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A B S T R A C T

Tuning the pore size of covalent organic frameworks (COFs) to achieve maximum adsorption performance is an 
effective way for promoting the enrichment of trace fluoroquinolones (FQs) in food, but it remains challenging. 
Herein, we prepare three pore-sized sulfonic acid functionalized COFs (SF-COFs), named TPS, TBS, and TSS, to 
investigate the effect of pore size on the adsorption efficiency of FQs. These three SF-COFs exhibit excellent 
adsorption capacities for FQs including enrofloxacin (ENR), norfloxacin (NOR), and ciprofloxacin (CIP). Notably, 
TBS achieves a maximum adsorption capacity of 627.3 mg g− 1 for NOR, resulting from its suitable pore size (1.6 
times larger than the size of FQs). Accordingly, we further develop a novel TBS based solid-phase extraction to 
couple with high-performance liquid chromatography for determination of FQs in various foods, which achieves 
rapid extraction (10 min), low detection limits (0.007–0.01 ng mL− 1), wide linear range (0.1–1000 ng mL− 1), 
and good recoveries (83.7%–105.2%).

1. Introduction

Quinolones have now become a major class of artificially synthesized 
anti-infective drugs and been widely used in clinical practice due to their 
broad spectrum, high efficiency, and low toxicity [1,2]. Fluo
roquinolones (FQs), as the third-generation quinolones, are character
ized by a fluorine atom at the 6-position and a piperazine ring at the 
7-position of the quinolone naphthyridine ring [3]. FQs are 
well-known for their efficacy against Staphylococcus, Streptococcus 
pneumoniae, certain anaerobic bacteria, and Mycoplasma, especially 
Pseudomonas aeruginosa, thereby are widely applied as specific anti
biotics in agricultural and veterinary drugs [4–8]. However, the FQs 
residues have emerged as a significant environmental and food safety 
concern due to their widespread detection in water, soil, and food 
products, as well as their potential ecological risks and health hazards (e. 
g., toxic to aquatic organisms). Additionally, these residues also accel
erate the development of antibiotic resistance in bacteria, further 
compromising environmental and public health. Currently, many 
countries and regions have restricted the maximum residue levels of FQs 
in foods [5,9–12]. However, the trace level of FQs and severe in
terferences from the complex food matrix greatly prevent the precise 

determination of FQs in foods [13–16].
Solid adsorbent-based extraction not only enables the enrichment of 

trace analytes but also effectively eliminates matrix interference, mak
ing it essential for the determination of FQs [17]. However, traditional 
adsorbents, including activated carbon, alumina, polyacrylamide, and 
zeolite molecular sieves, exhibit low selectivity and adsorption effi
ciency for FQs, because of the size mismatching, lack of surface polarity, 
and insufficient chemical interactions [18–20]. Covalent organic 
frameworks (COFs) are a novel class of crystalline covalent bond-linked 
porous materials [21]. COFs exhibit periodic structures with large sur
face areas and adjustable pore environments, enabling their wide ap
plications in gas storage, separation, catalysis, and sensing [21–26]. The 
COFs structure and their specific interactions between COFs and target 
molecules can be tailored through rational design of the building blocks 
or functional groups. Therefore, COFs with high selectivity and 
adsorption capacity can be designed according to the properties of 
target.

To date, various functional COFs have been applied as adsorbents for 
the extraction of FQs [27,28]. For instance, sulfonic acid groups were 
introduced into COFs to bring strong electrostatic interactions for FQs to 
couple with the inherent hydrogen bonding and π-π interactions. These 
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modifications enhanced the selectivity of COFs for FQs and minimized 
interference from complex matrices [29–32]. In addition, the pore size 
of COFs also significantly influences their adsorption performance. 
Small pores can be easily blocked by entangled target molecules, while 
excessively large pores weaken the adsorption binding energy between 
the COFs and target molecules [33–35]. This leads to a significant 
reduction in adsorption efficiency. Therefore, determining the optimal 
pore size of COFs to maximize adsorption performance for FQs remains a 
significant challenge, that has not yet been investigated.

Herein, we rationally prepared three pore-sized sulfonic acid func
tionalized COFs (SF-COFs), named TPS, TBS, and TSS, to investigate the 
effect of pore size on the adsorption efficiency of FQs. The TPS, TBS, and 
TSS were synthesized using the same monomer 1,3,5-triformylphloro
glucinol (Tp) to react with 2,5-diamino benzene sulfonic (PaS), 4,4′- 
diamino-3,3′-biphenyldisulfonic acid (BdS), and 4,4′-diaminostilbene- 
2,2′-disulfonic acid (StbS), respectively. Then, the adsorption perfor
mance of FQs on these three SF-COFs was further studied. Finally, an SF- 
COF-based solid phase extraction coupled with HPLC-FLD was devel
oped for the determination of FQs in various real food samples. This 
study provides a promising method for selecting COFs with suitable pore 
sizes for selective extraction of FQs in food samples.

2. Materials and methods

2.1. Reagents

All reagents and solvents were used without further purification. Tp, 
PaS, BdS and StbS were purchased from the Aladdin Bio-Chem Tech
nology Co., Ltd. (Shanghai, China). Enrofloxacin (ENR), norfloxacin 
(NOR), ciprofloxacin (CIP), cefalexin (CL), sulfamethoxazole (SMZ), and 
oxolinic acid (OA) were bought from ANPEL laboratory technologies 
Co., Ltd. (Shanghai, China). Acetone, ethanol, tetrahydrofuran (THF), 
acetic acid (HAc, 99 %), methanol (MeOH), acetonitrile (ACN), mesi
tylene, and 1,4-dioxane were obtained from Sinopharm Chemical Re
agent Co., Ltd. (Shanghai, China). 0.22 μm membrane was bought from 
Agilent Technologies Co., Ltd. (Shanghai, China).

2.2. Synthesis of SF-COFs

Three SF-COFs with different pore sizes were synthesized using the 
reported methods with slight modifications [29,35,36]. Briefly, mesi
tylene (1.2 mL), 1,4-dioxane (0.3 mL), Tp (31.5 mg), PaS (42.3 mg), and 

6.0 M acetic acid (0.3 mL) were mixed and sonicated for 15 min, then 
flash-frozen at 77 K, and finally heated at 120 ◦C for 3 days. The pro
duced red solid was collected by filtration, and washed with acetone, 
THF, and then MeOH, respectively. The final TPS was obtained after 
drying in a vacuum at 60 ◦C overnight (yield: 81.6%). The preparation of 
TBS and TSS followed a similar process to that of TPS. For TBS, BdS 
(77.4 mg) was used instead of PaS, yielding 84.1%. For TSS, PaS was 
replaced with StbS (83.3 mg), and the amounts of mesitylene and 1, 
4-dioxane were increased to 1.5 mL and 0.5 mL, respectively. The ob
tained yield of TSS was 69.2%.

2.3. Adsorption experiments

Typically, 1 mg of SF-COF was dispersed in 4 mL of FQs solution (pH 
6.0). The mixture was shaken for a certain time till adsorption equilib
rium and then centrifuged at 10000 rpm. The collected supernatant was 
filtered by a 0.22 μm filter membrane. The FQs in the collected solution 
were detected with UV–vis absorption spectroscopy. More details were 
described in Supplementary Information.

2.4. Procedures for solid-phase extraction

10 mg of TBS was mixed with 20 mL of FQs standard or real sample 
solution under shaking for 10 min. Then TBS was collected by centri
fugation and subsequently rinsed using 2 mL of 1 M HAc and ACN (3:7, 
v/v). The collected eluate was filtered with a 0.22 μm membrane, dried 
with nitrogen, and dissolved in 0.1 mL of MeOH for further analysis. The 
FQs were detected using HPLC-FLD equipped with a C18 chromato
graphic column. The separation condition was as follows: Mobile phase, 
water-ACN (80:20, v/v, containing 0.1 % trifluoroacetic acid); flow rate, 
0.7 mL min− 1; excitation at 280 nm and emission at 450 nm for the 
fluorescence detector.

2.5. Food sample analysis

Food samples including milk, honey, egg, shrimp, pork, and fish were 
purchased from local supermarkets. 5 g of liquid samples (milk, honey, 
and egg) were accurately weighed and then mixed with 20 mL of ACN 
under ultrasonication for 30 min. For solid samples (shrimp, pork, and 
fish), 5 g of samples were accurately weighed and chopped, mixed with 
20 mL of ACN vortexing for 1 min, and further ultrasonicated for 30 min. 
Both liquid and solid samples were then centrifuged at 10000 rpm for 5 

Fig. 1. Illustration for the synthesis of TPS, TBS, and TSS.
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min to collect the supernatant. After being filtered with a 0.22 μm filter 
membrane, the supernatant was dried with nitrogen. The collected 
residues were dissolved in 0.1 mL MeOH and made up to 20 mL with 
water (pH 6.0) for subsequent SPE and analysis.

3. Results and discussion

3.1. Preparation and characterization of SF-COFs

Three sulfonic acid-functionalized diamine monomers with varying 

molecular lengths (PaS, BdS, and StbS) were condensed with the alde
hyde monomer of Tp to synthesize diverse pore-sized SF-COFs, named 
TPS, TBS, and TSS, respectively (Fig. 1). The similar linear configura
tions but differing lengths of PaS, BdS, and StbS resulted in the same 
topological structures for the prepared TPS, TBS, and TSS, but different 
pore sizes. In addition, the introduced sulfonic acid groups can serve as 
specific binding sites, enabling efficient adsorption of FQs through 
electrostatic interactions and hydrogen bonding.

The appearance of intense peaks in powder X-ray diffraction (PXRD) 
patterns of TPS, TBS, and TSS confirmed their ordered two-dimensional 

Fig. 2. (a) PXRD patterns, (b) Raman spectra, (c) FTIR spectra, (d) Zeta potential, (e) XPS spectra, and (f) Nitrogen adsorption-desorption isotherms of SF-COFs.

Fig. 3. Adsorption kinetics curves of SF-COFs for (a) ENR, (b) NOR, and (c) CIP. Adsorption isotherms of SF-COFs for (d) ENR, (e) NOR, and (f) CIP.
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crystalline structures. The relatively low rigidity of StbS resulted in 
reduced π-π stacking interaction and low crystallinity of TSS (Fig. 2a). In 
addition, all three COFs showed the presence of the D and G band in 
their Raman spectra (Fig. 2b). The intensity ratios of the D-band to G- 
band (ID/IG) for TPS, TBS, and TSS were 0.02, 0.31, and 0.52, respec
tively. The smallest ID/IG indicates superior lattice symmetry and the 
fewest defects of TPS.

The observation of characteristic peaks in Fourier transform infrared 
(FTIR) spectra of TPS, TBS, and TSS at 1597, 1598, and 1600 cm− 1 

(assigned to the C––C), along with the absence of peaks for C––N, in
dicates the typical transformation of the enol structure to the keto 
structure during the formation of COFs. The appearance of the stretching 
band at 1026 cm− 1, 1023 cm− 1, and 1030 cm− 1 for TPS, TBS, and TSS 
served as evidence for the presence of sulfonic acid groups in the pre
pared COFs (Fig. 2c and S1). Zeta potentials of all three SF-COFs were 
significantly negative (− 28.5, − 29.6, and − 28.1 mV), resulting from the 
existence of the sulfonic acid groups (Fig. 2d). All the TPS, TBS, and TSS 
gave obvious S 2p peaks in their X-ray photoelectron spectroscopy (XPS) 
patterns, further confirming the sulfonate groups in the three proposed 
SF-COFs (Fig. 2e).

N2 adsorption-desorption isotherms of the SF-COFs can be described 
as type IV behavior, indicating the presence of mesoporous structures in 
the SF-COFs (Fig. 2f). The BET surface areas of TPS, TBS, and TSS were 
calculated to be 275 m2 g− 1, 373 m2 g− 1, and 26.49 m2 g− 1, respectively 
(Fig. S2). The low surface area of TSS was potentially due to its relatively 
poor crystallinity [37,38]. The main pore size distributions of TPS, TBS, 
and TSS using the nonlocal density functional theory model centered at 
1.85 nm, 2.20 nm, and 2.58 nm, respectively (Fig. S3). Scanning electron 
microscopy (SEM) revealed both TPS and TBS possessed layer-like 
morphologies, while TSS exhibited a spherical morphology 
(Fig. S12a-S12c).

3.2. Adsorption performance and pore size-related adsorption mechanism

The adsorption performance of SF-COFs was evaluated using three 
widely prescribed FQs: ENR, NOR, and CIP. All three SF-COFs exhibited 
pH-dependent adsorption behavior, with capacities initially increasing 
and reaching maximum values at pH 6.0. Further increase in pH led to a 

decline in adsorption capacity (Fig. S4). Accordingly, the adsorption 
kinetics of three COFs for ENR, NOR, and CIP were conducted at pH 6.0. 
The adsorption capacity (Qt) of ENR, NOR, and CIP on the three SF-COFs 
increased sharply in the first 3 min and reached equilibrium within 5 
min (Fig. 3a–c). The adsorption kinetics were poorly described by the 
pseudo-first-order model (R2 < 0.9). In contrast, the pseudo-second- 
order kinetic model showed excellent agreement with the experi
mental data, suggesting the predominant chemisorption between the 
three SF-COFs and FQs (Fig. S5). TBS possessed larger rate constants 
(0.024, 0.038, and 0.035 g mg− 1 min− 1) for three FQs, than those of TPS 
(0.023, 0.032, and 0.029 g mg− 1 min− 1) and TSS (0.011, 0.028, and 
0.017 g mg− 1 min− 1), suggesting superior adsorption kinetics for FQs. 
(Table S1–S3).

The adsorption isotherms of ENR, NOR, and CIP on the three SF- 
COFs fitted well with the Langmuir isotherm adsorption model rather 
than the Freundlich isotherm adsorption model (Fig. 3d–f and Fig. S6), 
indicating their uniform monolayer adsorption. Additionally, the theo
retical maximum adsorption capacities (Qmax) of TBS obtained from the 
Langmuir model fitting for ENR, NOR, and CIP are 616.9 mg g− 1, 627.3 
mg g− 1, and 575.0 mg g− 1, respectively, which were superior to those of 
the other two SF-COFs (Table S4–S6). For instance, the Qmax of TBS for 
ENR is 1.6 times that of TSS (377.0 mg g− 1) and 1.1 times that of TPS 
(547.0 mg g− 1) (Table S7).

Although the pore sizes of the three SF-COFs (1.85–2.58 nm) were 
larger than the FQs (1.34–1.44 nm) (Fig. S7), TBS gave the best 
adsorption performance for ENR, NOR, and CIP. The pore size of TPS 
(1.85 nm) was similar to molecular sizes of the three FQs, which can 
cause a pronounced steric hindrance effect that limited the adsorption. 
The larger pore of TBS (2.20 nm), about 1.6 times larger than the three 
FQs, eliminated the diffusion obstruction associated with small-pore 
molecules, leading to the enhanced adsorption. However, further pore 
size increase would weaken the binding affinity of SF-COFs. This 
dominantly explained why TSS (2.58 nm) with the largest pores 
exhibited the lowest adsorption capacity for the three FQs. Accordingly, 
SF-COFs with pores about 1.6 times larger than the molecular size of FQs 
are more conducive to adsorption.

Fig. 4. Optimization of extraction and desorption parameters: (a) Extraction time. (b) Dosage of adsorbent. (c) pH of sample solution. (d) Elute solvent. (e) Elution 
volume. (f) Elution time.
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3.3. TBS-based solid-phase extraction

The excellent adsorption performance of TBS for FQs encouraged us 
to apply it as an adsorbent for the extraction of FQs. Extraction rate of 
FQs stabilized at 10 min, indicating the complete extraction (Fig. 4a). 
The extraction rate initially increased with the amount of TBS from 0 to 
10 mg, but declined at higher amounts due to restricted FQs diffusion 
caused by excessive adsorbent. Consequently, 10 mg of TBS was iden
tified as the optimal amount for subsequent extraction (Fig. 4b). The 
extraction rate reached maximum at pH 6.0, driven by enhanced elec
trostatic interactions between sulfonic acid and amino groups (Fig. 4c). 
Similarly, the optimized elution using the extraction rate as the evalu
ation metric was achieved with 2 mL of 1 M HAc and ACN (3:7, v/v) as 
eluent under stirring for 7 min (Fig. 4d–f).

In the presence of negatively charged OA, positively charged SMZ, 
and zwitterionic CL, TBS maintained great extraction efficiency for ENR, 
NOR, and CIP, proving its good selectivity (Fig. S8 and S9). Furthermore, 
ENR was selected as a model target to investigate the interactions be
tween FQs and TBS. A red shift of the UV–visible absorption peak of TBS 
from 271 to 273 nm, as well as a distinct shift in the aromatic ring 
stretching characteristic FTIR peak of TBS from 1517 cm− 1 to 1513 cm− 1 

after the adsorption of ENR served as the direct evidence of the π-π 

stacking interaction between the intrinsic benzene rings of TBS and ENR 
(Fig. 5a–b) [32,39]. Additionally, the characteristic S––O asymmetric 
bands at 1266 cm− 1 and 1020 cm− 1 in FTIR spectra of TBS shifted to 
1260 cm− 1 and 1017 cm− 1, respectively, demonstrating the formation of 
hydrogen bonds between TBS and ENR (Fig. 5b) [29,30]. The embedded 
sulfonic acid groups conferred negative charges upon TBS within a wide 
pH range of 1.0–11.0. After the adsorption of ENR, the surface zeta 
potential of TBS evidently increased, resulting from the electrostatic 
interaction between the positively charged amino group of ENR and the 
negatively charged sulfonic acid groups of TBS (Fig. 5c) [18,31].

3.4. Analytical performance

The TBS-based solid-phase extraction was coupled with high- 
performance liquid chromatography-fluorescence detection (TBS-SPE- 
HPLC-FLD) for the determination of FQs. The developed TBS-SPE-HPLC- 
FLD method exhibited broad linear ranges (0.1–1000 ng mL− 1) for 
determining the three FQs (R2 > 0.9995). The limits of detection (LODs, 
S/N = 3) and limits of quantitation (LOQs, S/N = 10) of TBS-SPE-HPLC- 
FLD for the three FQs were 0.007–0.01 ng mL− 1 and 0.022–0.03 ng 
mL− 1, respectively. The intraday and interday RSDs for the detection of 
FQs (100 ng mL− 1) were 1.09%–2.17% and 1.39%–2.25%, respectively 

Fig. 5. (a) UV–vis spectroscopy and (b) FT-IR spectroscopy of ENR, TBS before and after the adsorption of ENR. (c) Zeta potentials at different pH before and after 
ENR adsorption of TBS.

Table 1 
Analytical results for FQs determination in food samples (mean ± s, n = 5).

Samples Spiked (μg kg − 1) ENR NOR CIP

Determined (μg kg − 1) Recovery (%) Determined (μg kg − 1) Recovery (%) Determined (μg kg − 1) Recovery (%)

Milk 0 1.2 ± 0.2 – 0.5 ± 0.1 – <LOQ –
10 10.5 ± 0.3 93.4 ± 3.2 9.9 ± 0.1 94.8 ± 1.4 9.5 ± 0.2 95.2 ± 2.1
50 50.6 ± 0.5 98.9 ± 0.9 48.8 ± 0.6 96.7 ± 1.3 48.4 ± 0.9 96.9 ± 1.9

250 248.3 ± 1.8 98.8 ± 0.8 244.9 ± 1.2 97.8 ± 0.5 242.3 ± 1.0 97.0 ± 0.4
Honey 0 NDa – NDa – NDa –

10 9.7 ± 0.5 97.3 ± 4.8 8.9 ± 0.7 89.2 ± 7.4 10.1 ± 0.1 100.7 ± 1.1
50 45.9 ± 0.9 91.9 ± 1.8 47.8 ± 1.6 95.7 ± 3.3 50.8 ± 0.4 101.6 ± 0.7

250 240.3 ± 1.8 96.1 ± 0.7 232.8 ± 1.9 93.1 ± 0.8 245.3 ± 1.0 98.1 ± 0.4
Fish 0 1.1 ± 0.1 – 0.3 ± 0.1 – NDa –

10 10.7 ± 0.6 96.4 ± 5.7 10.1 ± 0.1 98.1 ± 0.9 9.1 ± 0.4 90.8 ± 3.9
50 50.8 ± 0.9 99.5 ± 1.7 49.3 ± 0.7 98.2 ± 1.3 47.6 ± 0.8 95.3 ± 1.6

250 251.0 ± 1.5 100.0 ± 0.6 245.2 ± 0.8 98.0 ± 0.3 233.6 ± 2.3 93.4 ± 0.9
Shrimp 0 <LOQ – NDa – NDa –

10 9.9 ± 0.3 99.3 ± 3.1 9.6 ± 0.8 96.3 ± 7.6 10.2 ± 0.4 102.1 ± 4.3
50 48.9 ± 1.0 97.9 ± 2.1 47.3 ± 2.3 94.6 ± 4.7 52.0 ± 1.5 104.1 ± 3.1

250 242.5 ± 2.4 97.0 ± 0.9 246.4 ± 2.0 98.6 ± 0.8 253.4 ± 2.7 101.4 ± 1.1
Pork 0 3.6 ± 0.4 – <LOQ – NDa –

10 14.1 ± 0.9 105.2 ± 8.8 8.8 ± 0.1 88.7 ± 1.2 9.1 ± 0.4 91.3 ± 4.0
50 55.1 ± 2.2 103.0 ± 4.3 45.4 ± 0.3 90.8 ± 0.5 44.8 ± 0.2 89.7 ± 0.4

250 248.8 ± 2.8 98.1 ± 1.1 229.9 ± 2.5 92.0 ± 1.0 228.5 ± 3.7 91.4 ± 1.5
Egg 0 NDa – NDa – NDa –

10 9.2 ± 0.7 92.3 ± 7.1 9.0 ± 0.8 89.6 ± 7.9 8.4 ± 0.1 83.7 ± 0.9
50 46.5 ± 0.8 93.1 ± 1.5 44.6 ± 1.5 89.3 ± 2.9 42.9 ± 0.3 85.7 ± 0.6

250 238.2 ± 1.3 95.3 ± 0.5 220.7 ± 2.9 88.3 ± 1.2 230.6 ± 0.9 92.3 ± 0.4

a Not detected.
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(Table S8). This proposed method demonstrated superior performance 
compared to previously reported methods for determining FQs 
(Table S9). Furthermore, the representative TBS possessed good recy
clability for the slight reduction in extraction capacity (Fig. S10) owing 
to no apparent change in crystalline structure and morphology (Fig. S11 
and S12).

3.5. Food sample analysis

The practical ability of the TBS-SPE-HPLC-FLD method was further 
assessed by detection of FQs in several food samples including milk, 
honey, fish, shrimp, pork, and egg (Table 1). The matrix effect of all six 
real samples ranged from 0.9 to 1.0 after the extraction of TBS, indi
cating the great matrix interference removal capability of TBS. More
over, the lower matrix effect also revealed that the standard calibration 
curve using pure water can serve as a working curve during the analysis 
of the six real food samples (Fig. S13). CIP was not detected in all the 
samples, but some samples tested positive for both ENR and NOR. 1.2 μg 
kg− 1 of ENR and 0.5 μg kg− 1 of NOR were detected in milk. 1.1 μg kg− 1 

of ENR and 0.3 μg kg− 1 of NOR were detected in fish. And 3.6 μg kg− 1 of 
ENR was detected in pork. Moreover, the levels of FQs (10, 50, and 250 
μg kg− 1) were spiked into the above food samples and then analyzed 
with the developed TBS-SPE-HPLC-FLD method. The obtained re
coveries ranged from 83.7% to 105.2%, indicating the great precision of 
the developed method for the determination of FQs in actual food 
samples.

4. Conclusion

In summary, three sulfonic acid functionalized covalent organic 
frameworks (TPS, TBS, and TSS) with different pore sizes were synthe
sized to investigate the adsorption performance of FQs. TBS was proved 
to be superior for adsorption of three typical FQs including ENR, NOR, 
and CIP, resulting from its optimal pore size (1.6 times larger than the 
size of analytes) that minimizes diffusion resistance. Furthermore, the 
TBS was selected as an adsorbent to develop a TBS-SPE-HPLC-FLD 
method for detecting trace FQs in various food samples, which 
featured a wide linear range, low LODs and LOQs, and good reproduc
ibility. This study can direct the pore design of COFs for efficient 
extraction of contaminants in complex samples.
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