Tt shAHHEA TR BEVRIBE , 28 C18 il ik /3 88, R FHHL WS 55 85 1
PR T 22 B W IR 6 B R AR S S B T R B A AL P S RROMER A D e P AT, RS IR, ik
BEAIE 45 S v o = T B- M TS A1 e T X SR LV LA 1~ 500 ng/g, W TR 0 4 E B 1 4 1 Y L 0.1~ 100
ng/g MEEE(r) 79 0.9934~0.997 2, ¥ HBR(S/N=3) %9 0.01~0.30 ng/g, E HK (S/N=10) } 0.05~0.95
ng/g. W 50 ng/g 5 FMENR R HET S A ST A, H PR 85 B AH XA MR 22 (RSD) SN 3.2% ~ 6. 6% , H [A]FE % &
RSD 4 4.2%~7. 9%, 5T IL-COF-1 () B AHZE - A (015 - R 0 B ik LA Dol v | R 0% = S 38 i
TR MR B A M RIARGEIN  K 3% TR R FH T 4 552 o e 28 B P M SR AR, S SR E AR s TEIR R R 3 4
T, 5 Pl AR IER Ky 80. 1% ~ 115. 2% , 25 -4 A,

SRR N AT LB ) TR R 5 AR A I VAR €3 s FRIDC T 1% ; I 3R e
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Abstract: This study aimed to establish a method for the rapid determination of trace estrogens

in honey samples by high performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS) using imine-linked porous covalent organic framework material (IL-COF-1) as
the adsorbent for solid-phase extraction ( SPE). Estradiol (E,), diethylstilbestrol (DES), es-
triol (E,), B-estradiol (E,), and ethinylestradiol (EE,) were used as the target analytes. A
single factor optimization method was performed to optimize the extraction effect by adding es-
trogens to honey samples. The optimal conditions were as follows. A total of 30 mg IL-COF-1
was filled in the SPE column. The sample pH was adjusted to 7. The sample was loaded at a
flow rate of 3 mL/min and eluted with 5 mL of a 1% (v/v) NH, - H,O-methanol solution. The
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flow rate of the eluent was 0. 4 mL/min. NaCl was not added in the extraction process. HPLC
coupled to electrospray ionization and triple quadrupole mass spectrometry was introduced to
quantify the estrogens in the extracts. The estrogens were separated on a Thermo Fisher Scien-
tific C18 analytical column (100 mmx2. 1 mm, 5 pm). Acetonitrile and 5 mmol/L ammonium
acetate solution were used as the mobile phases for gradient elution. The column temperature
was set at 40 C, and the autosampler temperature was maintained at 10 C. The rapid qualita-
tive and quantitative analysis of the five estrogens in the honey samples was operated under
multiple reaction monitoring mode in a negative electrospray ion source mode. IL-COF-1 pre-
pared in six batches was used as a filler for the SPE column. The relative standard deviations
(RSDs) of the recoveries of the estrogens among different batches were 5. 2% —9. 1%. The reus-
ability of IL-COF-1 material was assessed. After six SPE cycles on the same solid-phase extrac-
tion column, the RSDs of the estrogen recoveries were 2. 5% —6. 1%, indicating that IL-COF-1
has good reusability. The recoveries of estrogens obtained on an IL-COF-1 solid-phase extrac-
tion column within 6 days (tested once a day) were 95. 1% —107. 4%, and the RSDs were 6. 2%
-8. 9%. These results confirmed that the SPE filler had good stability. The method validation re-
sults showed that the linear detection ranges were 1-500 ng/g for E,, E,, and EE,, and 0. 1-
100 ng/g for E, and DES withe the correlation coefficients of 0. 993 4-0. 997 2. The limits of de-
tection (LODs, S/N=3) were 0.01-0. 30 ng/g, and the limits of quantification (LOQs, S/N=
10) were 0. 05-0. 95 ng/g. Five estrogens were added (50 ng/g) for the repeated experiments.
The RSDs of the intra-day precision were 3. 2% —6. 6%. The RSDs of the inter-day precision were
4.2% -7.9%. This method was applied to determine the estrogen levels in four honey samples,
and no estrogen was found. The recoveries of the five estrogens in sample spiked at three levels
including low, middle, and high levels were investigated, and satisfactory recoveries (80. 1% —
115.2%) were obtained. The SPE-HPLC-MS/MS method based on IL-COF-1 is rapid, accurate,
and sensitive, making it suitable for analyzing and detecting estrogen in honey. Further explora-
tion of the use of IL-COF-1 for the extraction processes is in progress.

Key words: covalent organic framework; sorbent; solid-phase extraction ( SPE) ; liquid chro-
matography (LC) ; tandem mass spectrometry (MS/MS) ; estrogen; honey
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FEE ARSI AL, I Jhy i M 3R A o T4 3 9 A 4%
FRP | FIARE - O FEZE (HLB) W [ 5
A LI S v M R N, At 2% S5 B 43 W g 23 W i AE
HLB MR L, PR E £ . Xty
) HE R B AN S5 i E T 3R A AR B 3 23 7 A R AR
N, PRI 38 5 75 2R AL BRRR Ry FE RN,
FOTIERGEE . A HLE 2288} ( covalent organic
framework materials, COF) /&—Fufi il Z L1 8L,
F 4% 0t o6 28 4 Ak, G a0 B 5 A PR ARG
222 A COF HA K sl 45 /& | ol 87 1Y)
FLAR | B T R IR E T RN A R
PR T LAz T AR AR R AR

TEAM g FRATH A T LA & #E ) Z2 AL 4L
WA VLS 224 8} (imine-linked porous covalent or-
ganic framework material, IL-COF-1) , /£ & SPE
(W BA R R B A e s v I R . SRR R
AT AR 2 IS (AT A, 48 i T — Rl T
e 2 v OB 95K 2R A 1) [ R 4 B 1 2 A -
H B 3% ( SPE-HPLC-MS/MS) J7i,

1 SCIEEy

1.1 XSGR F 54

SWPRA™ 55 3 4 Bt 2 T % ( 7 [ 2% w)
F]), Nicolet710 fi HL 2846 21 SR AY ( SE1E e w5
7123 7)), Empyrean 85 X SHATH{L(XRD, fif
22 PANAlytical B. V.~ F]), ASAP 2020 Y kb % i
FR 52 1% ( 25 [ Micromeritics A /) , JEM-7500 %!
BH T BB (TEM) , & 3 & .0 #1 ( Heraeus
Multifuge XIR, 3 EFEE KA F]) , W AH (L35 — &
DU KT %Y ( AB SCIEX Triple Quad TM 5500, 2%
AB SCIEX A#]) .

1,3,6,8-00(4-H 283) ¥ (TFPPy ) % 4K — &
(p-PDA) 1,2- "5 1-T B LR T [ 24 4 A
F2E R0 A BR A A (R i) s BERR (B, ) L O
3 (DES) | M =B (E,) B-Mf — B (E,) | i i
(EE,) W+ TCI ( HAZRL) ; HEE L1 Ny
HPLC ¢, WF By A BRA R (T8 ) ; 235458 i bl
5T Biocomma Limited ( H ERYI) ; 3256 FH K R
K,
1.2 HEEERARES
1.2.1 & H &

WEBERE S T B T Y, B /e 20 mL
Sli7KFRE | g W TR0 N, SRS IATE 2 min, ff

FH0.45 pm SEALIERE(OK R, e ) i U8, 4 .
1.2.2 HEREH

BARRUENS 2T - PRI e MERCR AR v
P B A 1000 mg/ L A it 25 Vi T 5 TR B A oA
VSR - 4 | MR B IO i SRR TG A VAT, D) P B
2 EHR 10 mg/L BARMER SRR, 4 CHAT1E
FHB R R LT 7 W B
1.3 #MRIEEHEENEENTF
1.3.1 MR &

IL-COF-1 Ff Sl & 4 SCiik' ™ ik & i,
B TFPPy (80 mg, 0.128 mmol) 5 p-PDA
(28 mg, 0.256 mmol) [E 4K} K & T Pyrex &,
SRIGIMA1,2- =42 (2 mL) Fl 1-T (2.0 mL) ,
RS T A 1 min, [ER DN 0.4
mL FESER /K AW (6 mol/L) . FJE , BHRE A K
R, P ok i m A s, R 3 Ik, REH
IRA TR Z 120 TR 72 h, HARRHI 2=,
T3 B0 B A S N 7, FH Y B 4%, 7E 60 C
TEZ T 12 h, 1583 5 A E AR K, B IL-
COF-1, IL-COF-1 WL & 7 Hr & 2. C, 87.39%;
N, 7.84%; H, 4.76%.

1.3.2 B AEEREE W F &

# 30 mg IL-COF-1 A B it A H 1) SPE %8
A (RFR 3 mb) 5 8 00— 8 R RAEM
BE L, 41%% SPE i, K5 4125 49 SPE i 7E [
FHAE R I BB —ui 5 s A%, ) — o 5
RFEIRERE , R I AR v A KFE b TR S
IR TR 114 e S A o

AT 2 mL HEE B4k X SPE 171
k3885 A, 20 mL SEFRIE AR S (P15 I pH =
7) LA 3 mL/min 93 E i SPE 4 ; FAESH S mL
ABAEK I R W B 7E SPE AE b (9 2% 5 B T4 S
min, 5 mL 1% (v/v) 2 7K-F B3R e . e
WARAWRZET  FREH 1 mL B2 % R IEIR A 30 s
J&, it 0.22 pm EALIERE (AHLR S, e k), H
HPLC-MS/MS 43#7 .,

1.4 HPLC-MS/MS %14

¢ %% Thermo Fisher Scientific C18 i
FE(150 mmx2. 1 mm, 5 pm) ;7 A B2, B
A5 mmol/L i) LR EL ; ZEFE Ve :0~5 min, 45% A
F155% B, i 40 C, Hehd AR 10 T,

it & R BSE  F T 2
W ( MRM) #8558 ; SAF U 17275 kPa (40 psi) ;
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B LR 5.5 KV 3 - IR . 500 C; AL
77.345 KPa (50 psi) ; i ZALS N, . AMRk
L IS EOLE 1,

2 RMITE

2.1 IL-COF-1HyR{E

WE 1a fros, 48 50 BHR BoR IL-
COF-1 ¥ 5] I PIRIE A, HA 29 30~70 nm 1Y
REITRIEH, 5B ST B EG BRI
COF-1 JEA—# (LK 1b), XRD K% E/Rs T IL-

COF-1 11 fh I 45k, W52 2] 5 A7 5 06 43 0l 7
(110) .(020) .(220) . (130) F1(330) &b, 5 SCHk'>’
Bl —2 (WK 1c), IL-COF-1 B BET It 2 i f2
32023 m*/g(WLE 1d), fLAEZ K 3 nm ( WLE
le) ., fHHEMLAMERE(FT-IR) WA 1f s, 1621
em ™ AR BRFFAE C=N 8. SGikh iR gL F) C
=0 (1623 cm™ ) I N-H (1603 cm™) $E5h, X I
UE T IL-COF-1 3 A7 76 Fl e B R AT AL i FRAA A
T MERLZ A IL-COF-1 Z 7] % 44> 1) O-H---N
=C ZASAAHEAEH,

R1 BHENSREENEXSH

Table 1 Multiple reaction-monitoring (MRM) mode parameters of estrogens

Compound Formula tp/min Precursor ion (m/z) Fragment ion (m/z)  Clustering voltage/V Collision energy/V
E, CsH,,04 0.90 286.9 144.8 -110 -47
170.9 -110 -45
E, C,sH,,0, 1.68 270.9 145.0 -100 -57
182.8 -100 -45
EE, C,H,, 0, 2.02 295.0 144.8 -110 =50
269.0 -110 =50
E, CsH,,0, 2.25 266.8 250.9 -100 -40
236.8 -100 -40
DES C,sHy0, 2.60 272.8 185.0 -100 -57
147.0 -100 =50
E;: estriol; E,: B-estradiol; EE, . ethinylestradiol; E, : estradiol; DES: diethylstilbestrol.
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Fig. 1 Characterization of imine-linked porous covalent organic framework material ( IL-COF-1)
a. SEM image; b. TEM image; c. X-ray diffraction (XRD) patterns; d. nitrogen adsorption/desorption isotherms; e. pore size distri-

bution curves; f. FT-IR spectrum.
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2.2 EEEREGNEL

X} IL-COF-1 M Rff 50 %) 0z B & 7 247 3k, LA
E,.E,.E, .EE, il EDS 5 i 15 h HArd , E,
E, Al EE, ()%~ 10 ng/g, E, fil DES iy & &N
1. 0 ng/g, A FHIX 2464 P 1 [HSCR IE A IL-COF-1
X HE R A USRS T AR AR Y [ AH A HUR
84k T IL-COF-1 iy H &t FE i 5 W pH A i It
R VR AR AR e MO YR UL B A T NaCl 1
i MO,

52T 20 ~40 mg IL-COF-1 £ % RE 5 [ ik
R (LK 2a) o S5REH] ] 30 mg W Ff )
My ISR e g . PR, SE 8% 8 30 mg IL-COF-1
P AR 26 R, TL-COF-1 (& 5 HEs e &
TR VA

FE i pH (E 2SS R MR B R R R
— SRR BRI AR e, BEHURE
ih pH {EYE R0 3~8, W 2b FiR, € pH=7 i},5
T 2% 7 TS e i ey . T B PR A 3R R IL-
COF-1 Z M A B AR EEA m-m FHAEH 5
KMEAEA, IL-COF-1 5 HAirW Z [H1EM 15
HARI IR 5, AN R 0 R A 0T BB 7= A5 AN [A] 9 1
M, £ pH=7 B}, (b &L FIRE R E, IL-

COF-1 5 HAr¥y Z (8] (9 4E H J1 o, PRI UE, 26 %
pH=7,

A T I IR 2 T L B0 ST B S () R A SR
[ R R, B LT FE IR AE 1~5 mL/min i
Bl N A BUSCR . 76 1~3 mL/min 36BN, BE & kR
rn UL K, NSRRI R, — TR FF A 80% LA | (L
Kl 2¢) . 3~5 mL/min {1 Bl P, [P0 Bl AR O
B R R, B, R 3 mL/min F A H A RE
ERITRL

LT VR (1% (v/v) E K- VA TR ) AR
£ 2~8 mL {EHE N ARG (WK 2d) . £ 2~5
mL Y P, B B0 AR A 3 3 2R TR
BT, MYERGEE 5 mL 5 RHCR LP R
A (WL 2d) . B RL, S5 v B T Ak
5 mL,

R T R S 5 e M R A IL-COF-1 Z [i]
(R4 fal S S ), 258 T VR (1% (v/v) 2 K-
BEVA) I TE 0. 2~ 1. 0 mL/min i [ PN 19 25 B3
o £ 0.2.0.4 mL/min B, [BR 4E 35778 85% LA
(WK 2e), 0.4~1.0 mL/min &R P, B3R FE
R L 2GR R, PR 3£ 4 0.4 mL/min
VE R e AR TR R

110 110
] 100
100 4 100 i
< 9 = 90 £ 5]
~ - ~ - ~ 90
z 7 ] z i
L o L
; e ;
&3 80 &3 80—: &3 1
1 80
70 70 ]
60 - ————————— 17— 60 70 g
20 25 30 35 40 3 4 6 7 8 1 2 3 4 5
TL-COF-1 dosage / mg Sample pH Sample flow rate / (mL/min)
110 110
100 100 ]
c\o o\c 90{ - c\o
>, 80 ~ ] <
5 £ w0 5
5 <) ] 5 ]
5 3 1 5 ]
~ ~ 70 —&[; ~ ]
60 -| { ——F ]
] —A—EE, ]
607 ——E 1
| —*—DES
40 I A7 50 A
2 4 6 8 0.2 0.4 0.6 0.8 1.0 0 0.1 0.2 0.3 0.4 0.5

Eluent volume / mL

Eluent flow rate / (mL/min)

¢(NaCl) / (mmol/L)

B2 (a) IL-COF-1HIE.(b) R pH, (c) HMRMIE, (d) EHRER, (e) SEHRTERM () NaCl KEIHERRZERRENIIE (n=6)
Fig. 2 Effects of (a) IL-COF-1 amount, (b) sample pH, (c) sample flow rate, (d) eluent volume, (e) flow
rate of eluent, and (f) NaCl concentration on estrogen extraction efficiency (n=6)
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T NaCl Xf Hbr¥y i 2 B R 152,
NaCl %% 20 mL AL S, Bo i & A R v i
NaCl A i % W E A7 2 IS 56, an &1 2f iR, 24
NaCl #FE7E 0~0. 2 mmol/L 3t FBl i | [l o ¥ 2%
18 TR EH . 0.2~0.5 mmol/L i [ i Mg %
R EERE N, PrUA 7R A BUS AR FRORER I NaCl,

7 SPE i & v, PRI R IR 5 ) 25 USRI
KHERE, BT AFERB PR, G B 2
i LR CTER 1% (v/v) ZK-TBEET 1% (v/v) 2
IK-CIERIN 1% (v/v) B IK- 1R ZBE TR TN A6 B
RORAZ (WL 3) o 41 1% (v/v) 2 K-H Bz
VTR AE N VR R B, 5 i B AR 5 A TRl B e
R, 368 1% (v/v) Z7K-H B WA A S50 Y
Ve

100; oo E{ ]
90-: B DES ﬁ % { %
80 7 } %

70 4

Recovery / %

60 ]

1 2 3 4 5 6

B3 SEREMENEREFEIENRN (n=6)
Fig. 3 Effect of eluent type on estrogen
extraction efficiency (n=6)
1. methanol; 2. acetonitrile; 3. ethyl acetate; 4. 1% (v/v)
NH, - H,O-methanol; 5. 1% (v/v) NH; - H,O-acetonitrile; 6.
1% (v/v) NH; - H,O-ethyl acetate.

Zi 1,5 PhMERCER W B AR A R Fh . IL-COF-1
FHR 30 mg, 1% (v/v) 2 7K-H s AR o Bk e
W, Ve AR B S mL, VR B W A 0.4
mL/min, B 57 E N 3 mL/min, £ 5 pH=7, 2 5L
B HOREIN NaCl,

2.3 IL-COF-1 RREMMEE S

DI E, .E,.E, .EE, Il EDS 5 Flfi 3 0 Hbx
Y1,E, .E, #1 EE, i &0 10 ng/g, E, A1 DES i
TN 1.0 ng/g. A ECRIEA IL-COF-1 B
SRR E M R AR R A T 555

IL-COF-1 th | & E A ¥ L6 Ml &
IL-COF-1 1y [EAHAE B A 3E0RE, AR [l v 18] B Ax
W e KO B R 6 B R 2% (RSD) 4 5. 2% ~ 9. 1%,
FH] IL-COF-1 B AA B iy il s G

IL-COF-1 By ¥ &= & A ¥ % [A]— AR [ AH %<
WO 2 A 6 e, H AR 9 iR 19 RSD
2.5%~6. 1%, 8] IL-COF-1 HA & 4% n] & 458 i
FE .

IL-COF-1 Wy #& & ¥ ffi HI[A]—4R IL-COF-1
FHAEBUEAE 6 RN (1 K — k) A5G P =
[ %K 95. 1% ~107. 4% , RSD {H°H 6. 2% ~8. 9%,
P LR AT
2.4 FHERWIE

53 W IBCAS R AR B B bR A 25 V5 VR, in AL 3] 20
mL( & 1 g ¥%) WKE®R T, 521 E, \E, Al EE,
1.10,25.50,100.,250 #1500 ng/g L}z E, Fl DES
0.1.0.5.1,10.25.50.100 ng/g MR SRR, 16
W 2 hbn e th 4, FERALARME T, gk 2 FiR 1%
Tkt E, E, il EE, I HEIEEY 1~500 ng/g,
X E, F1 DES M9Zk 35 Bl 4351 0. 1~100 ng/g,
KRB (r) }0.9934~0.9972, # H R (LOD,
S/N=3)}0.01~0.30 ng/g, & &R (LOQ, S/N=
10) 4 0.05~0.95 ng/g.

XN 50 ng/gil 5 FME R EAT R RS
¥ H K% B RSD H 3.2% ~ 6. 6% , H [A] K %5 Jir
RSD 4 4.2%~7.9%,

ek AR 3L F IL-COF-1 (1) SPE J7 ik E
BRI R | R 2O R B A 1
IL-COF-1 #1BHE &y SPE A4 W B 5771, 1T LA T g 25
FEa T 5 iR AAS I
2.5 FHiEMA

{85 T I & 1) SPE-HPLC-MS/MS 77 v 1 i
FERES TR E R 2 P B S P Y R # 5
FRMERAER . TSy VA A HER M 64T 1 AR
IR, 25 R L% 3 FE 4, 3 AMIbR/KFE (5,25,
50 ng/g) FHYEIR N 80. 14% ~115.24%, L [ 45
KW IL-COF-1 152 W B 50 GEAR 47 b H] T e 2
WEB R AR,

16 A AE B 2 rp  IL-COF-1 FIME)g % 2 [a] ]
REAATEIN N AHEAEH]: (1) IL-COF-1 FIMERLE i)
FFEPTTH P TI W m-m FHEAEP, (i) % &
) N F1 O i SRR F I AE7E, HE S 3R Al IL-COF-
1 Z Al & A 43 F 1) O-H---N=C S A H.AE
FAP (i) IL-COF-1 [ b3 i Bl b A0
Y P AT G SR B 5 IL-COF-1 1938:fil ; (iv) FLARRK
Jof 23 B AR PR A T i, £ AR G #E o H
T AT 40 ¥ R o e
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% 2 SPE-HPLC-MS/MS Fik 4 #riak
Table 2 Analytical parameters of SPE-HPLC-MS/MS method

. . . RSDs/% (n=5)
Compound Linear range/(ng/g) Correlation coefficient () LOD/(ng/g) LOQ/(ng/g)

Intra-day Inter-day
E, 1-500 0.9934 0.25 0.80 4.4 6.7
E, 1-500 0.9955 0.25 0.80 6.6 7.9
EE, 1-500 0.9967 0.30 0.95 5.2 5.7
E, 0.1-100 0.9972 0.02 0.07 3.2 4.6
DES 0.1-100 0.9966 0.01 0.05 5.4 4.2
F3 BEEFERDS MERRAOMREKE(n=5)
Table 3 Spiked recoveries of the five estrogens in honey samples (n=5)
Recoveries/%
Estrogen Added level/ (ng/g) - - - -
Linden honey 1 Linden honey 2 Acacia honey 1 Acacia honey 2
E, 5 85.22+2.56 83.16+3.36 95.22+2.56 88.56+2.25
25 88.96+4.25 86.97+4.14 88.52+3.65 89.67+4.21
50 93.26+2.14 91.24+5.14 85.25+2.24 95.62+5.32
E, 5 102.52+4.57 85.66+4.21 99.58+3.33 89.64+2.28
25 95.62+3.22 94.25+3.55 92.25+4.24 99.63+1.65
50 107.32+3.54 97.45+4.14 87.42+1.15 87.58+4.15
EE, 5 86.45+4.78 97.36+5.21 87.66+4.41 92.35+2.27
25 96.33+3.68 87.55+4.78 80.14+2.22 96.35+3.45
50 85.67+4.58 99.25+4.57 86.35+4.25 90.24+2.27
E, 5 101.51+4.77 85.24+2.41 86.66+3.32 115.24+4.24
25 83.24+3.98 88.44+2.57 88.57+2.26 87.36+3.56
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