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Abstract

:

Magnetic molecular imprinted polymers nanozyme MIPs@Fe3O4-NH2 with high specificity and excellent peroxidase-like activity was prepared for colorimetric detection of protocatechuic acid (PCA). Firstly, MIPs@Fe3O4-NH2 was obtained by self-polymerization of dopamine as a functional monomer on the surface of Fe3O4-NH2, enabling the formation of specific recognition cavities. Later, the elution of PCA using polar solvents resulted in the creation of well-defined recognition sites on the surface of MIPs@Fe3O4-NH2. The synthesized MIPs@Fe3O4-NH2 exhibits rapid and selective magnetic separation of PCA. Meanwhile, MIPs@Fe3O4-NH2 possesses peroxidase-like activity, enabling it to undergo a colorimetric reaction 3,3′,5,5′-tetramethylbenzidine (TMB) in the presence of H2O2 and leading to a distinct color change. When the 3D recognition cavities on the surface of MIPs@Fe3O4-NH2 specifically bind to PCA, they restrict the exposures of the nanozyme’s activity sites and hinder their contact with the chromogenic substrate, which decreases the absorbance of the system. Based on this phenomenon, it demonstrates a good linear relationship between the decrease in absorbance and the concentration of PCA within the range of 1 to 250 μM, with a detection limit of 0.84 μM. Notably, this method offers excellent selectivity, and presents a straightforward preparation process, allowing for easy visualization of detection results. Consequently, it provides a promising and versatile strategy for the subsequent development of colorimetric sensors based on molecular imprinted polymers.
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1. Introduction


Protocatechuic acid (PCA), also known as 3,4-dihydroxybenzoic acid, is a typical phenolic acid derivative widely present in the roots and leaves of various natural plants and herbs [1]. As a secondary metabolite of aromatic substances, PCA influences color, flavor, astringency, and roughness of plants, contributing to their typical sensory characteristics [2]. In recent years, studies have unveiled numerous beneficial effects of PCA on human physiology. These effects encompass but are not limited to its anti-chronic pancreatitis [3], its ability to alleviate liver damage caused by chemotherapeutic agents [4], and its anti-tumor [5], hypotensive, antibacterial, and anti-inflammatory effects [6]. Within the realm of food production, PCA serves as a functional food additive that not only enhances nutritional value but also retards microbial growth and inhibits lipid oxidation due to its unique dietary health benefits and antioxidant properties [7]. However, excessive intake of PCA can have various adverse effects on human health. These effects include causing DNA damage, inhibiting biological cell proliferation, and producing toxic phenomena such as accelerated respiration and convulsions [8,9,10]. Consequently, the development of a rapid and sensitive detection assay for PCA holds significant importance in the fields of food production, clinical therapeutic applications, and food safety.



At present, various analytical methods have been developed for the determination of PCA, such as electrochemical analysis [11,12], high-performance liquid chromatography [13,14,15], gas chromatography [16], capillary electrophoresis [17], and electrochemiluminescence [18]. However, these methods often suffer from a lack of specificity, rendering them susceptible to interference from structurally similar phenolic acid similar in structures and the complex matrix of the real samples. Consequently, achieving widespread application of these methods becomes challenging. Enhancing the selectivity for PCA detection remains a significant hurdle that needs to be overcome.



In recent years, molecular imprinted polymers (MIPs) have gained significant attention as an important functional material for sensors due to its specific recognition capability, low cost, and simple synthesis procedure [19,20]. MIPs are 3D polymers that are fabricated in the presence of templates and functional monomers [21,22]. After elution, numerous recognition cavities remain on the surface, allowing for target rebinding [23]. With the rapid development of nanomaterials, combining MIPs with functional nanomaterials to construct chemical sensors has garnered considerable interest among researchers [24]. MIPs-based sensors loaded with quantum dots [25], nanosemiconductor materials [26], and noble metal nanoparticles [27] have exhibited promising application prospects. Among them, with the aim of constructing colorimetric sensors, the nanozyme has emerged as a favorable substrate nanomaterial for surface imprinting. The nanozyme is a nanomaterial that catalyzes the conversion of an enzyme substrate to a production under certain conditions that follow enzyme kinetics [28]. They have an efficient catalytic activity and a specific mechanism for a given reaction [29]. Fe3O4 is defined as a nanozyme and was first discovered in 2007, demonstrating excellent peroxidase (POD)-like activity [30], which can catalyze H2O2 to generate reactive oxygen species (ROS) and facilitate the oxidization of the colorless chromogenic substrate 3,3′,5,5′-tetramethylbenzidine (TMB), resulting in the production of blue 3,3′,5,5′-tetramethylbenzodiamine (TMDI) [31]. As a traditional transition metal oxide, Fe3O4 also possesses controllable size, superparamagnetism, low toxicity, and easy surface functionalization, making it widely utilized in analytical chemistry [32]. Therefore, combining Fe3O4 with MIPs to design a colorimetric sensor offers not only high recognition selectivity but also rapid separation through the application of a magnetic field, simplifying the experimental process and reducing sample separation time [33].



Herein, we devised a colorimetric sensor for protocatechuic acid (PCA) by introducing MIPs layers on the surface of Fe3O4-NH2 through the self-polymerization of dopamine (DA) as function monomers. Leveraging the peroxidase-mimicking properties of Fe3O4-NH2, this sensor demonstrates the ability to selectively detect and quantify PCA. The abundant binding cavities within the MIPs@Fe3O4-NH2 structure facilitate the recognition and binding of PCA. Simultaneously, these cavities serve as channels for substrate interaction with Fe3O4-NH2, promoting the chromogenic oxidation of TMB. Upon incubation with PCA, the binding cavities are occupied by PCA, impeding the access of the nanozyme and substances, resulting in a distinctive range of blue color shades. Based on the relationship between the concentration of PCA and the absorbance at 652 nm, we established a quantitative relationship for colorimetric detection of PCA. According to this principle, a sensor has been developed that enables the qualitative and quantitative analysis of PCA without interference from other structurally analogue compounds. This approach provides a general strategy for the development of subsequent MIPs-based colorimetric sensors.




2. Materials and Methods


2.1. Chemicals and Instruments


Hydrochloric acid (HCl), methanol, acetic acid, acetic acid (HAc), sodium acetate (NaAc), and 30% hydrogen peroxide (H2O2) were purchased from Sinopharm Chemical Reagent Company, Beijing, China. Dopamine hydrochloride (DA-HCl), ascorbic acid, and salicylic acid, were provided by Shanghai Aladdin Biochemical Technology Company, Shanghai, China. Fe3O4-NH2 (amination with 3-aminopropyltriethoxysilane), protocatechuic acid (PCA), dimethyl sulfoxide (DMSO), hydroquinone, phthalic acid, and terephthalic acid were purchased from Shanghai Macklin Biochemical Company, Shanghai, China. All the chemicals were of analytical grade and used as received. The water used for the experiments was Thermo ultrapure water.



Scanning electron microscopy (SEM) was carried out with an FEI F50 scanning electron microscope (FEI Company, Hillsboro, OR, USA). Transmission electron microscopy (TEM) was performed by Talos F200X transmission electron microscopy (Thermo Fisher Scientific Inc., Waltham, MA, USA). X-Ray diffraction (XRD) measurement was conducted by the Ultima IV (Rigku, Tokyo, Japan). Fourier transform infrared spectrum (FT-IR) was recorded on a Nicolet 4700 FT-IR Spectrometer (Thermo, USA) equipped with an attenuated total reflection setup. Ultraviolet absorption spectrum was carried out by an UV-2450 ultraviolet spectrophotometer (Shimadzu, Kyoto, Japan).




2.2. Preparation of MIPs@Fe3O4-NH2


The MIPs@Fe3O4-NH2 was fabricated by the self-polymerization of DA on the surface of Fe3O4-NH2. Firstly, 10 mg of Fe3O4-NH2 was dispersed in 4 mL of 0.2 M Tris-HCl buffer (pH = 8.0) by sonication. Under ultrasonic conditions, 1 mL 0.05 mM PCA solution (dissolved in 0.2 M Tris-HCl buffer (pH = 8.0)) was slowly added dropwise to the above Fe3O4-NH2 dispersion to make it well dispersed. Later, the above mixture was transferred to mechanical stirring for 10 min to complete the pre-assembly. Then, 0.25 mmol dopamine hydrochloride was added, and the product was magnetically separated after 3.5 h of self-polymerization at room temperature. In order to remove the inside template molecule, the product was washed three times with a mixture of 10 mL of methanol and acetic acid (9:1, v/v) under sonication conditions, followed by washing with deionized water to obtain the product denoted as MIPs@Fe3O4-NH2. Finally, it was freeze-dried and configured into a 1 mg/mL dispersion with 0.2 M pH = 4.0 HAc-NaAc buffer solution and stored at 4 °C for usage.



As a control group, non-imprinted composite nanomaterial NIPs@Fe3O4-NH2 was prepared by the same procedure, with the difference that no PCA was added during the synthesis.




2.3. Catalytic Colorimetric Properties of MIPs@Fe3O4-NH2


The colorimetric method was used to evaluate the peroxidase-like activity of MIPs@Fe3O4-NH2 before and after the adsorption of protocatechuic acid. In detail, 70 μL of 1 mg/mL MIPs@Fe3O4-NH2 was dispersed into 130 μL of HAc-NaAC buffer solution (pH = 4.0), followed by the addition of 100 μL of 5 mM PCA solution. After 1 h of adsorption, 100 μL of 1 M H2O2 and 100 μL of 5 mM TMB (dissolved in DMSO) were added, and the absorbance of the system was measured by UV spectrophotometer from 350~750 nm after 5 min of reaction at room temperature.




2.4. Adsorption Performance Evaluation


Firstly, the absorbances of different concentrations of PCA at the characteristic absorption wavelength of 292 nm were measured and plotted on a standard curve. Later, the adsorption amount Q of the material was calculated based on the absorbance of the supernatant at the end of adsorption by the equation of Q = (C0 − Cs)V/m, where C0 represents the original concentration of PCA added to the solution, Cs represents the concentration of protocatechuic acid in the supernatant after adsorption at a certain moment, V is the volume of PCA solution added, and m is the mass of added MIPs@Fe3O4-NH2.



2.4.1. Adsorption Kinetics


Five hundred μL of 10 mg/mL MIPs@Fe3O4-NH2 and 500 μL of 5 mM solution of PCA were mixed and then shook for 10~100 min; the material was removed using an aqueous filter with 0.22 μm pore size, and the absorbance of the supernatant was measured for the calculation of Q. After that, its kinetic adsorption curve was plotted and the adsorption process was linearly fitted with pseudo-first-order kinetic and pseudo-second-order kinetic according to Equations (1) and (2):
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where t is adsorption time, Qe is equilibrium adsorption capacity, Qt is adsorption capacity of MIPs@Fe3O4-NH2 at a certain time, Qcal is theoretically calculated equilibrium adsorption capacity, and k1 and k2 are the adsorption rate constants of two kinetic equations, respectively.




2.4.2. Adsorption Thermodynamics


Five hundred μL of MIPs@Fe3O4-NH2 at 10 mg/mL was accurately pipetted and 500 μL of PCA solution with a concentration gradient of 0.2~0.8 mM (final concentration of 0.1~0.4 mM) was added, shaken for 50 min, and the material was removed using an aqueous filter with 0.22 μm pore size. After that, their absorbance was measured for the calculation of adsorption Q. Equilibrium adsorption isotherms of MIPs@Fe3O4-NH2 were plotted according to the relationship between Q and concentration of PCA. Later, the Langmuir isotherm fitted curve and Freundlich isotherm fitted curve were carried out using Equations (3) and (5), and the two isotherm models were linearly analyzed according to Equations (4) and (6). In addition, Scatchard adsorption thermodynamic analysis of PCA adsorption by MIPs@Fe3O4-NH2 was performed using Equation (7):


    Q   e   =     K   L       ×   Q   max  - cal      ×   C   e      1 +    K   L     ×   C   e      



(3)






      C   e       Q   e     =   1     K   L     ×   Q   max  - cal      +     C   e       Q   max      



(4)






    Q   e   =   K   F         ×   C   e       1  /  n      



(5)






  lg   Q   e   =   1   n     lgC   e    + lg    K   F    



(6)






      Q   e       C   e     = −     Q   e       K   d     +     Q   max  - cal        K   d      



(7)




where Ce is concentration of PCA remaining in the supernatant after adsorption, Qe is equilibrium adsorption capacity in a certain original concentration of PCA, Qmax-cal is theoretical maximum adsorption capacity of MIPs@Fe3O4-NH2, KL is the Langmuir isotherm equation parameter, KF is the adsorption equilibrium constant of the Freundlich isotherm equation, Kd is the dissociation constant of binding, and n is the adsorption index.





2.5. PCA Detection by Colorimetric Method


PCA solutions of 1, 50, 100, 150, 200, and 250 μM were prepared with 0.2 M HAc-NaAc buffer solution at pH 4.0; 100 μL of PCA solution was mixed with 100 μL of 0.7 mg/mL MIPs@Fe3O4-NH2, shaken for one hour, and then 100 μL of 1 M H2O2 and 100 μL of 5 mM TMB added to react for 5 min protected from light. After the reaction, the material was separated using an aqueous filter with 0.22 μm pore size, the UV absorbance of the system was measured, and a standard curve was plotted based on the concentration and absorbance of PCA.




2.6. Specificity Test for the Colorimetric Sensor


The specificity was measured by evaluating the adsorption of structurally similar substances to protocatechuic acid. Solutions of 2.5 mM salicylic acid, ascorbic acid, hydroquinone, phthalic acid, and terephthalic acid were prepared and incubated with MIPs@Fe3O4-NH2 for one hour, respectively. After the adsorption was finished, the selectivity of MIPs@Fe3O4-NH2 was investigated by measuring the absorbance of the color development reaction with H2O2 and TMB.




2.7. Real Sample Analysis


Green tea bags were selected as the actual samples, and the tea bags were cold-brewed overnight with 250 mL of 0.2 M pH = 4.0 HAc-NaAc buffer solution. The final green tea stock was filtered through an aqueous filter with 0.22 μm pore size; 1 mL of the filtered green tea was added with 0, 50, 100, and 150 μM of the PCA solution as the solution to be measured, and the absorbance of the system was measured by adsorption with MIPs@Fe3O4-NH2 and mixed with H2O2 and TMB for spiked recovery experiments, and three parallel samples were set up for each group of experiments.





3. Results and Discussion


3.1. Characterization of MIPs@Fe3O4-NH2


MIPs@Fe3O4-NH2 was prepared by the self-polymerization of DA on the surface of Fe3O4-NH2, and a layer of polydopamine was prepared in the presence of PCA, as illustrated in Figure 1. After elution of the target molecule, many specific recognition sites remained which were well matched with PCA in size and shape. These binding cavities combined with PCA would decrease the exposures of POD active sites of MIPs@Fe3O4-NH2 and also hinder the contact with H2O2 and TMB, which further arouse differences in the shades of the system.



SEM was used to characterize the morphology of different nanocompositions. Figure 2A–C show the SEM images of Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2, respectively, and the materials are spherical in overall shape, with consistent morphology and uniform size distribution. It can be found that after dopamine polymerized on the surface of Fe3O4-NH2, a rougher polydopamine film was generated. In order to observe the microscopic structures and sizes of Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2, TEM was operated to study the parameters of a single nanomaterial. As illustrated in Figure 2D, Fe3O4-NH2 is a smooth surface sphere with a size of 380 nm. After the imprinting procedure, as shown in Figure 2E,F, the particle sizes of MIPs@Fe3O4-NH2 and NIPs@Fe3O4-NH2 increase to 440 nm, and a clear core-shell structure could be observed, indicating the successful assembly of MIPs, and the imprinted thickness reached to 30 nm. Based on the high-resolution transmission electron microscopy and elemental mapping image analysis (Figure 2G), it can be seen that the core Fe3O4-NH2 is encapsulated by the carbon layer originating from the polydopamine, while the nitrogen atoms introduced by the amination and the nitrogen atoms in the polydopamine are also distributed on the Fe3O4-NH2 surface, proving the synthesis of polydopamine.



To investigate the effect of dopamine assembly on the substrate materials, X-Ray diffraction (XRD) tests were performed on Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. As shown in Figure 3A, the XRD spectra of Fe3O4-NH2 corresponded to the standard card for Fe3O4 (PDF#19-0629), which exhibited good characteristic diffraction peaks at five locations of 2θ = 30.3°, 35.3°, 42.9°, 57.2°, and 62.5°, respectively, corresponding to (220), (311), (400), (511), and (440) crystal planes in Fe3O4. These results indicated that the self-polymerization of dopamine did not change the crystallographic planes of the original substrate. In addition, the assembly process was characterized by FTIR; Figure 3B shows the FTIR spectra of Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. The characteristic peak referring to Fe-O is observed at 578 cm−1 in Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. The stretching vibration peak of Si-O-Si at 1037 cm−1 is due to the introduction of ammonia using APTES. The peak at 3214 cm−1 in Fe3O4-NH2 corresponds to the characteristic peak of N–H, which also indicates the successful modification of the surface amination of Fe3O4-NH2 nanoparticles. FTIR spectra of MIPs@Fe3O4-NH2 and NIPs@Fe3O4-NH2 appearing in a new characteristic peak at 1615 cm−1 can be clearly observed, which corresponds to the stretching vibrational peak of –NH in the indole ring of dopamine, while a vibrational absorption peak of –OH appears at 3422 cm−1, overlapping with the original amino peak, proving that dopamine on the Fe3O4-NH2 surface was successfully assembled.




3.2. Evaluation of Properties of MIPs@Fe3O4-NH2


Based on the fact that nanozymes can catalyze H2O2 to produce ROS and further oxidize colorless TMB to turn blue, a series of colorimetric experiments were taken to prove the absorption and peroxidase-mimicking catalytic property of MIPs@Fe3O4-NH2. As illustrated in Figure 4A, Fe3O4-NH2 induced the absorption increase at 652 nm and 370 nm. With the introduction of MIPs and NIPs films, the absorptions decrease due to the isolation cause by the polydopamine. Compared with NIPs@Fe3O4-NH2, MIPs@Fe3O4-NH2 with cavities on the surface that facilitate the contact between the iron source and the chromogenic substrate, and therefore the UV absorption of the system, decreased more slowly. After incubation with PCA, the UV absorption of the system corresponding to MIPs@Fe3O4-NH2 decreased significantly due to the fact that the recognition site occupied the channel after binding to the PCA, which hindered contact with the chromogenic reactants. It revealed the successful synthesis of MIPs composite nanomaterials with good enzyme-like activity as well as specific recognition cavities.



On the other hand, magnetic separation property is also a major advantage of the nanomaterial. As shown in Figure 4B, when applied to an outside magnetic field, MIPs@Fe3O4-NH2 was collected rapidly, which can shorten the collection time during the procedure of preparation.




3.3. Optimization of Experimental Conditions


During the synthesis of the MIP, the functional monomer dopamine and the template molecule PCA are linked via hydrogen bonding and π-π stacking, so the regulation of the molar ratio between them is very important for the recognition ability and stability of MIPs. Figure 5A shows the UV absorbance comparison of the MIPs@Fe3O4-NH2 catalytic oxidation of the H2O2-TMB system before and after adsorption of the target at the molar ratios of 1:1, 1:3, 1:5, 1:7, and 1:9 of PCA to dopamine. The results show that when the molar ratio was 1:5, the MIPs@Fe3O4-NH2 had good catalytic activity for the H2O2-TMB system, while the UV absorbance difference of the system before and after adsorption was the largest, indicating that the molecularly imprinted polymer with a large number of recognition pores was at this feeding ratio. In addition, the selection of the amount of MIPs@Fe3O4-NH2 plays a very important role for the whole detection system. Generally speaking, the higher the amount of nanozymes, the stronger the catalytic ability for H2O2-TMB, and the deeper the color of the product with the higher the absorbance value. At the same time, the higher the concentration of the added nanozyme, the faster the reaction rate of catalytic TMB color development will be, and the color development reaction may be completed too quickly to reach the end point, thus affecting the detection accuracy. Therefore, different concentrations of MIPs@Fe3O4-NH2 which ranged from 0.1~0.9 mg/mL were used to investigate the effect of amounts of nanomaterial. As shown in Figure 5B, with the increasing amount of MIPs@Fe3O4-NH2, the absorbance of the system tends to increase as well. However, for the consideration of the accuracy and error of the UV spectrophotometer, the maximum absorbance of the system before adsorption at 0.9 mg/mL exceeded 0.8, which was beyond the optimal absorbance range of the UV spectrophotometer, so the optimal addition concentration for this experiment was 0.7 mg/mL.



The adsorption of targets is a dynamic process, so the sensor developed based on MIPs needs to reach adsorption equilibrium before the signal can be measured. If the adsorption time is too short, the output signal is in a state of dynamic change, and the unstable detection signal cannot be used as a basis for sensing; too long adsorption time will increase the time of the whole sensing process and reduce the detection timeliness. In this experiment, the UV absorbance of PCA in the supernatant after 5, 10, 15, 20, 25, 30, 40, 50, 60, and 80 min was recorded, and from Figure 5C, we found that with the increase of adsorption time, the concentration of the remaining PCA in the supernatant gradually decreased, and after 50 min, the UV absorption intensity of the system reached stability, which proved that the adsorption equilibrium was reached at this time. Therefore, in the subsequent experiments, the adsorption time was selected as 50 min. According to previous reports, pH has a very strong influence on the activity of nanozymes and reaction with H2O2-TMB [34], so we prepared a 0.2 M HAc-NaAc buffer of different pH to investigate the effect of pH on the color development reaction. From Figure 5D, the pH of the reaction systems was in the range of 3.0 ~ 5.0, and the difference of absorption reached the maximum at 4.0, and then decreased sharply after pH 4.5, which is consistent with the optimal reaction pH of the iron tetroxide nanozymes reported before [35], so the most suitable reaction pH for this experiment was 4.0.




3.4. Evaluation of Adsorption Performance


In order to deeply investigate the adsorption mechanism of MIPs@Fe3O4-NH2, adsorption kinetics research were carried out to figure the mode of connection between target and MIPs. Figure 6A is the kinetic adsorption curve of MIPs@Fe3O4-NH2 on PCA. It can be seen that the adsorption amount Q gradually increased with the increase of rebinding time and reached the equal value after 50 min. The equilibrium adsorption capacity of MIPs@Fe3O4-NH2 was 301.62 μmol·g−1. Meanwhile, the pseudo-first-order and the pseudo-second-order kinetics equations were fitted according to Equations (1) and (2), and the obtained results are shown in Figure 6B,C. The specific fitting parameters are shown in Table S1. The comparison shows that the equilibrium adsorption amount Qcal calculated by these kinetic processes are both close to the experimental result, but the linear correlation of the secondary kinetics is higher (R2 = 0.9996), so the adsorption of MIPs@Fe3O4-NH2 on PCA is more consistent with the secondary kinetic process, indicating that the binding of the MIPs@Fe3O4-NH2 recognition site to PCA is not a simple physical adsorption process but with intermolecular interactions including hydrogen bind and π-π conjugation [36,37]. Also, the kinetic adsorption curve of NIPs@Fe3O4-NH2 on PCA was displayed in the same way. As illustrated in Figure S1A, the adsorption of PCA by NIPs@Fe3O4-NH2 showed a trend from fast to slow and reached the adsorption equilibrium after 30 min, which was faster than MIPs@Fe3O4-NH2. At the same time, its equilibrium adsorption was 53.22 μmol·g−1, which was significantly lower than that of MIPs@Fe3O4-NH2 at 301.62 μmol·g−1, indicating that there were no specific bindings and that the elution procedure had no harm on the structure of nanomaterials. Based on this, the imprinting factor (IF) of MIPs was 5.66 which was calculated by the formula of IF = QMIP/QNIP.



Since the initial concentration of the target also has a great influence on the adsorption process of MIPs@Fe3O4-NH2, the thermodynamic process of adsorption was further investigated by plotting the equilibrium adsorption isotherms of MIPs@Fe3O4-NH2 (Figure 7A). It can be seen that the adsorption capacity of MIPs@Fe3O4-NH2 increases with the increase of the initial PCA concentration, and reaches maximum value when the concentration of PCA is 7 mM (final concentration is 3.5 mM), indicating that all the recognition sites were occupied and the adsorption reached saturation. The maximum adsorption capacity (Qmax) of MIPs@Fe3O4-NH2 was 343.76 μmol·g−1. Figure S1B is the equilibrium adsorption isotherms of NIPs@Fe3O4-NH2; when the PCA concentration was 6 mM (final concentration was 3 mM), its adsorption of PCA reached the maximum adsorption 63.54 μmol·g−1. This may be aroused by non-specific adsorption on the surface of NIPs@Fe3O4-NH2. The Langmuir adsorption model and Freundlich adsorption model of MIPs@Fe3O4-NH2 were obtained by fitting according to Equation (3) and equivalent Equation (5). In order to describe the adsorption curves under the two fitting models more specifically and quantitatively, the data analysis of the two fitted thermodynamic processes was performed by equivalent Equation (4) and equivalent Equation (6) to obtain the fitted straight lines in Figure 7B,C. The specific fitting parameters are shown in Table S2. It was found that the linear correlation coefficient of the curve fitted with the Langmuir model was closer than the Freundlich model, indicating that the adsorption process of PCA on MIPs is chemisorption on a homogeneous surface and is a single molecular layer adsorption [38,39]. Meanwhile, the theoretical maximum adsorption amount (Qmax-cal)of 384.62 μmol/g was derived based on the Langmuir thermodynamic adsorption process, which was similar to data obtained by the experiment.



Similarly, the Scatchard model was used to analyze the adsorption process of MIPs@Fe3O4-NH2 with PCA, and Figure 7D shows the Scatchard analysis curve plotted according to Equation (7). The curve consists of two parts, the steeper part on the left corresponds to the specifically identified imprinted cavities in MIPs@Fe3O4-NH2 with high affinity. The more gentle part on the right side is due to non-specific adsorption such as electrostatic adsorption and surface adsorption. It indicates that the chemisorption between the imprinted site and the target substance is dominant in the adsorption of PCA by MIPs@Fe3O4-NH2 [40].




3.5. Construction of Colorimetric Sensors


A colorimetric-sensing detection platform for PCA was constructed based on the prepared MIPs@Fe3O4-NH2. When PCA was adsorbed, the specific recognition cavities would be occupied, which in turn affected the enzyme-like activity of Fe3O4-NH2 and hindered the contact with H2O2 and TMB, thus triggering a different fade in color of the system. The quantitative analysis can be achieved by recording the UV absorbance curves of the system at different PCA concentrations and plotting a standard curve based on the intensity at 652 nm. Figure 8A shows the UV absorbance plots of MIPs@Fe3O4-NH2 incubated with 1, 50, 100, 150, 200, and 250 μM PCA for catalytic H2O2 and oxidation of TMB color development reaction under optimal conditions. The UV absorption of the system at 652 nm and 370 nm decreased gradually with the increase of the concentration, and the UV absorption intensity at 652 nm was selected as the output signal to plot the standard curve of absorbance versus the concentration of PCA. As shown in Figure 8B, the UV absorbance of the system showed a good linear correlation in the concentration range of 1~250 μM, and the linear regression equation was A = −0.0017C (μM) + 0.6942 (R2 = 0.996). Using the signal-to-noise of three rule (S/N = 3), the limit of detection (LOD) was calculated by the equation of LOD = 3σ/s, where σ is the standard deviation of blank probe sample measurements, and s is the slope of the calibration plot [41]. Under the optimal conditions, the LOD for this sensing platform was 0.84 μM, with a limit of quantitation of 2.49 μM (S/N = 10). As shown in Table 1, the MIPs@Fe3O4-NH2 colorimetric sensor obtained in this study has a wide linear range and lower LOD compared to other methods reported in the literature for the determination of PCA content.




3.6. Specificity Evaluation


In order to exclude the interference of other structurally similar substances to the sensor and further verify its specificity, salicylic acid, ascorbic acid, p-hydroxyphenol, o- phenylenedioic acid, and p-phenylenedioic acid were selected as analogues (structural formula shown in Figure 9B) and incubated with MIPs@Fe3O4-NH2, which were judged by the absorbance changes of their class chromogenic reactions before and after adsorption. As shown in Figure 9A, the UV absorption value of the sample incubated with PCA was lower compared with other substances, which proved that MIPs@Fe3O4-NH2 had excellent selectivity for PCA and that its recognition sites were able to bind specifically to PCA without interacting with other substances.




3.7. Real Sample Analysis


The content of PCA in green tea was determined by the established colorimetric sensor. Three parallel experiments were conducted for each tested sample. The results are shown in Table 2, in which the spiked recoveries were 98.86%~104.62% and the RSDs were 1.30%~6.19%. The results proved the feasibility and good accuracy of the assay method for the determination of PCA in actual samples, and it was a promising assay method for application.





4. Conclusions


In this paper, MIPs@Fe3O4-NH2 composite nanomaterials were obtained by self-polymerization of dopamine using Fe3O4-NH2 with peroxidase-like activity as a magnetic substrate and later used to construct a colorimetric-sensing platform for PCA. Firstly, the modified MIPs@Fe3O4-NH2 has good enzyme-like activity and can efficiently catalyze H2O2 to generating ROS and further oxidize TMB to turn blue. Secondly, the imprinted layer on the surface is rich in specific recognition cavities, which can effectively recognize and bind to protocatechuic acid. The occupation of the imprinted sites hindered the contact of MIPs@Fe3O4-NH2 to the chromogenic substrate, which affected the decrease in the absorbance of the chromogenic reaction system. The experiments showed that the prepared MIPs@Fe3O4-NH2 composite nanomaterials had good selectivity for the adsorption of PCA, and the absorbance of the colorimetric sensor developed based on this had a good linear response in the concentration range of 1~250 μM and a detection limit of 0.841 μM. The method was applied to the determination of PCA in green tea samples, which showed good reliability and feasibility, and provided a new method for the subsequent determination of PCA.
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Figure 1. Schematic illustration of the synthesis process of MIPs@Fe3O4-NH2 and the colorimetric detection of PCA. 
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Figure 2. (A–C) SEM of Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. (D–F) TEM of Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. (G) Elemental mapping images of MIPs@Fe3O4-NH2. 
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Figure 3. (A) XRD profiles and (B) FTIR spectra of Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. 
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Figure 4. (A) UV-vis spectra of TMB oxidation catalyzed by Fe3O4-NH2, MIPs@Fe3O4-NH2, and NIPs@Fe3O4-NH2. (B) MIPs@Fe3O4-NH2 separated by an applied magnetic field. 
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Figure 5. (A) Effect of the molar ratio of PCA to DA used to fabricate the MIPs@Fe3O4-NH2. (B) Influence of the concentration of MIPs@Fe3O4-NH2 used for TMB oxidation catalyzed. (C) Optimization of the time for PCA recognition. (D) pH influence on the MIPs@Fe3O4-NH2 + H2O2 + TMB system. 
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Figure 6. (A) Kinetic adsorption curve of the MIPs@Fe3O4-NH2 when the original concentration of PCA was 5 mM. Linear fit plot of pseudo-first-order kinetic equation (B) and pseudo-second-order kinetic equation (C) for the adsorption of PCA on MIPs@Fe3O4-NH2. 
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Figure 7. (A) Equilibrium adsorption isotherms of MIPs@Fe3O4-NH2. (B) Variational fitted straight line of Langmuir isotherm for the adsorption of PCA on MIPs@Fe3O4-NH2 (inset: Langmuir isotherm fitted curve). (C) Variational fitted straight line of Freundlich isotherm model for the adsorption of PCA on MIPs@Fe3O4-NH2 (inset: Freundlich isotherm fitted curve). (D) Scatchard plot analysis of binding properties of PCA by MIPs@Fe3O4-NH2. 
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Figure 8. (A) UV–vis spectra of the system with PCA at various concentrations and (B) linear relationship between the absorbance at 652 nm and different concentrations of PCA. 
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Figure 9. (A) Specificity of MIPs@Fe3O4-NH2 for PCA and its structural analogues. (B) Structural formulae of protocatechuic acid, salicylic acid, ascorbic acid, p-hydroxyphenol, o-phthalic acid, and p-phenylenedioic acid. 
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Table 1. Analytical performance comparison of current PCA detection device.
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	Methods
	Linear Range (M)
	LOD (M)
	Reference





	Electrochemical
	2.20 × 10−5~3.37 × 10−4
	1.50 × 10−5
	[42]



	Electrochemical
	1.00 × 10−6~6.00 × 10−5
	6.00 × 10−7
	[43]



	HPLC
	6.49 × 10−6~6.49 × 10−4
	3.24 × 10−6
	[44]



	Capillary zone electrophoresis
	4.48 × 10−6~3.57 × 10−4
	1.17 × 10−6
	[45]



	Colorimetric
	1.00 × 10−6~2.50 × 10−4
	8.40 × 10−7
	This work
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Table 2. Recovery results of PCA added in green tea.
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Samples

	
PCA Added (μM)

	
Found (μM)

	
Recoveries (%)

	
RSD (%)






	
Green Tea

	
0

	
0.53

	
-

	
6.19




	
50

	
49.43

	
98.86

	
1.63




	
100

	
104.62

	
104.62

	
2.44




	
150

	
152.65

	
101.77

	
1.30
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