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• A novel molecularly imprinted COF (MI- 
COF) was designed for FQs extraction. 

• The prepared MI-COF gave a better 
adsorption capacity and faster kinetics. 

• The multiple imprinted sites of MI-COF 
allowed selective extraction. 

• The MI-COF-HPLC method was sensitive 
and practical for FQs in food samples.  
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A B S T R A C T   

Molecularly imprinting on covalent organic frameworks (MI-COF) is a promising way to prepare selective ad-
sorbents for effective extraction of fluoroquinolones (FQs). However, the unstable framework structure and 
complex imprinting process are challenging for the construction of MI-COF. Here, we report a facile surface 
imprinting approach with dopamine to generate imprinted cavities on the surface of irreversible COF for highly 
efficient extraction of FQs in food samples. The irreversible-linked COF was fabricated from hexahydroxy-
triphenylene and tetrafluorophthalonitrile to ensure COF stability. Moreover, the introduction of dopamine 
surface imprinted polymer into COF provides abundant imprinted sites and endows excellent selectivity for FQs 
recognition against other antibiotics. Taking enrofloxacin as a template molecule, the prepared MI-COF gave an 
exceptional adsorption capacity of 581 mg g− 1, a 2.2-fold enhancement of adsorption capacity compared with 
nonimprinted COF. The MI-COF was further explored as adsorbent to develop a novel solid-phase extraction 
method coupled with high-performance liquid chromatography for the simultaneous determination of 
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enrofloxacin, norfloxacin and ciprofloxacin. The developed method gave the low limits of detection at 
0.003–0.05 ng mL− 1, high precision with relative standard deviations less than 3.5%. The recoveries of spiked 
FQs in food samples ranged from 80.4% to 110.7%.   

1. Introduction 

Fluoroquinolones (FQs) are effective antibacterial drugs in animal 
husbandry and aquaculture industry [14,26]. Ciprofloxacin (CIP), 
enrofloxacin (ENR) and norfloxacin (NOR) are the most widely used FQs 
in current veterinary medicine and clinical practice [25,32,38]. How-
ever, the increase of excess uptake and illegal abuse leads to serious 
damage to ecology and organisms [9,43]. Thus, FQs have been restricted 
as a feed additive while the maximum residual limits have been estab-
lished in USA, European Union and China [29,30,42]. To ensure food 
safety, it is important to develop a sensitive and precise detection 
method for monitoring FQs. However, the low concentration of FQs and 
contrarily huge content of other interference matrices (matrices with 
high fat, protein, or sugar content) necessitate an effective pretreatment 
procedure for food samples prior to instrumental analysis. Solid-phase 
extraction, liquid-liquid extraction and solid-phase microextraction are 
often used for this purpose [1,27,33,34,41,44,5,6]. 

The emerging covalent organic frameworks (COFs) with highly order 
porous channels, large surface areas and abundant active sites have 
received great attention for sample pretreatment in the past decade [7, 
17–19,24]. COFs, which are covalently connected organic building 
blocks, adopt two- or three-dimensional structures with highly tunable 
composition and function [22,35]. Depending on targets, various func-
tional sites can be introduced into COFs via direct polymerization and 
post-modification strategies to enhance interaction with target mole-
cules [31,39,40,47,54]. COFs could interact with the fluorine sites, 
benzene ring and other functional groups of FQs by introducing 
carboxyl, sulfonic acid and metal ions [15,36,4]. However, these func-
tional COFs gave limited selectivity to FQs based on one or nonspecific 
interactions such as electrostatic attraction, hydrogen bonding, π − π 
and van der Waals interactions. As such, the selectivity of COFs in mo-
lecular recognition is limited and easily disturbed by complex sample 
matrixes. 

Introducing molecularly imprinted polymers (MIPs) to COFs provide 
an effective way to improve the specific recognition and extraction 
selectivity. MIPs are formed based on a “lock and key” mechanism, and 
able to match a specific type of templates in size, shape and functional 
groups.[2,45] Recently, a uniform morphology of molecularly imprinted 
COF (MI-COF) was fabricated with aminopropyltriethoxysilane as 
functional monomer and tetraethyl orthosilicate as crosslinking agent 
for selective enrichment of sterigmatocystin [16]. In addition, a 
carbazole-based MI-COF was prepared with COF as the fluorescence 
core and bulk-polymerized MIPs as the shell for selective optosensing of 
ethyl carbamate [12]. A MI-COF@SiO2 was also synthesized with COF 
building blocks as functional monomers and cross-linkers for selective 
extraction of nonsteroidal anti-inflammatory drugs [20]. The above 
MI-COFs have shown significant improvement in selectivity to targets 
[12,16,20]. However, the synthesis procedures are relatively complex as 
cross-linking agent, coupling agent and initiating agent should be used 
and anaerobic environment should be involved. Furthermore, the dy-
namic skeleton structure of COFs is easy to deform, and the crystallinity 
and porosity of COF are hard to retain during the preparation of 
MI-COFs [46]. More seriously, the collapse of imprinted sites makes 
MI-COFs lose specific recognition ability. 

Dopamine provides an ideal integration of functional monomer and 
cross-linker to produce imprinted polydopamine (PDA) layer on the 
surface of organic and inorganic materials. Dopamine can be self- 
polymerized to PDA in weak alkaline solution without the need for 
complex instruments or harsh experimental conditions [52]. PDA pos-
sesses numbers of amino and phenolic hydroxy groups to provide a 

certain basis for the specific recognition of targets [50]. Thus, dopamine 
is attractive for the preparation of MIPs [3,13,49,51]. For instance, 
molecularly imprinted PDA layer was fabricated on a metal–organic 
framework-53(Fe) for selective fluorescence detection of metronidazole 
[51]. Additionally, imprinted PDA layer on the surface of PDA nano-
spheres was also reported for selective recognition of pseudomonas aer-
uginosa [49]. 

Herein, we report the fabrication of molecularly imprinted PDA layer 
on the surface of COF via self-polymerization of dopamine for selective 
extraction of FQs in food samples. COF-316 is employed as a model COF 
as its irreversible dioxin linkages endows stable framework to withstand 
further functional modification [48]. Meanwhile, the cyan group in 
COF-316 is hydrolyzed to carboxyl groups as binding sites for the 
interaction with the amino group of dopamine and the adsorption of 
FQs. In addition, the combination of molecular imprinting with 
self-polymerization of dopamine produces molecularly imprinted PDA 
layer on the surface of COF-316 for fast and selective recognition FQs. 
This work provides a promising method for the fabrication of MIP on 
COFs for selective extraction of FQs in food samples. 

2. Experimental 

2.1. Materials and chemicals 

ENR, CIP and NOR (99.8%) were purchased from ANPEL laboratory 
technologies Co., Ltd. (Shanghai, China). Flumequine (FLU), sulfa-
methoxazole (SMZ) and chloramphenicol (CAP) were purchased from 
Macklin Biochemical Co., Ltd. (Shanghai, China). 2,3,6,7,10,11-Hexahy-
droxytriphenylene (HHTP, 95%) and tetrafluorophthalonitrile (TFPN, 
98%) were purchased from Jilin Chinese Academy of Sciences-Yanshen 
Technology Co., Ltd. (Jilin, China). 1,4-dioxane, triethylamine (Et3N), 
tetrahydrofuran, sodium hydroxide (NaOH), hydrochloric acid (HCl), 
acetonitrile (ACN), formic acid (FA), methanol and dopamine were 
obtained from Aladdin Chemistry Co., Ltd. (Shanghai, China). Ultrapure 
water from Wahaha Co., Ltd (Hangzhou, China) was used throughout 
the work. 

2.2. Instrumentation 

Scanning electron microscope (SEM) images were taken on an 
SU8100 electron microscope (Hitachi, Japan). Fourier transform 
infrared (FT-IR) spectra were recorded on a Nicolet IRIS10 spectrometer 
(Quantachrome, USA). Brunauer-Emmett-Teller (BET) surface area was 
measured on Autosorb-IQ (Quantachrome, USA) using N2 adsorption at 
77 K. Powder X-ray diffraction (PXRD) patterns were obtained on an X- 
ray diffractometer equipped with graphite-monochromatized Cu Kα 
radiation. Zeta-potential was determined on Zetasizer nano ZS (Malvern 
instruments, Britain). UV–vis absorption spectra were acquired on a UV- 
3600 PLUS spectrophotometer (Shimadzu, Japan). High-performance 
liquid chromatography (HPLC) experiments were performed on Wa-
ters e2695 HPLC fitted with a fluorescence detector (FLD) and a C18 
column (XBridge® C18 5 µm, 4.6 × 250 mm) (Waters, Milford, MA). 

2.3. Synthesis of carboxyl functionalized COF-316 (COF-316-COOH) 

COF-316 was prepared based on a reported method with slight 
modification [48]. In brief, 0.0928 mol of HHTP, 0.138 mol of TFPN, 
0.56 mol of triethylamine and 2 mL of 1,4-dioxane were added in a 
Pyrex tube and degassed by three freeze-pump-thaw cycles. Then, the 
Pyrex tube was placed in an oil bath at 120 ℃ for 3 days. The solid 
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product was exhaustively washed by tetrahydrofuran and dried under 
vacuum at 60 ◦C for overnight. 

For the preparation of COF-316-COOH, 100 mg of COF-316 was 
added into 50 mL 20% NaOH solution (H2O: ethanol = 1:1) and heated 
up to 120 ◦C with condensation reflux for 3 days. Upon cooling to room 
temperature, the product was washed with deionized water. Then, the 
precipitate was redispersed in 50 mL 1 M HCl solution and heated up to 
120 ◦C with refluxed. After 2 h, the final product was washed with ul-
trapure water and dried overnight. 

2.4. Synthesis of MI-COF and non-imprinted COF (NI-COF) 

MI-COF and NI-COF were synthesized via self-polymerization of 
dopamine. 20 mg of COF-COOH and 10 mg of ENR was added into 10 mL 
Tris HCl (10 mM, pH 8.0) under stirring for 2 h. Then, 10 mg of dopa-
mine was added into the mixture and stirred for 5 h. Finally, the resul-
tant composite was washed with methanol-acetic acid (70:30, v/v) to 
remove template molecules ENR until no UV–vis adsorption. In a par-
allel, NI-COF was synthesized in the same way but without the addition 
of template molecules. 

2.5. Adsorption experiments 

To study adsorption kinetics, 1 mg of MI-COF or NI-COF was 
dispersed in 4 mL 50 mg L− 1 of ENR solution. After shaking for a 
designated period, the sample solution was separated on 0.2 µm hy-
drophilic nylon syringe filter to remove all the suspended MI-COF or NI- 
COF. The residual ENR in the supernatant was then analyzed by UV–vis 
spectrometry. The pseudo-first-order kinetics and pseudo-second-order 
kinetics was calculated according to Eq. (1) and (2), respectively. 

ln(qe − qt) = lnqe − K1t (1)  

t
qt

=
1

K2q2
e
+

1
qe

t (2)  

where qt and qe are the adsorption capacity (mg g− 1) at time t and 
equilibrium time, respectively. K1 and K2 are the adsorption rate con-
stant (g mg− 1 min− 1) of pseudo-first-order kinetics and pseudo-second- 
order kinetics, respectively. 

For adsorption isotherm study, 1 mg of MI-COF or NI-COF was 
dispersed in 4 mL different of ENR solution (60–300 mg mL− 1). The 
mixture was shaken at room temperature for 120 min, and then filtered 
through a 0.2 µm hydrophilic nylon syringe filter. The residual ENR in 
the supernatant was analyzed by UV–vis spectrometry. The Langmuir 
and Freundlich adsorption isotherms were expressed according to the 
following equation: 

Ce

qe
=

Ce

qmax
+

1
qmaxKL

(3)  

lnqe = lnKF +
1
n

lnCe (4)  

where qmax is the maximum adsorption capacity of adsorbent (mg g− 1) 
and KL is the Langmuir constant (L mg− 1). qe (mg g− 1) and Ce (mg L− 1) 
are the equilibrium adsorption capacity and equilibrium concentration 
of ENR, respectively. KF is the Freundlich constant (L mg− 1). 

The selective recognition ability of MI-COF and NI-COF was subse-
quently assessed by comparing the adsorbed amount of ENR and its 
structural analogues such as NOR, CIP, FLU, SMZ and CAP. Specifically, 
1 mg of MI-COF or NI-COF was dispersed in 4 mL of ENR or analogues 
(100 mg mL− 1) and shaken at 150 rpm. The residual sample solution in 
the supernatant was analyzed by UV–vis spectrometry. 

2.6. Procedures for dispersed solid-phase extraction and analysis 

Briefly, 0.5 mg of MI-COF was added into 16 mL of FQs antibiotic 
standard solution or sample solution with a certain concentration. After 
shaking for 8 min, MI-COF was collected by centrifugation and then 
eluted with 2 mL of acetonitrile containing 40% formic acid. The FQs in 
the desorption solution was determined by HPLC-FLD on an analytical 
C18 column. A mixture of 0.1% formic acid and acetonitrile (81:19, V/ 
V) was used as the mobile phase at a flow rate was 0.8 mL min− 1. The 
excitation and emission wavelengths for fluorescence detector were 
280 nm and 450 nm, respectively. 

2.7. Application of food sample analysis 

Chicken, fish, shrimp and pork samples were bought from the local 
supermarket (Wuxi, China). The edible part of samples was chopped and 
homogenized for further extraction. Subsequently, 5 g of sample was 
added to 20 mL of acidulated acetonitrile and vortexed for 30 s. After 
ultrasound for 20 min, the mixture was centrifuged at 10000 rpm and 
the supernatant was collected, and repeated once. All the collected 
sample solution was dried with a nitrogen stream. The residue was 
dissolved with 200 μL methanol and made up to 16 mL with ultrapure 
water for subsequent dispersed solid-phase extraction and analysis. 

3. Results and discussion 

3.1. Design, preparation and characterization of MI-COF 

Fig. 1 shows the design and preparation of MI-COF. Firstly, HHTP 
and TFPN were used as the building monomers to synthesize irreversible 
COF-316 through a solvothermal reaction [48]. Owing to the strong 
robustness of dioxin rings, the resultant COF-316 provides exceptional 
stability in harsh environments [48]. COF-316-COOH was prepared 
from COF-316 via a hydrolysis reaction to provide a large number of 
binding sites for the adsorption of target via multiple interactions. ENR 
was selected as template molecule as it possesses a large portion of 
similar molecular structure to NOR and CIP but larger molecular size 
than NOR and CIP (Fig. S1), so that the prepared MI-COF can effectively 
extract NOR and CIP too. Dopamine was then used as both functional 
monomer and cross-linking reagent to produce adherent PDA layer on 
the surface of ENR-adsorbed COF-316-COOH. Removing the template 
molecules gave MI-COF having abundant recognition cavities with 
specific geometry and size for selective extraction of the target from 
complex samples. 

The highly crystalline dioxin-linked COF-316 was obtained with 
156 μL of Et3N (Fig. S2). The as-prepared COF-316 exhibited an intense 
peak at 4.2◦ and other minor peaks at 8.4◦ and 27.1◦, which are ascribed 
to the (100), (210) and (001) planes, respectively [10]. No obvious 
change in the PXRD pattern of COF-316 under different chemical envi-
ronments indicates the good stability of COF-316 (Fig. S3). Moreover, 
carboxyl functionalization did not lead to an obvious change in the 
PXRD pattern of COF-316-COOH, indicating the high stability of 
COF-316 (Fig. 2 A). The construction of COF-316 and COF-316-COOH 
were further verified by FT-IR spectroscopy (Fig. S4). The character-
istic bands for the dioxin C-O asymmetric stretching at 1020 cm− 1 and 
symmetric stretching at 1266 cm− 1, as well as the appearance of a -CN 
stretching band at 2238 cm− 1 and the decrease -OH stretching band at 
3420 cm− 1 compared to HHTP monomer further confirm the successful 
synthesis of COF-316 [23]. The appearance of a C––O stretching peak at 
1718 cm− 1 and the disappearance of -CN band at 2240 cm− 1 confirm the 
conversion from cyano to carboxyl groups [55]. In addition, the con-
version from cyano to carboxyl groups also made the zeta potential an 
obvious change from − 1.87 mV to − 34.87 mV due to a large amount of 
electronegative -COOH group (Fig. 2B). All the above results indicate the 
successful synthesis of COF-316-COOH. 

The morphology of the prepared materials was characterized by SEM 
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(Fig. 2D-F). COF-316-COOH gave fusiform-like morphology with a 
relatively smooth surface. MI-COF and NI-COF were still fusiform like, 
but thicker and rougher than COF-316-COOH, suggesting the successful 
polymerization of PDA. Moreover, MI-COF and NI-COF displayed the 
same PXRD pattern as COF-316-COOH, but lower peak intensity, 

demonstrating the stable crystal structure of COF after of PDA poly-
merization and molecular imprinting (Fig. 2 A). MI-COF and NI-COF 
produced a negative surface charge due to the deposition of PDA 
(Fig. 2B). The BET surface areas for COF-316, COF-316-COOH, MI-COF 
and NI-COF were 581.6, 561.3, 408.4 and 354.7 m2 g− 1, respectively 

Fig. 1. Illustration for the synthesis of COF-316-COOH and MI-COF.  

Fig. 2. (A) PXRD patterns of COF-316, COF-316-COOH, MI-COF and NI-COF. (B) Zeta potential of COF-316, COF-316-COOH, MI-COF and NI-COF. (C) N2 adsorption- 
desorption isotherms of COF-316, COF-316-COOH, MI-COF and NI-COF. SEM images of (D) COF-316-COOH, (E) MI-COF and (F) NI-COF. 
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(Fig. 2 C). MI-COF gave a larger surface area than NI-COF due to a large 
number of imprinted cavities. Furthermore, MI-COF showed a wider 
pore-size distribution around 1.5 nm closing to the size of template ENR 
for facile ENR access, while NI-COF exhibited a narrower pore-size 
distribution around 1.1 nm (Fig. S1 and S5). 

3.2. Optimization of MI-COF synthesis 

The amount of ENR and dopamine were adjusted to give the best 
imprinting efficiency of MI-COF. The adsorption capacity of MI-COF 
increased as the amount of ENR increased up to 10 mg, then un-
changed with further increase of the amount of ENR (Fig. S6A). Dopa-
mine as functional monomer and cross-linking agent can adhere to COF- 
316-COOH surface. Excessive dopamine not only reduced the number of 
imprinted cavity but also increased the self-aggregation of dopamine. 
So, the effectiveness of molecular imprinting was affected by the amount 
of dopamine. The imprinting factor is defined as the ratio of the 
adsorption capacity of MI-COF to NI-COF to assess imprinting efficiency. 
The imprinting factor increased with the amount of dopamine from 5 to 
10 mg, changed slightly after 10 mg (Fig. S6B). Therefore, 10 mg of ENR 
and dopamine were used to prepare MI-COF. 

3.3. Adsorption performance of MI-COF 

Taking ENR as a model analyte, the adsorption performance was 
investigated based on MI-COF and NI-COF. The adsorption kinetics of 
ENR (50 mg L− 1) was examined at room temperature. MI-COF displayed 
an initial sharp uptake within 1 min, and the adsorption equilibrium was 
achieved after 5 min, reflecting a fast ENR adsorption process (Fig. 3 A). 
However, NI-COF needed 20 min to reach the adsorption equilibrium. 
The adsorption followed a pseudo-second-order kinetics (Fig. 3B and 
S7A; Table S1), indicating that the adsorption process toward ENR was 
mainly predominated by chemisorption [8]. MI-COF showed a faster 
adsorption process than NI-COF due to the specific recognition sites and 
efficient mass transfer of MI-COF. 

The adsorption isotherm experiments were carried out with varied 
initial ENR concentrations to further evaluate adsorption capacity 
(Fig. 3 C). The equilibrium adsorption capacity of MI-COF showed an 
obvious increase in the range of 60–175 mg L− 1 ENR due to a large 
number of imprinted pores available in MI-COF. MI-COF almost reached 
the adsorption saturation with further increase of ENR concentration 
because the imprinted pores were completely occupied by ENR. How-
ever, NI-COF showed adsorption saturation over 100 mg L− 1 ENR. 
Moreover, the maximum ENR adsorption capacity of MI-COF 

Fig. 3. (A) Adsorption kinetics curves of MI-COF and NI-COF. (B) Pseudo-second-order fitting plots of MI-COF and NI-COF. (C) Adsorption isotherms of MI-COF and 
NI-COF. (D) Langmuir isotherm plots of MI-COF and NI-COF. (E) Chemical structure of ENR, NOR, CIP, FLU, SMZ and CAP. (F) Adsorption selectivity of MI-COF and 
NI-COF for ENR, NOR, CIP, FLU, SMZ and CAP. 
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(581 mg g− 1) is 2.2 times that of NI-COF (262 mg g–1). The adsorption 
process of MI-COF and NI-COF followed the Langmuir isothermal 
adsorption model (Fig. 3D and S7B, Table S2). 

Two structurally related FQs and three other kinds of typical anti-
biotics FLU, SMZ and CAP were selected as interference molecules to 
reveal the adsorption selectivity of MI-COF. Obviously, MI-COF gave 
larger adsorption capacity for ENR than the studied interference mole-
cules (Fig. 3 F). The selectivity imprinting factors, defined as the ratio of 
the adsorption capacity of template to other molecules, were 1.1, 1.3, 
3.2, 3.7 and 16 for NOR, CIP, FLU, SMZ and CAP, respectively. The se-
lective imprinting factors of MI-COF toward NOR and CIP are quite small 
owing to the similar chemical structures (Fig. 3E). In comparison, the 
selective imprinting factors of MI-COF toward other three interference 
molecules FLU, SMZ and CAP are much higher as it is difficult for these 
molecules to match the recognition cavities and specific recognition 
groups of ENR. As such, MI-COF gave a lower adsorption capacity for 
FLU, SMZ and CAP. Therefore, the prepared MI-COF is promising for 
simultaneous extraction of ENR, NOR and CIP in real samples. 

3.4. Adsorption mechanism 

The prepared MI-COF provides a large number of specific recognition 
sites and cavities for the recognition of ENR. MI-COF and ENR have 
abundant benzene ring structure for π–π interaction. At the same time, 
the abundant hydroxyl and carboxyl sites in MI-COF provide hydrogen 
bonding and electrostatic interaction with ENR (Fig. 4 A). UV–vis 
spectroscopy, FT-IR spectroscopy and Zeta potential were further 
analyzed to confirm the adsorption mechanism of MI-COF toward ENR. 
ENR adsorption led to a red shift from 271 nm to 273 nm in UV–vis 
spectra due to the π–π interaction between MI-COF and ENR (Fig. 4B) 
[20,21,53]. The characteristic peak of aromatic ring stretching on 
MI-COF shifted from 1517 cm− 1 to 1513 cm− 1 in FT-IR spectra 
(Fig. 4 C), indicating π− π interaction for the adsorption of ENR. Mean-
while, the characteristic dioxin C-O asymmetric bands at 1266 cm− 1 and 
1020 cm− 1 in MI-COF shifted to 1260 cm− 1 and 1017 cm− 1, respec-
tively, owing to the hydrogen bonding [10,15]. In addition, the surface 

of MI-COF maintained negative charge in the pH range from 3 to 11 
(Fig. 4D). After ENR adsorption, the surface zeta potential of MI-COF 
increased owing to the electrostatic interaction between the charged 
amino group of piperazinyl ring in ENR and the negative charge of 
MI-COF [11,28,37]. 

3.5. Optimization of MI-COF based solid-phase extraction 

Key experimental parameters, including extraction time, sample pH, 
type of eluent and desorption time were optimized to give the superior 
efficiency of MI-COF for the extraction of three typical FQs ENR, NOR 
and CIP. An extraction time of 8 min was sufficient for the extraction of 
ENR, NOR and CIP (Fig. 5A). A sample pH of 6 gave the maximum re-
coveries for the extraction of the FQs (Fig. 5B). Proper elution solvent is 
quite significant to guarantee the full desorption of targets. It was found 
that the use of a mixture of ACN and formic acid (60:40 v/v) as the 
elution solvent for 10 min desorption gave the best desorption of the 
adsorbed the FQs (Fig. 5C and D). 

3.6. Analytical performance 

The prepared MI-COF was employed as the adsorbent for solid-phase 
extraction coupled with HPLC-FLD for the determination of FQs. The 
figures of merit for the developed method, including linear ranges, 
determination coefficients (R2), limits of detection (LODs, S/N = 3) and 
limits of quantitation (LOQs, S/N = 10), are summarized in Table 1. The 
developed method gave excellent linear calibration plots (R2 > 0.998) 
with a wide linear range of 0.01 (ENR) or 0.1 (NOR and CIP)−
1000 ng mL− 1. In addition, the LODs and LOQs were 0.003 (ENR)–0.05 
(NOR and CIP) and 0.01 (ENR)–0.16 (NOR and CIP) ng mL− 1, respec-
tively. The relative standard deviations (RSD, n = 5) for intraday and 
interday determination of FQs at 25 ng mL− 1 were in the range of 
2.2–2.8% and 2.9–3.5%, respectively. Compared with previously re-
ported methods for FQs, the developed method has wider linearity and 
lower LODs (Table S3). In addition, the prepared MI-COF possessed good 
recyclability because of only a slight reduction in extraction capacity 

Fig. 4. (A) Illustration of the mechanism for selective adsorption of ENR on MI-COF. (B) UV–vis spectroscopy of ENR, MI-COF before and after the adsorption of ENR. 
(C) FT-IR spectroscopy of ENR, MI-COF before and after the adsorption of ENR. (D) Zeta potentials of MI-COF at different pH after ENR adsorption. 
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and a good retention of the PXRD pattern of MI-COF after six cycles 
(Fig. S8). 

3.7. Food sample analysis 

The developed method was further applied to the determination of 
FQs residues in food samples including chicken, fish, shrimp and pork. 
Only NOR and ENR in the fish sample were found to be 6.4 μg kg− 1 and 
13.9 μg kg− 1, respectively. However, no the studied FQs in the chicken, 
shrimp and pork samples were found. Subsequently, these samples with 
spiked various concentrations of FQs (25, 50 and 100 μg kg− 1) were 
analyzed to validate the proposed method (Table 2). The recoveries 
were found to be 80.4%–110.7%, implying a good potential of the 
developed method in the analysis food samples for the FQs. 

Fig. 5. Optimization of extraction and desorption parameters: (A) Extraction time. (B) pH of sample solution. (C) Desorption solvent. (D) Desorption time.  

Table 1 
Figures of merit of the developed method for the determination of FQs.  

Analyte Linear 
range 
(ng mL− 1) 

R2 LODs 
(ng 
mL− 1) 

LOQs 
(ng 
mL− 1) 

RSD (%) 

Intraday 
(n = 5) 

Interday 
(n = 5) 

NOR 0.1–1000  0.9980  0.02  0.07  2.7  3.5 
CIP 0.1–1000  0.9999  0.05  0.16  2.8  3.1 
ENR 0.01–1000  0.9993  0.003  0.01  2.2  2.9  

Table 2 
Analytical results for the determination of FQs in food samples (mean ± s, n = 5).  

Samples Spiked analyte 
(μg kg− 1) 

NOR CIP ENR 

determined (μg kg− 1) recovery 
(%) 

determined 
(μg kg− 1) 

recovery 
(%) 

determined 
(μg kg− 1) 

recovery 
(%) 

chicken 0 NDa - NDa - <LOQ - 
25 20.6 ± 1.3 82.4 ± 5.2 24.5 ± 0.8 83.2 ± 3.3 23.8 ± 0.8 98.2 ± 3.4 
50 45.8 ± 0.7 91.5 ± 1.4 48.2 ± 0.6 96.5 ± 1.1 51.1 ± 0.9 102.2 ± 1.7 
100 80.8 ± 1.4 80.8 ± 1.4 84.4 ± 1.9 84.4 ± 1.9 87.3 ± 1.3 87.3 ± 1.3 

fish 0 6.4 ± 0.3 - NDa - 13.9 ± 0.1 - 
25 22.7 ± 0.3 91.5 ± 1.2 25.2 ± 0.5 100.7 ± 1.8 27.5 ± 1.6 110.1 ± 6.3 
50 47.7 ± 1.2 95.4 ± 2.5 46.9 ± 0.8 93.9 ± 1.7 47.5 ± 1.6 94.9 ± 3.2 
100 82.9 ± 2.6 82.9 ± 2.6 96.4 ± 2.4 96.4 ± 2.4 102.8 ± 1.7 102.8 ± 1.7 

shrimp 0 NDa - NDa - NDa - 
25 20.9 ± 0.5 83.5 ± 2.1 25.6 ± 0.8 102.4 ± 3.1 24.7 ± 0.5 98.9 ± 2.2 
50 41.1 ± 1.8 82.2 ± 3.6 43.6 ± 0.7 87.3 ± 1.3 46.7 ± 1.7 93.4 ± 3.3 
100 80.4 ± 1.4 80.4 ± 1.4 104.9 ± 6.5 104.9 ± 6.5 104.3 ± 3.1 104.3 ± 3.1 

pork 0 NDa - NDa - <LOQ - 
25 22.6 ± 0.5 90.3 ± 3.8 21.1 ± 0.5 84.5 ± 2.1 27.7 ± 0.1 110.7 ± 0.4 
50 41.9 ± 0.6 83.7 ± 1.2 48.5 ± 1.9 97.1 ± 3.9 47.9 ± 1.5 95.9 ± 2.9 
100 81.3 ± 7.6 81.3 ± 7.6 98.6 ± 1.4 98.6 ± 1.4 103.2 ± 1.1 103.2 ± 1.1  

a not detected 
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4. Conclusion 

We have reported the fabrication of a novel adsorbent MI-COF via a 
facile surface imprinting approach with dopamine to generate imprinted 
cavities on the surface of irreversible COF for effective extraction of FQs 
in food samples. The combination of dopamine surface imprinted 
polymer and irreversible linked-COF structure gives many advantages 
including large surface area to provide imprinting sites, high selectivity, 
good stability, and facile synthesis and fast adsorption kinetics. On the 
basis of MI-COF, we have also developed a solid-phase extraction 
coupled with HPLC-FLD method for highly sensitive and selective 
determination of FQs in food samples. This work provides a simple 
method to fabricate MI-COF for solid-phase extraction of FQs in complex 
samples. 

Environmental implications 

Fluoroquinolones (FQs) antibiotics are effective antibacterial drugs 
in animal husbandry and aquaculture industry worldwide, but the in-
crease of excess uptake and illegal abuse leads to serious damage to 
environment, ecology and organisms. This work reported the fabrication 
of a novel adsorbent MI-COF via a facile surface imprinting approach 
with dopamine to generate imprinted cavities on the surface of irre-
versible COF for effective extraction of FQs in food samples. The 
developed method is of great significance for selective monitoring trace 
residues of FQs in environmental samples. 
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