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Abstract: In recent years, molecularly imprinted polymers have shown considerable promise in
analytical detection and early diagnosis of diseases due to their high selectivity and specificity.
Nevertheless, the practical implementation of these methods is still restricted by several intrinsic
limitations associated with traditional synthesis approaches, including a strong reliance on organic
solvents, poor recognition efficiency in aqueous media, and low adsorption capacity. To overcome

these challenges, this study presents an innovative strategy that integrates superhydrophilic resin
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with graphene aerogel (GA), resulting in successful fabrication of a superhydrophilic molecularly
imprinted resin-GA composite (HMIR-GA) via surface in situ polymerization in water. The resulting
HMIR-GA exhibited a significantly enhanced adsorption capacity and improved recognition per-
formance in aqueous environments towards tumor biomarker. Characterization of the HMIR-GA was
performed using Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy
(SEM), nitrogen adsorption-desorption analysis, and contact angle measurements. FT-IR spectra
revealed that the broad peak at 3400 cm™' can be ascribed to the formation of —OH associations.
The absorption peak at 1724 ecm™ corresponds to the stretching vibration peak of C=0 on the surface
of graphene oxide (GO). The absorption peaks at 1 602 cm™ and 1462 cm™ are assigned to the C=C
stretching vibration peaks of resorcinol. During the reaction process, due to the reduction effect
of ammonia water, the C=0 on graphene oxide is reduced. The characteristic peak at 1 069 cm™
is induced by the stretching vibration of C-O-C, representing the formation by the reaction between
resorcinol and hexamethylenetetramine. These characteristic peaks clearly demonstrate that the HMIR
have been successfully incorporated into the graphene aerogel. The FT-IR results confirm the
successful synthesis of HMIR-GA. SEM reveals that the surface of graphene oxide exhibits a wrinkled
lamellar structure. In contrast, the fabricated HMIR-GA and superhydrophilic molecularly non-
imprinted resin-GA composite (HNIR-GA) display a loose and porous architecture, indicating that
the synthesized HMIR has been successfully grown onto the graphene aerogel. The porous structure
is conducive to the rapid adsorption of 5-hydroxyindoleacetic acid (5-HIAA), which is beneficial
for enhancing the performance of relevant applications. The Brunauer-Emmett-Teller (BET) specific
surface areas of HMIR-GA and HNIR-GA are 95.1 m%*g and 44.5 m%g, respectively. The pore volumes
are 0.31 cm?/g and 0.20 cm’/g, respectively. In comparison with HNIR-GA, HMIR-GA possesses a
larger specific surface area and pore volume, which is conducive to enhancing its adsorption capacity
for 5-HIAA. To evaluate the hydrophilicity of HMIR-GA and HNIR-GA, contact angle measurements
were performed. The results showed that when water droplets were placed on the surfaces of these
two materials, they rapidly spread and fully wetted the surfaces within 0.07 s, indicating that HMIR-
GA and HNIR-GA exhibited superior hydrophilic properties. This enhanced hydrophilicity facilitates
the effective adsorption and extraction of the tumor biomarker 5-HIAA from urine samples. Static
and competitive adsorption experiments revealed that HMIR-GA has a strong affinity for 5-HIAA.
The evaluation of adsorption kinetics was carried out by employing both the pseudo-first-order and
pseudo-second-order models, indicating a better fit with the pseudo-second-order model (R>=
0.999 3), suggesting that chemisorption is the dominant mechanism. Furthermore, equilibrium
adsorption data were analyzed using the following models—Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D-R). The best fit was achieved with the Freundlich isotherm model (R*>
0.985 2), indicating multilayer adsorption on heterogeneous surfaces. A highly sensitive method for
precise determination of 5-HIAA was established by employing HMIR-GA as a pipette tip solid-phase
extraction adsorbent coupled with high performance liquid chromatography. The calibration curve

exhibited excellent linearity across the mass concentration range of 0.02-40.0 pg/mL (7=0.999 8).
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The limits of detection (LOD) and quantification (LOQ) were 3.7 ng/mL and 12.3 ng/mL, respec-

tively, based on signal-to-noise ratios of 3 and 10. Method accuracy was verified through recovery

tests at spiked mass concentrations of 0.1, 1.0, and 10.0 pg/mL, yielding recoveries between 75.7%

and 92.5% with relative standard deviations (RSDs) below 3.4%. Precision assessments via intra-day

and inter-day tests yielded RSDs of 2.9% and 4.1%, respectively (n2=6). Finally, the developed method

was applied for the determination of 5-HIAA levels in real urine samples. This work not only provides

a robust and environmentally friendly strategy for the fabrication of functionalized molecularly

imprinted polymers but also shows great promise for clinical applications, offering crucial technical

support for early diagnosis of gastroenteropancreatic neuroendocrine tumors.

Keywords: hydrophilic imprinted resin; graphene aerogel; specific recognition; solid-phase ex-

traction; tumor biomarkers; high performance liquid chromatography (HPLC)
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1.5 mmol &% FC 5,40 CFIABEFE 2 he WA
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ho W Fff 45 3 )5 LL 4 500 r/min 250, B 3 R 4
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(pg/mL),V N E WA (mL) , W o W K 77 HMIR-
GA 1 i (mg) .

W2 B 3l 7 2 SC 5 - 43 AR 3.0 mg HMIR-GA
5 HNIR-GA T 10 mL /RN & .08 H L mA 20
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B0 i R A B
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SPE) T 8
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BE &G 2588 7K B BE 2 10.0 mL, 85 IR 7 RE & i
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4.6 mm, 5 pm) , i A0 H EE-0.1% B IR 7K % i)
(40: 60, A FLLL ) , FE R 25 T, &8 B vk B, 46 ik K
278 nm, {3 1.0 mL/min, FEAEAFR 20 wL.
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PR 2R % 5 SRS P R 2 b N-(1-28
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W B AR . B R R UL AR T G 0, 5-HIAA W
B o 2 T b T, 3R T B G 67 B W R A
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a. molar ratio of resorcinol to hexamethylenetetramine; b. amount of template; c. imprinting time; d. amount of polyvinyl alcohol.
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HMIR (1 3¢ Bk B 8K, Bl 7 HMIR-GA Yy W Fff Al
FeSUUNRE T o SR, 4 ER L B A K T 2 h, HMIR-
GA X 5-HIAA 10 i I T B X002 R o il K i
Eq 3 bsf (] 2% i B 300 437 55 5 %) 40 3 F HMIR-GA 4
FE L HETT RS T AT S-HIAA (1% 0 B0 45 S 30 1)
PERE . PR, AR TAEBESRE 2 h oW S0 9 B0 ]

RO &A RENFIL LA 5 2 F Hir
WY AU L R I R 20 T A A O A8 B R i LA
MFFR LS. fEABHREERNH SRS, RS
s B 1) 8 Bk 5 0 BB 0 6 THT I R AT RE S AH BLAE
AT 3 A1 A0 2 ) (9 28 3 S AR o 38 ol o Y
B 20 BE Y ] LS B0 A BR 0 E  fL B 4
Fa RS A8 7 . b B 1d AT A B 2 SR 20 T
(934, HMIR-GA XF 5-HIAA 1) W Fff 75 & 386 i, 24
H &t 200 mg W), FHC W TF bR T R, R
S B Y T M B S T B B U i 3 R
5, 3k BE Y A2 3K 2 (5 B G 67 s 4 3 T HMIR-GA Y
BB, T 5% 0 HMIR-GA XF 5-HIAA A9 H5 5 5 12 51
ROR o B, A TAE B B A 0 2R &0 i i R
200 mg.

2.2 HMIR-GA HIR1E

K B B (SEM) X il #% 1) HMIR-
GA JATIE S5 45 Mg K AE , N E] 2a~c AT LI H, &
A7 B0 2 1 EL A RS 1 TR 25 i A AR 20
HMIR-GA il HNIR-GA £ BHl i ¥ £ L 25 44 FL 74 4%
T4 25, A6 & 1 HEMIR A 2 3t A K7 A 58 0 < gk
JiE b, H 2 AL 454 5 HMIR-GA #2435 7 87 2 A i
A7 5, T 32 35 T HMIR-GA %} 5-HIAA 1 1% it fE
J1 BTS2 5-HIAA BB 0 [ .

SR FH 280/ T o - 58 A 51 560 6 o ek 1 B 2% T AR L AL
IRFRALAR S A AT 2 b anl&l 2d e s , HMIR-
GA 5 HNIR-GA ¥ 5 Bl £ % fL 45 #4 , i i& BET
(Brunauer-Emmett-Teller) 3% 31 5 15 1 , HMIR-GA
1 HNIR-GA 1y b 5= 1 #2435l 24 95.1 m%/g Fil 44.5
m¥g; FLAR L2 514 0.31 em®/g 1 0.20 em’/g, #F
— | /| BJH (Barrett-Joyner-Halenda) i %} fL. 1%
Oy A AT IR S5 5 R P 1T B AL AR B R
13.7 nm £ 13.9 nm., HMIR-GA B KAy L E1H
TR AL AR R, A )T 48 4 07 2 0 ¢ 5 1k W BR Ao
S TSR R R s AR A TR S 0 B g

i AT B AR 3 21 A8 6 % (FT-IR ) i#F — 20 X 44
R F S5 BEAT 2 B (B 2£) o 3 400 em ' 4b 1 B
i 55 W )3 IR T 11 -OH MR 37 1%, 1 724 em™ 1K

Wi S Ak A BRI (GO) Tl C=0 1 45 4 3 i
T 0 B A K 19 38 i, HMIR-GA Fi1 HNIR-
GA [ C=0 A5, 1602 cm™ 1 1462 cm™ ALY
W WA s Sy ] 4 i i C=C 45 IR 8h 1%, 1 069 cm™!
Ab 1 R IR DA SR 1R 48 W 5 5 8 4G i R AR R A B
1) C-0-C Al iy 1 4 iz zh 1§ . FT-IR 45 R Uk ¥
HMIR-GA # B 1 o) il 2 o 42 fil iy 55 40 25 2R
(18 2 g,~hy) K], 24K 3 B 43 1l i E 72 HMIR-GA
F1 HNIR-GA R 10 LI, E7E 0.07 s NI P L
It 58 49 1% HMIR-GA 1 HNIR-GA , % B b Bl B A
R KPR BT, A R T A 8 0 SEE S Y K A TR fg
T3, BT AR A v e g o AR A e A R

2.3 HMIR-GA K0 Bt i gEiF M

3 3 U B Bl 2 R A R S S 50 X HMIR-
GA WIWE P REIEAT T R A MEVE . A 3a ] L
F L 7E 25 T AF T, HMIR-GA 7E 240 min N ik 3|
W B - A, 2 B G EL A bR A W B B 3R . AT 3b
A LLAE M, B S S-HIAA % TR W) U6 v B i 18
HMIR-GA 1) W fff 5 5 2 85 m . 4k, HMIR-GA X%
5-HIAA 11 W B B8 7 Bl o6 i B2 ) e T3, 7E 318
K I (% W% B & 5 3k 39.51 mg/g, H HMIR-GA X} 5-
HIAA 1) W B 1 2% w5 T 4F B3 A4 B} HNIR-GA , %
A HG LA oG8 (%) S5 R0 R0 BB 0 AR ) e T . i
ST ZE SIS IE T HMIR-GA 787K AH 1A 2 v X6 Jith 98 A
/N U RS S S B e A I i s 2 NI
XA [ 4t vk B9 HMIR-GA ¥ 47 1 4t ¥k 18] 3 80 %
g5, 45 R 22 B 4 4% i HMIR-GA It % 1) 8 B B 4
(RSD=3.9%) .

T A PR B S B 25 AR DL 3, 5 I BT (A
FOm kIR R R R IR MR e %) M
It , HMIR-GA X} 5-HIAA {14 W% Bff 2 o 3 o i, i 1
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Fig. 2 Characterization of HMIR-GA, HNIR-GA, and GO
a-c. SEM images of (a) GO, (b) HMIR-GA, and (c¢) HNIR-GA; d, e. N, adsorption-desorption isotherms and BJH size distribution iso-
therm of (d) HMIR-GA and (e) HNIR-GA; f. FT-IR spectra of GO, HMIR-GA and HNIR-GA; g -h,. contact angle measurements of (g~
g,) HMIR-GA and (h,-h,) HNIR-GA.
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Fig.3 (a) Binding isotherms of dynamic adsorption, (b) binding isotherms of static adsorption and (c¢) competitive adsorp-
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Table 1 Adsorption selectivity parameters of HMIR-GA

Q@ (HMIR- Q_(HNIR- Imprinted
Analyte © ¢
GA)/(mg/g) GA)/(mg/g) factor (IF)
5-HIAA 8.34 0.95 8.8
Vanilmandelic acid 2.08 1.24 1.7
Thiamphenicol 0.51 0.42 1.2
Tetracycline hydro-
. 1.34 0.97 1.4
chloride
Florfenicol 0.62 0.38 1.6

Qe: adsorption amount.
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Fig. 4 Optimization of HMIR-GA-PT-SPE process (n=3)
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(a) Comparison with commercial materials (rn=3) and (b) chromatograms of a urine sample
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Table 2 Comparison with the existing detection methods
in the literature

Linear range/  LOD/ Recover- RSD/

Method Ref.
ere (pgml)  (ng/ml)  ies/% % ¢
LC-MS/MS  0.1-8.3 323 87.1-107.0 <66 [5]
GC-QaQ- 0.5-100 243 913-106.6 <89 [6]

MS
HPLC- 0.5-19.1 765 85.8-90.7  <7.1 [27]

ECD
HPLC- 3.8-28.7 574 92.0-95.0 <17.4 [28]

ECD
HPLC-UV  0.02-40 3.7 757-925 <34 this
work

QqQ: triple quadrupole; ECD: electrochemical detection.
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