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A B S T R A C T   

Here, we report a monomer planarity modulation strategy for room-temperature constructing molecularly 
imprinted-covalent organic frameworks (MI-COFs) for selective extraction of ochratoxin A (OTA). 2,4,6-trifor-
mylphloroglucinol (Tp) was used as basic building block, while three amino monomers with different 
planarity were employed as modulators to explore the effect of planarity on the selectivity of MI-COFs. The MI- 
TpTapa constructed from Tp and the lowest planarity of monomer Tapa gave the highest selectivity for OTA, and 
was further used as the adsorbent for dispersed-solid phase extraction (DSPE) of OTA in alcohol samples. 
Coupling MI-TpTapa based DSPE with high-performance liquid chromatography allowed the matrix-effect free 
determination of OTA in alcohol samples with the limit of detection of 0.023 μg kg− 1 and the recoveries of 
91.4–97.6%. The relative standard deviation (RSD, n = 6) of intra and inter day was <3.2%. This work provides a 
new way to construct MI-COFs for selective extraction of hazardous targets.   

1. Introduction 

Ochratoxin A (OTA), a toxic secondary metabolite produced by 
Aspergillus and Penicillium fungi, can survive even after the host fungus is 
eliminated due to its stability (Samuel et al., 2021). Consequently, OTA 
is often detected in foodstuffs such as cereals, beer and grape products. 
The exposure of OTA may cause teratogenicity, immunotoxicity, neph-
rotoxicity, hepatotoxicity and carcinogenesis (Li, Ma, Ma, Zhang, & Li, 
2021a; Su et al., 2022). Thus, OTA has been classified to Group 2B 
carcinogen by World Health Organization (WHO) (Bui-Klimke & Wu, 
2015). The European Commission and Chinese food safety standards 
(GB 2761–2017) set the maximum residue limit (MRL, 2 μg kg− 1) for 
OTA in alcohol (Zhang et al., 2024). Therefore, selective determination 
of OTA in foodstuff is of great significance for safeguard food safety and 
public health. 

Various effective analytical methods for the determination of OTA, 
including immunological methods (Fadlalla et al., 2020), thin-layer 
chromatography (Pittet & Royer, 2002), liquid chromatography (Li, 
Ma, Ma, Zhang, & Li, 2021b) and biosensors (Meira et al., 2023), have 
been developed. No matter what analytical technique is used, sample 
pretreatment is an essential step before quantitative analysis and 

directly affects the accuracy and precision of quantitative analysis 
(Zhang et al., 2019). Compared to other pretreatment methods such as 
liquid-liquid extraction (Elik, Ablak, Haq, Boczkaj, & Altunay, 2023) 
and immunoaffinity column extraction (Kabak, 2012), dispersive solid- 
phase extraction (DSPE) is simple, reusable and less solvent consump-
tion (Huertas-Pérez, Arroyo-Manzanares, García-Campaña, & Gámiz- 
Gracia, 2017). DSPE adsorbents such as graphene oxide (Cui et al., 
2020), metal-organic frameworks (Mohebbi, Nemati, Farajzadeh, Afshar 
Mogaddam, & Lotfipour, 2022) and zirconia (Du et al., 2018) have been 
used in the extraction of OTA. However, these adsorbents lack sufficient 
selectivity for OTA in complex matrices. Therefore, the development of 
highly selective DSPE adsorbents for OTA determination is greatly 
imperative. 

Covalent organic frameworks (COFs) are porous crystalline materials 
created by linking organic building (Liu et al., 2021; Ma et al., 2019). 
COFs are attractive adsorbents for sample pretreatment due to their 
unique properties such as large surface area, ordered channel and pre-
designed structure (Chen et al., 2019; Jagirani, Gumus, & Soylak, 2023; 
Jagirani & Soylak, 2020; Lohse & Bein, 2018; Xin et al., 2020). Some 
studies on the use of COFs as DSPE adsorbents for the extraction of 
mycotoxins have been reported (Li et al., 2022; Li et al., 2022; Wei et al., 
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2023). However, the COFs in these studies cannot meet the requirement 
for the selective extraction of mycotoxins. To enhance the selectivity of 
COFs for target, integrating molecular imprinting into COFs is a prom-
ising way for the preparation of molecule imprinted COFs (MI-COFs) for 
the selective extraction of hazardous compounds. There are two main 
approaches to the synthesis of MI-COFs. One is to load traditional 
molecularly imprinted polymers (MIPs) on the surface of COFs (Han, 
Leng, Teng, Ding, & Yao, 2022; Li, Lv, Yang, et al., 2022; Zhao et al., 
2023). The other is one-pot method polymerization via monomers and 
template (Ji, Sun, Geng, Liu, & Wang, 2018; Li et al., 2019; Zhao et al., 
2020). However, how to make a reasonable choice of monomers to 
construct MI-COFs remains challenging. 

The monomer with large π-surface area in two-dimensional COFs is 
conducive to the interlayer π-π stacking (Halder et al., 2016; Martinez- 
Abadia & Mateo-Alonso, 2020). Several studies on modulating the 
planarity of monomer to enhance the interlayer interaction of COFs have 
been reported. For instance, Lotsch’s group (Vyas et al., 2015) reported a 
series COFs (Nx–COF, x = 0–3) with the varying number of nitrogen 
atoms in central aryl ring for hydrogen generation. The results demon-
strated the N3–COF gave the highest hydrogen production due to the 
high crystallinity resulting from the planarity of the triazine. Du’s group 
(Jiang et al., 2022) proposed a strategy for enhancing the interlayer 
interactions of COFs via importing planar triazine units into the center of 
monomers. The prepared TPT-COF gave about 10 times proton con-
ductivity than non-planar COFs. Yan’s group (Da, Yang, Qian, & Yan, 
2020) reported a knot-linker planarity control strategy to prepare three 
ionic COFs (iCOFs) for the removal of 2,4-dichlorophenol. The obtained 
highly crystalline TFPT–TGCl–iCOF with planar units gave the largest 
adsorption capacity and ultrafast kinetics. The above studies reveal that 
the increase in the planarity of monomer can enhance the interlayer π–π 
stacking interaction and further improve the crystallinity and the per-
formance of COFs in various applications. However, whether the 
enhancement of interlayer interaction will promote the high selectivity 
of MI-COFs for the extraction of analytes is still unclear. 

In this work, we propose a monomer planarity modulation strategy 
for room-temperature constructing MI-COFs for the selective extraction 
of OTA. Fmoc-D-phenylalanine (Fmoc-D-Phe) was selected as pseudo 
template for OTA based on space size and theoretical calculation. 2,4,6- 
triformylphloroglucinol (Tp) was used as basic building block. Three 
amino monomers with different planarity, including tris (4-amino-
phenyl) amine (Tapa), 1,3,5-tris (4-aminophenyl) benzene (Tapb) and 
4,4′,4″-(1,3,5-triazine-2,4,6-triyl) trianiline (Tz) were selected as mod-
ulators to explore the effect of planarity on the selectivity of MI-COFs. 
The lowest planarity of Tapa monomer gave the best selectivity of MI- 
COF (called TpTapa) for OTA. The prepared MI-TpTapa was further 
employed as DSPE adsorbent for the selective extraction of OTA in 
alcohol samples before HPLC determination of OTA. 

2. Experimental 

2.1. Chemicals 

All reagents used are analytical grade unless otherwise specified. Tp, 
Tapa, Tapb and Tz were gotten from Jilin Yanshen Technology Co., Ltd. 
(Jilin, China). 1-Butyl-3-methylimidazolium (BMIm) ion liquids (ILs), 
including bis(trifluoromethylsulfonyl)imide ([BMIm][NTf2]), hydrogen 
sulfate ([BMIm][HSO4]), trifluoromethanesulfonate ([BMIm][OTf]), 
tetrafluoroborate ([BMIm][BF4]) and acetate ([BMIm][Ac]) were ob-
tained from Beijing Innochem Technology Co., Ltd. (Beijing, China). The 
standard solutions of OTA, zearalenone (ZEN), deoxynivalenol (DON) 
and aflatoxin B1 (AFB1) were gotten from Anpel Laboratory Technolo-
gies Co., Ltd. (Shanghai, China). Fmoc-D-Phe, phenylalanine (Phe), N- 
benzoyl-L-tyrosine ethyl ester (BTEE) and naringenin (Nar) came from 
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 
N,N-Dimethylformamide (DMF), acetonitrile (ACN), methanol (MeOH), 
tetrahydrofuran (THF), acetic acid (HAc), formic acid (FA), sodium 

hydroxide (NaOH) and hydrochloric acid (HCl) were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). HPLC-grade 
acetonitrile (ACN) and methanol (MeOH) were purchased from 
Thermo Fisher Scientific (Shanghai, China). Ultrapure water was given 
by Wahaha Foods Co., Ltd. (Hangzhou, China). 

2.2. Instrumentation 

The determination of OTA was performed on e2695 HPLC-2475 FLD 
(Waters, U.S.A.) equipped with XBridege® C18 column (5 μm, 4.6 mm 
× 250 mm) at 30 ◦C. The flow rate of mobile phase ACN/2% HAc so-
lution (50:50, v/v) was 1 mL min− 1. The sample volume injected was set 
to 20 μL. The excitation and emission wavelength for the detector were 
set at 333 nm and 447 nm, respectively. 

Other instruments for materials characterization were described in 
Supplementary Material. 

2.3. Synthesis of MI-COFs and NI-COFs 

Tp (0.1 mmol, 21 mg) and 0.1 mmol of amino monomers (Tapa, Tapb 
or Tz) were dispersed in 200 μL of [BMIm][NTf2]. Then, 50 μL of DMF 
(contained 12.9 mg of Fmoc-D-Phe) was added. After a 5-min sonifica-
tion, the mixture was left at room temperature for 12 h. The resulting 
MI-COF was collected and washed sequentially with DMF, THF, MeOH/ 
HAc (v/v, 9:1) and MeOH until no template was detected by UV–visible 
spectrophotometry. Finally, the product was dried at 60 ◦C under vac-
uum overnight. The NI-COF was prepared in parallel to the MI-COF but 
in the absence of the pseudo template. 

2.4. Adsorption experiments 

Adsorption studies were carried on a shaker with the rotate speed 
180 rpm at room temperature. The concentration of Fmoc-D-Phe was 
measured by UV–visible spectrophotometry at 264 nm. For adsorption 
kinetics study, 1 mg of MI-COFs or NI-COFs (TpTapa, TpTapb and TpTz) 
was dispersed in 4 mL of Fmoc-D-Phe with the initial concentration of 
20 mg L− 1 (pH 6.5). After adsorption for a certain time (2–60 min), the 
mixtures were filtered with 0.22 μm filter. To get adsorption isotherms, 
MI-COFs or NI-COFs (1 mg) was dispersed in 4 mL of Fmoc-D-Phe in the 
initial concentration range from 40 to 200 mg L− 1 (pH 6.5). After 
adsorption for 1 h, the mixtures were filtered with 0.22 μm filter. 

To test the selectivity of MI-COFs for the adsorption of OTA, three 
other mycotoxins, including AFB1, ZEN and DON were selected for 
comparison. 1 mg of MI-COF or NI-COF was added into 4 mL of 10 mg 
L− 1 each mycotoxin solutions. After 1 h of shaking at room temperature, 
the mixture was filtered with 0.22 μm filter membrane and the con-
centration of mycotoxin was measured by HPLC. 

The adsorption capacity (q, mg g− 1) and imprinting factor (IF) were 
calculated according to Eq. 1 and 2, respectively: 

q =
C0 − Ct

m
V (1)  

IF =
qMI− COF

qNI− COF
(2)  

where C0 (mg L− 1) and Ct (mg L− 1) stand for the initial and final con-
centration of adsorbate, respectively. m (mg) represents adsorbent mass, 
and V (mL) is solution volume. qMI-COF and qNI-COF are the adsorption 
capacity for MI-COF and NI-COF, respectively. 

2.5. Sample preparation and DSPE procedure 

Beer, soju and red wine were purchased from a local supermarket. 
The wine sample was ultrasonically treated for 30 min before use. 4 mg 
of MI-TpTapa was added into 10 g of wine sample with sonication, then 
the mixture was shaken on a shaker at 180 rpm for 2 min. The MI- 
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TpTapa was collected by centrifugation at 10000 rpm for 10 min, then 
eluted with 1 mL of FA/ACN (6:4, v/v) for 2 min. The eluent was filtered 
with 0.22 μm filter membrane and the concentration of OTA was 
measured by HPLC. 

3. Results and discussion 

3.1. Design and synthesis of MI-COFs 

Fig. 1a illustrates the scheme for the synthesis of MI-COFs. Tp was 
selected as a basic building block to provide hydrogen bond and π-π 
interaction with OTAs. The linkage of Tp-based COFs is more stable due 
to the irreversible proton tautomerism of enol− imine (-OH) form 
(Kandambeth et al., 2012). Three triamine linkers with different 
planarity were used as modulators to adjust the interlayer interaction of 
MI-COFs. The dihedral angle of triamine linkers were calculated to 0.0o, 
9.3o and 27.3o for Tz, Tapb and Tapa, respectively (Fig. 1b-d). 

Considering the high toxicity and high price of OTA, four OTA 
structure analogues including Phe, Nar, BTEE and Fmoc-D-Phe were 
used as pseudo templates to evaluate the effect of template on 
imprinting effect. The structure and space size of pseudo templates are 
presented in Fig. S1. Fmoc-D-Phe and OTA contain the structure of Phe. 
Furthermore, the pka of Fmoc-D-Phe (3.77) and OTA (3.29) is close. 

Molecular docking gave the lowest binding energy of OTA (− 6.3 kcal 
mol− 1), Nar (− 5.5 kcal mol− 1), BTEE (− 5.1 kcal mol− 1), Phe (− 4.1 kcal 
mol− 1) and Fmoc-D-Phe (− 6.9 kcal mol− 1) with TpTapa (Fig. S2). The 
lowest binding energy of Fmoc-D-Phe-TpTapa is closest to that of OTA- 
TpTapa. The π-π and hydrogen bond (N-H…O=C) interactions were 
observed in the lowest binding energy configuration of OTA with 
TpTapa, while hydrogen bond interaction was not seen in the lowest 
binding energy configuration of pseudo templates with TpTapa. 
Notably, among the possible Fmoc-D-Phe-TpTapa binding configura-
tions, a configuration containing hydrogen bonding NH…O=C the 
binding energy is also − 6.3 kcal mol− 1 was found to be similar to the 
lowest binding energy configuration of OTA-TpTapa (Fig. S2e). The 
above theoretical calculation results preliminarily show that Fmoc-D- 
Phe is the optimal pseudo template for OTA. Adsorption experiments 
showed that Fmoc-D-Phe as the pseudo template gave the largest 
adsorption capacity of MI-TpTapa for OTA (Fig. 2a). The added amount 
of Fmoc-D-Phe was further investigated. The ratio of monomer/tem-
plate = 3:1 gave the best imprinting effect, thus used for further 
experiment (Fig. 2b). 

We further investigated the effect of triamine monomers on the 
imprinting effect of MI-COFs. The value of IF increased with the decrease 
in the planarity of triamine monomers (Fig. 2c). The result indicates that 
the non-planar monomer Tapa is more conducive to the formation of 

Fig. 1. (a) Scheme for the synthesis of MI-COFs via monomer planarity modulation strategy. The dihedral angle and side view after energy minimization of Tz (b), 
Tapb (c) and Tapa (d). 
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imprinted cavities in MI-COFs in the presence of the template. Moreover, 
0.1 mmol of Tapa gave the highest IF. Further increase of the amount of 
Tapa resulted in the decrease of IF value (Fig. 2d). Thus, 0.01 mmol of 
Tapa was selected for further experiments. 

Solvents and catalysts are the key factors in the synthesis of MI-COFs. 
ILs were considered as green solvents and chosen as both solvent and 
catalyst for the synthesis of COFs (Guan et al., 2018; Qiu et al., 2020). 
Different [BMIm]-based ILs were used as both solvent and catalyst to 
investigate the effect on imprinting effect. MI-TpTapa synthesized in 
200 μL of [BMIm][NTf2] gave better imprinting effect (Fig. 2e and S3). 
The effect of polymerization time on the imprinting effect is shown in 
Fig. 2f. The value of IF increased with polymerization time, and reached 
the maximum at 12 h. 

3.2. Characterization of MI-COFs and NI-COFs 

The as-prepared MI-COFs and NI-COFs were characterized by Fourier 
transform-infrared (FT-IR) spectroscopy, powder X-ray diffraction 
(PXRD) analysis, scanning electron microscopy (SEM) and N2 
adsorption-desorption experiments. The disappearance of C––OH (2893 
cm− 1) of Tp and N–H (3200–3500 cm− 1) of triamine monomers in 
conjunction with the appearance of obvious peaks at 1607–1623 cm− 1 

of C––O and 1278–1296 cm− 1 of C − N confirms the ketone formation in 
the MI-COFs and NI-COFs (Fig. 3a) (Kandambeth et al., 2012). The 
dominant diffraction peaks at 5.74◦ in NI-TpTz, 5.69◦ in NI-TpTapb and 
6.14◦ in NI-TpTapa identified the ordered structure, which is consistent 
with the simulated PXRD pattern of their AA stacking (Fig. 3b and S4). 
NI-TpTz with the highest planarity gave the best crystallinity due to the 
stronger interlay interaction (Da et al., 2020). Meanwhile, the dominant 
peaks in MI-TpTz, MI-TpTapb and MI-TpTapa were shifted to 5.64◦, 
5.59◦ and 5.89◦, respectively, indicating the stretching of MI-COFs 
resulted from the presence of template. Moreover, MI-TpTapa exhibi-
ted the larger peak shift (Δ2θ = − 0.25◦) than MI-TpTz (Δ2θ = − 0.1◦) 
and MI-TpTapb (Δ2θ = − 0.1◦). 

MI-COFs gave lager Brunauer-Emmett-Teller (BET) surface areas 
than the corresponding NI-COFs. Among MI-COFs, MI-TpTapa gave the 
largest surface area of 706 m2 g− 1 (Fig. S5 − S6). The pore-size 

distributions of MI-COFs and NI-COFs were analyzed based on 
quenched solid density functional theory (QSDFT). For a certain tri-
amine monomer, MI-COFs gave larger pore size the corresponding NI- 
COFs, indicating that the existence of template affected the pore size 
of MI-COFs (Ji et al., 2018). In addition, the difference of pore size be-
tween MI-COFs and NI-COFs decreased as the increase in the planarity of 
triamine monomers (Fig. 3c). MI-TpTapa showed more net stucture than 
of NI-TpTapa (Fig. 3d vs 3e). No significant difference was found in the 
SEM images of the other MI-COFs and NI-COFs (Fig. 3f− 3i). 

3.3. Adsorption study 

The adsorption equilibrium experiments were performed in the 
initial Fmoc-D-Phe concentration range of 40–200 mg L− 1 (Fig. 4a). The 
Langmuir model fitted better for MI-COFs and NI-COFs than the 
Freundlich model via both linear and non-linear fitting (Eq. S1 − S3, 
Fig. S7 and Table S1), indicating the adsorption of Fmoc-D-Phe onto MI- 
COFs and NI-COFs was monolayer with a limited adsorption site (Cheng 
et al., 2021). The theoretical maximum sorption capacities of NI-COFs 
decreased in the order of NI-TpTapb (194.8 mg g− 1) > NI-TpTz 
(154.5 mg g− 1) > NI-TpTapa (113.8 mg g− 1). The lowest binding en-
ergies between NI-COFs and Fmoc-D-Phe were calculated in the order of 
NI-TpTapb (− 7.5 kcal mol− 1) < NI-TpTapa (− 6.3 kcal mol− 1) < NI- 
TpTz (− 4.6 kcal mol− 1). NI-TpTz gave larger adsorption capacity than 
NI-TpTapa due to the exposure of more adsorption sites in high crys-
tallinity NI-TpTz (Li, Yang, Qian, & Yan, 2023). The theoretical 
maximum adsorption capacities of MI-COFs decreased in the order of 
MI-TpTapa (471.4 mg g− 1) > MI-TpTapb (330.3 mg g− 1) > MI-TpTz 
(168.6 mg g− 1), and the values of IF were calculated to 4.1, 1.7 and 1.1, 
respectively, which is negatively correlated with their planarity. In other 
words, the lowest planarity of MI-TpTapa gave the best imprinting ef-
fect. The separation factors (RL) and intensity factor 1/n of MI-COFs and 
NI-COFs were in the range of 0 to 1, indicating a favorable adsorption 
(Farrukh et al., 2013; Nayab et al., 2014). Distribution coefficient (Kd) 
was calculated to evaluate the affinity of sorbent to target. MI-TpTapa 
gave 4.8-fold Kd of NI-TpTapa (Table S1). 

The adsorption kinetics was analyzed with the initial Fmoc-D-Phe 

Fig. 2. Effect of synthetic conditions on the imprinting effect of MI-COF. (a) Pseudo template; (b) amount of template; (c) triamine modulator; (d) amount of Tapa; 
(e) type of ILs and (f) polymerization time. 
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concentration of 20 mg L− 1 (Fig. 4b and Table S2). MI-COFs showed 
faster kinetics for adsorption equilibrium (10 min) than NI-COFs (20 
min), except from MI-TpTz and NI-TpTz (10 min for all). The pseudo- 
first-order model adsorption kinetic model was superior to the pseudo- 
second-order kinetic model via nonlinear fitting (Eq. S5 − S7, 
Table S2). However, the linear fitting gave the opposite results (Fig. S8). 
To better understand the adsorption processes, mix-order kinetic model 
was further stablished to analyze the pseudo-first-order and pseudo- 
second-order kinetic model simultaneously (Eq. S8, Fig. S9) (Zhuang, 
Chen, Liu, & Wang, 2020). The obtained rate constants of the pseudo- 
first-order and pseudo-second-order models (k1’ and k2’) indicate that 
the adsorption process included both pseudo-first-order and pseudo- 
second-order kinetics models (Guo & Wang, 2019). The contributions 
of the pseudo-first-order rate were larger than the pseudo-second-order 
rate in three NI-COFs and MI-TpTz. On the contrary, the pseudo-second- 
order rate was higher than the pseudo-first-order rate at the initial stage 
of adsorption process in MI-TpTapa and MI-TpTapb, indicating the 
imprinted sites contributed to the pseudo-second-order kinetics in 
adsorption process. 

The adsorption of four mycotoxins (OTA, ZEN, AFB1 and DON) on 
MI-COFs and NI-COFs was studies to test the selectivity of MI-COFs to 
OTA (Fig. 4c). The Kd, selectivity coefficient (K) and relative selectivity 
coefficient (K′) of MI-COFs and NI-COFs were calculated based on Eq. S4, 
S9 and S10 (Table S3) (Cui et al., 2020). MI-TpTapa and MI-TpTapb gave 

larger Kd values towards OTA than other three mycotoxins. Further-
more, the K′ values of MI-TpTapa, MI-TpTapb and MI-TpTz for OTA 
towards other three mycotoxins were 3.77 – 3.87, 1.88 – 1.98 and 1.04 – 
1.07, respectively, showing higher selectivity of MI-TpTapa to OTA. 

The effect of pH on the adsorption capacity of MI-TpTapa for Fmoc- 
D-Phe was studied (Fig. S10). The pKa of Fmoc-D-Phe is 3.77. The zeta 
potential reveals that the isoelectric point of MI-TpTapa was in the pH 
range of 5–6. The adsorption capacity is the largest at pH 4, where MI- 
TpTapa is positively charged while Fmoc-D-Phe is negatively charged. 
Electrostatic repulsion between MI-TpTapa and Fmoc-D-Phe existed in 
other pH, resulting in the lower adsorption capacity. 

3.4. Interaction study 

The effect of the planarity of monomers on the interlayer interaction 
in COFs was investigated. The calculated stacking energies of TpTz (−
143.9 kJ mol− 1), TpTapb (− 133.8 kJ mol− 1) and TpTapa (− 112.2 kJ 
mol− 1) increased as the planarity of monomers decreased (Fig. 5a). The 
more negative stacking energy in TpTz indicates the more stable system, 
which is consistent with previous studies (Da et al., 2020; Jiang et al., 
2022). However, TpTapa with larger interlamellar spacing and weak 
interlayer interaction led to the easy formation of imprinted sites in the 
presence of pseudo templates. Fig. 5b shows the electrostatic potential 
(ESP) distribution of the OTA, Fmoc-D-Phe and MI-TpTapa. The N–H in 

Fig. 3. (a) FT-IR spectra of Tp, triamine monomer, MI-COFs and NI-COFs. PXRD patterns (b), pore size distribution (c) and SEM images (d-i) of MI-COFs (d, f and h) 
and NI-COFs (e, g and i). 
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OTA and Fmoc-D-Phe is the hydrogen bond donor site, meanwhile the 
C––O in the MI-TpTapa provides the hydrogen bond receptor site. This 
phenomenon further proves the hydrogen bond interaction of N-H… 
C=O. 

The FT-IR spectra of MI-TpTapa after and before the adsorption of 
Fmoc-D-Phe and OTA are shown in Fig. S11. The peaks of aromatic C–H 
bending (823 cm− 1) and phenyl C––C stretching vibrations (1451 cm− 1) 
in MI-TpTapa shifted to 825 cm− 1 and 1453 cm− 1 after the adsorption of 
Fmoc-D-Phe and OTA, respectively, due to the π-π interaction between 
the adsorbate and MI-COF (Kumar et al., 2018; Xiong et al., 2019). 
Meanwhile, the C––O stretching of MI-TpTapa at 1607 cm− 1 moved to 
1609 and 1610 cm− 1 after Fmoc-D-Phe and OTA loading, respectively, 
indicating the existence of hydrogen bond interaction (Xu, Zhu, Xia, & 
Wang, 2021). 

The interaction was further verified by XPS (Fig. S12). The appear-
ance of the new peaks associated to C–O in C 1 s and O 1 s demonstrated 
the adsorption of Fmoc-D-Phe and OTA on MI-TpTapa (Fig. 5c and d). 
The peaks of C 1 s for C––O in MI-TpTapa changed from 288.15 eV to 
288.37 and 288.47 eV after the adsorption of Fmoc-D-Phe and OTA, 
respectively (Fig. 5c). The characteristic peaks of N 1 s for C–N in MI- 
TpTapa shifted from 400.12 eV to 400.31 and 400.29 eV after the 
adsorption of Fmoc-D-Phe and OTA, respectively (Fig. 5d). Meanwhile, 
the peak of O 1 s for C––O was also moved to higher binding energies 
after sorption (Fig. 5e), indicating that the C––O was concerned with the 
adsorption of Fmoc-D-Phe and OTA (Zhao et al., 2021). The high- 
resolution XPS spectra for original Fmoc-D-Phe also show the move-
ment in the peaks of C–N and C––O (Fig. S13). The above results 
demonstrate the presence of hydrogen bonding (C=O…H-N) in MI- 
TpTapa with Fmoc-D-Phe and OTA, which is consistent with molecu-
lar docking results. 

3.5. Optimization of DSPE 

The conditions of DSPE including pH (3–9), adsorbent dosage (1–8 
mg), extraction time (1–10 min), the content of FA (0%–70%) in the 
elution solvent ACN/FA, elution volume (0.5–3.0 mL) and elution time 
(1–10 min) were optimized with the concentration of 2 μg kg− 1 OTA. 
The high OTA affinity of MI-TpTapa gave high recovery (above 96.5%) 
in the studied pH range of 4–9 (Fig. S14a). The pH range of 4–6 gave 
relatively higher recovery (above 98%). Therefore, pH 4 was selected for 
subsequent experiments. The recovery increased as the dosage of MI- 
TpTapa increased to 4 mg and then reached a platform (Fig. S14b), so 
4 mg of MI-TpTapa was used in extraction. The recovery reached 98% 
with 2 min of extraction time, then leveled off (Fig. S14c). Hence, 2 min 
was adapted as extraction time. The optimization of elution solvent, 
volume and time showed the application of 1.0 mL of ACN/FA (4:6, v/v) 
for 2 min gave the best elution efficiency (Fig. S14d–f). 

3.6. Analytical performance 

The calibration curves with the linear range of 0.1–1000 μg kg− 1 

were obtained by using OTA-free alcohol samples standard addition 
method under the optimized DSPE conditions (Fig. S15), and the co-
efficients of determination (R2) ranged from 0.9994 to 0.9999. Matrix 
effects were calculated in the range of 0.9716 to 0.9807 (Table S4). 
Moreover, the sensitivity of OTA in sample matrix and that in standard 
solution were evaluated by t-test (1.30 < P < 1.58), showing no sig-
nificant difference. These results illustrate the negligible matrix effect in 
the developed MI-TpTapa-based DSPE method, meaning that the stan-
dard curve calibration can be used for the quantitation of OTA in real 
samples. The limits of detection (LOD, S/N = 3) and quantification 
(LOQ, S/N = 10) were 0.023 and 0.078 μg kg− 1, respectively, which are 

Fig. 4. (a) Adsorption isotherms of Fmoc-D-Phe (4 mL, 40–200 mg L− 1) on MI-COFs and NI-COFs (1 mg). The solid and dashed lines represent the fitting Langmuir 
and Freundlich models, respectively; (b) adsorption kinetics for Fmoc-D-Phe (4 mL, 20 mg L− 1) on MI-COF and NI-COF (1 mg); (c) adsorption selectivity of MI-COFs 
and NI-COFs (1 mg) towards OTA against ZEN, AFB1 and DON (4 mL, 10 mg L− 1). 
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considerably lower than the MRL (2 μg kg− 1) for OTA in alcohol. The 
relative standard deviation (RSD, n = 6) of intra and inter day was 
<3.2% (Table S5). The developed method was compared with other 
reported methods (Table S6), showing the lower detection limit, higher 
accuracy, higher precision and wider linear range than other reported 
methods. 

The selective extraction performance of MI-TpTapa for OTA was 
studied by adding other mycotoxins (ZEN, AFB1 and DON) into the 
extraction process. The recoveries of OTA were still over 97% in pres-
ence of other mycotoxins (Fig. S16) due to the high selectivity of MI- 
TpTapa for OTA. Furthermore, the recycling times of the MI-TpTapa 
was also investigated (Fig. S17). After five cycles of uses, the MI- 
TpTapa still gave over 94% of recovery for OTA. No obvious change 
was observed in the FI-IR spectra and PXRD pattern (Fig. S18) of the 
fresh and regenerated MI-TpTapa, showing a good reusability. 

3.7. Application to real samples 

Alcohol samples (beer, red wine and soju) were analyzed by the 
developed DSPE method in combination with HPLC-FLD. The absolute 
recoveries for the spiked OTA in the concentration range of 0–10 μg kg− 1 

in these samples ranged from 91.4% to 97.6% (Table 1), and a 
contaminated beer sample was found (concentration of OTA was 0.126 
± 0.008 μg kg− 1, Fig. S19). 

4. Conclusion 

We have proposed a monomer planarity modulation strategy for 
room-temperature constructing of MI-COFs for selective extraction of 
OTA. We have highlighted that the non-planar MI-COFs with weak 
interlayer interaction led to the easy formation of imprinted sites in the 
presence of pseudo templates. The proposed preparation method allows 
the room-temperature synthesis of highly selective MI-COFs in an open 
environment. The as-prepared MI-TpTapa gave higher selectivity for 
OTA than other more planar MI-COFs. The use of the prepared MI- 
TpTapa as adsorbent for the DSPE of OTA before HPLC determination 
allows matrix effect-free determination of OTA in real samples. The 
developed method shows shorter extraction time, lower detection limit, 
higher accuracy, higher precision and wider linear range than other 
reported methods. We believe that combining the interlayer interaction 
modulation strategy with rational selecting pseudo template will open a 
new train of thoughts to construct MI-COFs for selective extraction of 
hazardous compounds. 
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