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Abstract

:

Inspired by laccase activity, herein, Cu-guanosine nanorods (Cu-Guo NRs) have been synthesized for the first time through a simple procedure. The activity of the Cu-Guo NR as the laccase mimicking nanozyme has been examined in the colorimetric sensing of rutin (Rtn) by a novel and simple spectrophotometric method. The distinct changes in the absorbance signal intensity of Rtn and a distinguished red shift under the optimum condition based on pH and ionic strength values confirmed the formation of the oxidized form of Rtn (o-quinone) via laccase-like nanozyme activity of Cu-Guo NRs. A vivid and concentration-dependent color variation from green to dark yellow led to the visual detection of Rtn in a broad concentration range from 770 nM to 54.46 µM with a limit of detection (LOD) of 114 nM. The proposed methodology was successfully applied for the fast tracing of Rtn in the presence of certain common interfering species and various complex samples such as propolis dry extract, human biofluids, and dietary supplement tablets, with satisfactory precision. The sensitivity and selectivity of the developed sensor, which are bonuses in addition to rapid, on-site, cost-effective, and naked-eye determination of Rtn, hold great promise to provide technical support for routine analysis in the real world.
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1. Introduction


Rutin (Rtn), a plant-derived polyphenolic bioflavonoid, is a therapeutically active phytochemical [1]. Hydroxyl groups in the Rtn structure are a benchmark for its potent biological properties, especially antioxidant activities [2,3]. Rtn is an adjunct therapy for hypertensive encephalopathy, postpartum hemorrhage, retinal hemorrhage, and cerebral accidents [4,5,6,7,8,9] and has a potential protective role in some neurodegenerative diseases (NDs) induced by aging [10,11]. Furthermore, it has electroactive property and offers various applications in electrochemical studies [12,13]. So, monitoring and tracing this natural health protector in different samples is medically crucial. Various analytical methods have been introduced so far for Rtn determination, including high-performance liquid chromatography (HPLC) [14], capillary electrophoresis [15], chemiluminescence [16], flow injection analysis [17], and electrochemistry [18]. Despite the accuracy of some of them, these methods are mainly limited due to being costly, time-consuming, or requiring tedious sampling equipment, sophisticated instrumentation, and trained technicians [1,19,20,21,22,23,24,25,26,27,28]. Therefore, developing a rapid, easy-to-use, and cost-effective sensor for on-site monitoring of Rtn is highly desirable.



Due to its high sensitivity and wide linear range, sensory evaluation has recently become an effective tool in biomarker detection and clinical diagnosis. For example, creatinine, alanine aminotransferase, acetylcholine, cholesterol, and p-cresol have been successfully detected using localized surface plasmon resonance (LSPR) based on spectrophotometric methods [29,30,31,32,33]. Although spectrophotometric-based procedures are easy to use, they are rarely reported for Rtn measurement [20]. Optical sensors based on catalyzing phenolic compounds are inexpensive tools for the selective detection of the analyte [34,35]. The applicability of this type of colorimetric sensor is boosted when their response could be directly read out with the naked eye. These fascinating and inexpensive simplified tools have been applied for fast visual detection of various analytes [36,37].



Laccases are a family of multi-copper (Cu) enzymes that naturally oxidize various compounds of polyphenols, aryl diamines, aromatic amines, and polyamines [38,39]. Although laccases with effectual catalytic potential are considered green enzymes, some limitations such as low stability and yield, difficult storage, and high cost of their separation and purification [40] significantly hinder their application. Utilizing nanomaterials that mimic natural enzymes, called nanozymes, as beneficial catalysts may overcome these issues. Nanozymes have served as direct alternatives to traditional enzymes by engineering the active centers of natural enzymes. Some nanostructures with laccase-like activity have been introduced for various applications, namely, metal oxide nanoparticles (MeONPs) [34], Cu-carbon dots (CDs) [41], Cu/nucleotide metal-organic frameworks (MOFs) [40], Cu-tannic acid nanohybrids [42], and DNA-Cu hybrid nanoflowers (NFs) [43].



In this study, inspired by the active site of laccase, a nanozyme based on Cu-guanosine nanorods (NRs), defined as Cu-Guo NRs, has been greenly synthesized for the first time and applied for the colorimetric sensing of Rtn. By tuning the reaction condition based on pH and ionic strength, a vivid ranging colorimetric response from various tonalities of light green to dark yellow was obtained for different concentrations of Rtn. The proposed methodology has been successfully applied for a relatively fast Rtn assay in various complex samples such as dry propolis extract, human biofluids and dietary supplement tablets with satisfactory precision and accuracy. To the best of our knowledge, there are no reports in the literature for the simple and visual measurement of Rtn based on the proposed nanozyme strategy.




2. Experimental


2.1. Reagents and Apparatus


Rtn (95% purity), quercetin (Qur) (98% purity), gallic acid (GA) (98% purity), ascorbic acid (AA), phytic acid, guanosine (Guo), 2,4-dichlorophenol (2,4-DP), 4-aminoantipyrine (4-AP), copper (II) sulfate pentahydrate (CuSO4·5H2O), terephthalic acid, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and other reagents of analytical grade were purchased from Sigma Aldrich and Merck Companies. Milli-Q grade deionized (DI) water with a resistivity of 18.2 MΩ was applied in all tests.



Absorbance spectra were recorded using a Perkin-Elmer Lambda 25 UV/Vis spectrometer (Waltham, MA, USA) equipped with a 1 cm glass cell. An RHB model centrifuge (Osterode, Germany) was used for mixture separation. A smartphone camera (Xiaomi Redmi note 8 pros with a display resolution of 1080 × 2340 pixels and pixel density of 395 pixels per inch) was used for manually taking all photographic images without any filter. Transmission electron microscopic (TEM) images of the synthesized Cu-Guo NRs were recorded with a Zeiss EM900 microscope (Oberkochen, Germany) at an accelerating voltage of 200 kV. The morphology, chemical composition analysis, and elemental mapping of Cu-Guo NRs were investigated with a scanning electron microscopy (SEM) instrument equipped with an electron dispersive X-ray analyzer (EDX) on an SEM FEI Quanta 200 instrument (Eindhoven, The Netherlands). Fourier transform infrared (FTIR) spectra were recorded by a Jasco-680 FTIR spectrometer.




2.2. Preparation of Cu-Guo NRs Nanozymes


The synthesis of Cu-Guo NRs was simulated according to the literature in a simple manner [34] with some modification. Briefly, CuSO4·5H2O (0.2 g) was dissolved in 10 mL of DI water, and then 5 mL of phytic acid (3 mM) was slowly added to it. Then 1 mL of terephthalic acid (0.18 mM) and 5 mL of Guo (14 mM) were gradually added to the above solution. Next, more terephthalic acid (1.8 mM, 10 mL) was added to them. After 1 h stirring and centrifuging, the final precipitate was collected and washed with DI water. The obtained product, called Cu-Guo NRs, was dried at 40 °C for 12 h and finally kept at 4 °C for further experiments (Scheme 1A). To investigate the reproducibility of the proposed sensor, different NRs were prepared in three consecutive days.




2.3. General Procedure for Colorimetric Detection of Rtn


The Rtn assay was readily accomplished based on the catalytic oxidation of Rtn using Cu-Guo NRs under relatively acidic conditions. The influences of several parameters on the catalytic reaction of the nanozyme, including the type of buffer, pH value, Cu-Guo NRs volume, and reaction time were studied. Under optimized conditions, a series of different concentrations of ethanolic solution of Rtn was added to a solution containing 700 μL of Cu-Guo NRs (1 mg m   L  − 1    ) and 1 mL of acetate buffer solution (300 mM). Then, the final volume of the solutions was adjusted by DI water to 3 mL. The colorimetric detection of Rtn was carried out for 6 min after adding the last drop of Rtn by recording the absorbance spectra and taking corresponding digital images through a smartphone’s camera. All measurements were conducted in triplicate at room temperature.




2.4. Preparation of Real Samples


Propolis, as a dry extract containing Rtn, was obtained from Zardband Pharmaceutical Company (Yasuj, Iran). First, 75 mL of ethanol was added to 100 mg of the propolis sample and stirred for 2 h. Then, it was brought to the volume of 100 mL with the same solvent, and finally it was filtered. Rtn-containing dietary supplement tablets (20 mg per tablet) were purchased from a local pharmacy. Five tablets were randomly selected and ground to obtain a fine powder. Then 100 mg of the resulting powder was dispersed in 40 mL of ethanol, and the sample was diluted by ethanol to 50 mL. Urine samples were randomly provided from two healthy 25- and 31-years old girls from Dena pathobiology laboratory at Yasuj City by observing human ethical principles. Then 10 mL of each urine sample was centrifuged at 1500 rpm for 10 min, and then 1 mL of the supernatant was diluted with 5 mL of DI water. A blood serum sample from a healthy 40-year-old man was randomly obtained from Dena pathobiology laboratory at Yasuj City by observing human ethical principles, and 1 mL of this was diluted with 10 mL of DI water. Finally, the samples were spiked with different concentrations of Rtn and tested by the proposed sensor.





3. Results


3.1. Morphology and Characterization of Cu-Guo NRs


The SEM images in Figure 1A,B show that the synthesized Cu-Guo NRs consist of relatively uniform NRs with worm-like shapes with an average size less than 65 nm. EDX analysis and elemental mapping of Cu-Guo NRs in Figure 1C–E highlight the elemental composition, including copper (Cu), oxygen (O), carbon (C), and nitrogen (N) with ratios of 74% (red map), 19.7% (blue map), 5.9% (green map), and 0.4% (yellow map), respectively, according to the raw materials used. The gold (Au) peak is related to the sample preparation process under the SEM instrument. Moreover, the TEM image in Figure 1F confirmed the rod-like shape nanostructures with smooth surfaces and an average diameter of 14 nm. These findings revealed that Cu-Guo NRs was successfully formed with a nano-dimension size according to the literature [34].



FTIR spectra of phytic acid, terephthalic acid, GuO, and Cu-Guo NRs were recorded for more investigation. As shown in Figure 2A, the spectrum of phytic acid exhibited a wide bond at 1647 c   m  − 1    , assigned to the stretching vibration of the P=O bond. A two-branch sharp peak at 1070 c   m  − 1     and 996 c   m  − 1     was ascribed to the symmetric and asymmetric vibrations of P-O–C bonds in the phytic acid [44]. For terephthalic acid, the sharp bands at 1682 c   m  − 1     and 1285 c   m  − 1     were related to stretching vibrations of C=O and stretching vibrations of C–O, respectively. Furthermore, bonds at 1422 c   m  − 1     and 938 c   m  − 1     corresponded to bending vibrations of O–H [45]. The FTIR spectrum of Guo displayed a significant characteristic peak at 3311 c   m  − 1    , attributed to the stretching vibrations of O–H. The peaks at 3198 c   m  − 1     and 3458 c   m  − 1     were assigned to NH2 and N–H bonds of primary amine, respectively [46]. Comparing all FTIR spectra with Cu-Guo NRs showed that all raw materials, especially Guo, were more crowded with several peaks, while the resulting spectrum dramatically changed by interacting Guo with Cu, and some peaks were removed. The disappearance of some peaks related to CO bonds in Cu-Guo NRs may have been rooted in the fact that the interactions took place through OH groups. The shifting of the vibrations related to phytic acid and terephthalic acid and the change in their signal intensities proved that Cu-Guo NRs were successfully synthesized according to the literature [34].




3.2. Evaluation of the Laccase-like Catalytic Activity of Cu-Guo NRs


As mentioned, Rtn detection is based on the laccase-like catalytic activity of Cu-Guo NRs. To ensure the beneficial function of this nanozyme, two compounds, including 4-AP (a well-known reagent for phenol estimation) and 2,4-DP (a famous substrate for laccase-based oxidation), were utilized to study the chromogenic reaction between them via Cu-Guo NRs. First, 100 µL of 4-AP (4.9 mM), 100 µL of 2,4-DP (6.1 mM), and 700 µL of acetate buffer (pH = 5.6) were mixed, and then 100 µL of Cu-Guo NRs (1 mg m   L  − 1    ) was added to them and stirred. After 1 h, the obtained mixture was centrifuged, and the corresponding absorbance spectra were recorded. As indicated in Figure 2B, the absorbance spectra of the mixture of 2,4-DP and 4-AP in the absence of Cu-Guo NRs did not present a significant peak in the visible region, while the presence of Cu-Guo NRs exhibited a sharp peak at 508 nm along with a shiny burgundy color. This spectroscopic behavior with a vivid color change from burgundy to colorless may be ascribed to a nucleophilic attack of the NH2 group of 4-AP to 2,4-DP under the SN2 substitution reaction in the presence of Cu-Guo NRs as the laccase-like enzyme in the mixture according to the proposed possible mechanism in Figure 2C [40]. It can be concluded that Cu-Guo NRs not only have excellent catalytic activity but also work based on the green chemistry principle because of the generation of H2O molecule as the only by-product during the reaction.




3.3. Principle of the Nanozyme Activity of Cu-Guo NRs in Rtn Detection


The main purpose of the study is the introduction of a new strategy for Rtn sensing based on the catalysis reaction of Cu-Guo NRs nanozyme in a relatively acidic condition. Since the hydroxyl groups in the catechol ring of Rtn are susceptible to self-oxidization and convert to ortho-quinone under slightly alkaline conditions [47,48], the catalytic reaction of this nanozyme was accompanied in the acidic medium of acetate buffer. To further investigate the assay principle of Rtn, UV–Vis spectra for each substrate and a mixture of them were recorded at 300 nm to 700 nm. As shown in Figure 3A, Cu-Guo NRs (periwinkle blue color) and a mixture of Cu-Guo NRs with acetate buffer (colorless) did not exhibit a significant absorbance peak. Moreover, CuS   O 4   , as a raw material for the synthesis of Cu-Guo NRs, did not illustrate color and sharp bonds at this range. Rtn showed two sharp bonds at 260 nm and 356 nm, as expected for the aromatic rings A and B of flavonoids (Figure 3B) [49,50]. In contrast, adding acetate buffer to Rtn enhanced the signal intensities without any shift at the peak position and did not illustrate color in the 300 nm to 700 nm range. The mixture of Cu-Guo NRs, Rtn, and acetate buffer displayed a sharp peak at 430 nm with a dark yellow color and the same signal intensity compared to Rtn. This red shift (65 nm) of Rtn’s absorbance peak with a vivid color change may be rooted in the fact that the laccase-like catalytic activity of Cu-Guo NRs regarding Rtn in relative acidic condition. Accordingly, it can be expected that two hydroxyl groups in the catechol ring (B) of Rtn are oxidized by Cu-Guo NRs, and the oxidized form of Rtn (o-quinone) results based on the proposed mechanism in Scheme 1B. The developed methodology utilizing Cu-Guo NRs in Rtn catalysis provides a vivid color tonality change from light green to dark yellow, guaranteeing a green and simple visual sensing of Rtn.




3.4. Optimization of the Measurement Conditions


To achieve a stable response, the effect of some effective parameters on the oxidation reaction of Rtn, including the type of buffer, buffer concentration, pH value, nanozyme volume, and reaction time were studied. Since Rtn is slightly oxidized in a basic medium [51], the alkaline condition is unsuitable for the Rtn assay. Therefore, acidic and neutral media were selected for more investigations. Two different types of buffers, including acetate buffer (100 mM) with pH values of 3.6, 4.6, and 5.6 and HEPES buffer (100 mM) with pH values of 6.8 and 7.8 were separately added to a solution containing Rtn (46.68 µM) and 700 µL of Cu-Guo NRs (1 mg m   L  − 1    ), and the corresponding absorbance spectra were recorded after 6 min. The results indicated that 100 mM of acetate buffer with a pH value of 5.6 had the maximum absorbance signal, suggesting this amount of acidity provides the best medium for the nanozyme activity in Rtn oxidation (Figure 3C). To explore the medium ion strength, a series of different concentrations of acetate buffer (pH = 5.6) from 5 mM to 140 mM was tested. The results showed that the absorbance signal was significantly increased by the increasing concentration of a buffer from 5 mM to 100 mM and then gradually decreased (Figure 3D). It was found that an ionic strength of more than 100 mM of the acetate buffer caused a disturbance in the nanozyme activity towards Rtn. Therefore, 100 mM was selected as the optimum concentration of the acetate buffer. Nanozyme volume as an important parameter in Rtn determination was investigated by recording the absorbance spectra of the solution containing 100 mM acetate buffer (pH = 5.6) in the presence of different volumes of Cu-Guo NRs (1 mg m   L  − 1    ) from 100 µL to 1500 µL and 46.68 µM of Rtn. The results revealed that the highest absorbance signal was obtained in 700 µL of Cu-Guo NRs, and less and more than this volume did not prepare a suitable condition for Rtn oxidation (Figure 3E). Thus, 700 µL of Cu-Guo NRs was applied for further experiments. An evaluation of various time intervals over a range of 2–10 min after Rtn addition demonstrated that the corresponding absorbance signal reached a plateau at 6 min, and this time was enough for Rtn catalysis by the nanozyme (Figure 3F). So, 6 min was selected as the optimum reaction time.




3.5. Rtn Detection


To examine the applicability of the proposed sensor regarding Rtn, a series of different concentrations of Rtn was added to the solution, and the absorbance signal difference (ΔA) before and after adding Rtn was recorded at 423 nm under optimum conditions. As shown in Figure 4A,B, the increase of Rtn concentration from 770 nM to 54.46 μM linearly corresponds to the absorption signal increase under a regression equation of ΔA = 0.017 [Rtn] + 0.0198 with a correlation coefficient (R2) of 0.9962. The detection limit (LOD) value was calculated to be 114 nM based on S/N = 3, with a relative standard deviation (RSD) value of 1.26% for triplicate. The RSD value (n = 3) of NRs-to-NRs variations (inter-day) for detection of 46.68 µM Rtn was 3.27%, indicating a satisfactory reproducibility method. It is noteworthy that the proposed sensor not only suggested the visual detection of Rtn but also presented excellent linear dynamic range (LDR) and LOD values, which are comparable with other previously reported Rtn sensors, as summarized in Table 1. Another prominent advantage of this study was the rapid and free-enzyme visual measurement of Rtn, which resulted in various color variations under a broader range from light green to light yellow and dark yellow as the naked-eye detection. The results indicated that Cu-Guo NRs had a prominent key role in the visual detection of Rtn, and no vivid concentration-dependent color variations were achieved in the absence of this nanozyme. The herein-described methodology for nanozyme synthesis and its applicability in the visual detection of Rtn is cost-effective, relatively fast, and based on green chemistry principles, which may promise a huge revolution for the Rtn assay in various matrixes.




3.6. Selectivity and Anti-Interference Study


To examine the selectivity of the sensor, some common interfering species for Rtn determination were tested. The corresponding spectra for Qur (33.08 µM), AA (567.79 µM), and GA (235.13 µM) and various ions, including    K +    (2.558 mM),     Na  +    (4.349 mM),     Cl  −    (2.820 mM),     Br  −    (1.251 mM),     Ni   2 +     (1.703 mM),     Co   2 +     (1.696 mM),     Zn   2 +     (1.529 mM),     Cd   2 +     (8.895 mM),     Cu   2 +     (1.573 mM),     Pb   2 +     (0.482 mM), and     Mg   2 +     (4.114 mM) were separately recorded under the optimized conditions. The results in Figure 4C reveal that the sensor response for all substances with a concentration more than Rtn (16.38 µM) is negligible, promising acceptable selectivity for the Rtn assay in different complex matrixes.




3.7. Real Sample Analysis


The applicability of the developed sensor for Rtn monitoring in some samples such as propolis dry extract, Rtn-containing dietary supplement tablet, human urine, and plasma samples as the real samples were evaluated. The samples were prepared according to the described procedures in the “Preparation of real samples”. First, 200 µL of the obtained samples was separately analyzed by the proposed sensor under the standard addition method, and the Rtn concentration was calculated in each sample. As listed in Table 2, the resulting concentrations agreed with the real concentrations. The concentration of Rtn in the propolis dry extract and dietary supplement tablet were, respectively, 9.42% and 18.38 mg per tablet. The estimated satisfactory recovery confirmed the acceptable feasibility and applicability of the proposed sensor for accurate colorimetric measurements of Rtn.





4. Conclusions


A sensitive and enzyme-free colorimetric procedure was proposed for the visual detection of Rtn for the first time. The assay principle mainly relies on the fact that Cu-Guo NRs present a laccase-mimicking nanozyme regarding Rtn and oxidizes Rtn in the relatively acidic conditions by the spectra profile change. The developed methodology facilitated the visual assay of Rtn through the distinct color tonality change from light green to dark yellow and implied the absence of Cu-Guo NRs did not result in a vivid concentration-dependent color variation. The results revealed a broad linearity of the calibration curve for Rtn monitoring with a low LOD compared to other reported sensors and acceptable accuracy in the real samples, including Rtn-containing dietary supplement tablets, propolis dry extract, human urine, and plasma samples. Since the applied strategy by utilizing the laccase-mimicking nanozyme of Cu-Guo NRs for the naked-eye monitoring of Rtn does not need complicated instruments, expensive materials, or skilled personnel, this strategy may promise to extend the portable sensors for the routine analysis of Rtn in complex matrixes.







Author Contributions


K.D.-R. and K.A. acquired various electrochemical data; F.S.-F. conceived the original idea, read and edited the manuscript. A.S. provided advice, expertise, reagents, and materials, and read and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


We gratefully acknowledge the support of Yasouj University for this study.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We gratefully acknowledge the support of Yasouj University for this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gholivand, M.B.; Mohammadi-Behzad, L.; Hosseinkhani, H. Application of a Cu–chitosan/multiwalled carbon nanotube film-modified electrode for the sensitive determination of rutin. Anal. Biochem. 2016, 493, 35–43. [Google Scholar] [CrossRef]

	



Ganeshpurkar, A.; Saluja, A.K. The Pharmacological Potential of Rutin. Saudi Pharm. J. 2017, 25, 149–164. [Google Scholar] [CrossRef]

	



Zielinska, D.; Szawara-Nowak, D.; Zielinski, H. Determination of the antioxidant activity of rutin and its contribution to the antioxidant capacity of diversified buckwheat origin material by updated analytical strategies. Pol. J. Food Nutr. Sci. 2010, 60, 315. [Google Scholar]

	



Chen, S.-S.; Gong, J.; Liu, F.-T.; Mohammed, U. Naturally occurring polyphenolic antioxidants modulate IgE-mediated mast cell activation. Immunology 2000, 100, 471–480. [Google Scholar] [CrossRef]

	



Ihme, N.; Kiesewetter, H.; Jung, F.; Hoffmann, K.H.; Birk, A.; Müller, A.; Grützner, K.I. Leg oedema protection from a buckwheat herb tea in patients with chronic venous insufficiency: A single-centre, randomised, double-blind, placebo-controlled clinical trial. Eur. J. Clin. Pharmacol. 1996, 50, 443–447. [Google Scholar] [CrossRef]

	



Deschner, E.E.; Ruperto, J.; Wong, G.; Newmark, H.L. Quercetin and rutin as inhibitors of azoxymethanol-induced colonic neoplasia. Carcinogenesis 1991, 12, 1193–1204. [Google Scholar] [CrossRef]

	



Panasiak, W.; Wleklik, M.; Oraczewska, A.; Luczak, M. Influence of flavonoids on combined experimental infections with EMC virus and Staphylococcus aureus in mice. Acta Microbiol. Pol. 1989, 38, 185–188. [Google Scholar] [PubMed]

	



Liu, S.F. Sensitive Fluorometric Method for the Determination of Rutin in Combined Tablet Dosage Form. Indian J. Pharm. Sci. 2013, 75, 614–618. [Google Scholar]

	



Park, S.-Y.; Bok, S.-H.; Jeon, S.-M.; Park, Y.B.; Lee, S.-J.; Jeong, T.-S.; Choi, M.-S. Effect of rutin and tannic acid supplements on cholesterol metabolism in rats. Nutr. Res. 2001, 22, 283–295. [Google Scholar] [CrossRef]

	



Gitler, A.D.; Dhillon, P.; Shorter, J. Neurodegenerative disease: Models, mechanisms, and a new hope. Dis. Model. Mech. 2017, 10, 499–502. [Google Scholar] [CrossRef]

	



Hindle, J.V. Ageing, neurodegeneration and Parkinson’s disease. Age Ageing 2010, 39, 156–161. [Google Scholar] [CrossRef]

	



Shahdost-Fard, F.; Roushani, M. Applicability of a nanocomposite consists of quantum dot and silver nanoparticle (AgNP/QD) in the modeling of a BCM-7 aptasensor in early distinguish of autism underlying rutin as a green redox probe. Microchem. J. 2020, 159, 105514. [Google Scholar] [CrossRef]

	



Shahdost-Fard, F.; Roushani, M. Designing an ultra-sensitive aptasensor based on an AgNPs/thiol-GQD nanocomposite for TNT detection at femtomolar levels using the electrochemical oxidation of Rutin as a redox probe. Biosens. Bioelectron. 2017, 87, 724–731. [Google Scholar] [CrossRef]

	



Shen, Y.; Yin, H.; Chen, B.; Xia, G.; Yang, H.; Jia, X. Validated reversed phase-high performance liquid chromatography-diode array detector method for the quantitation of Rutin, a natural immunostimulant for improving survival in aquaculture practice, in toonea sinensis folium. Pharmacogn. Mag. 2012, 8, 49–53. [Google Scholar] [CrossRef] [PubMed]

	



Memon, A.F.; Solangi, A.R.; Memon, S.Q.; Mallah, A.; Memon, N.; Memon, A.A. Simultaneous Determination of Quercetin, Rutin, Naringin, and Naringenin in Different Fruits by Capillary Zone Electrophoresis. Food Anal. Methods 2017, 10, 83–91. [Google Scholar] [CrossRef]

	



Li, S.; Zhang, L.; Chen, L.; Zhong, Y.; Ni, Y. Determination of rutin by chemiluminescence based on a luminol–potassium periodate–ZnSe system. Anal. Methods 2016, 8, 4056–4063. [Google Scholar] [CrossRef]

	



Lu, Y.; Gao, B.; Chen, P.; Charles, D.; Yu, L. Characterisation of organic and conventional sweet basil leaves using chromatographic and flow-injection mass spectrometric (FIMS) fingerprints combined with principal component analysis. Food Chem. 2014, 154, 262–268. [Google Scholar] [CrossRef]

	



Yin, H.; Zhou, Y.; Cui, L.; Liu, T.; Ju, P.; Zhu, L.; Ai, S. Sensitive voltammetric determination of rutin in pharmaceuticals, human serum, and traditional Chinese medicines using a glassy carbon electrode coated with graphene nanosheets, chitosan, and a poly(amido amine) dendrimer. Microchim. Acta 2011, 173, 337–345. [Google Scholar] [CrossRef]

	



Freitas, K.H.G.; Fatibello-Filho, O.; De Mattos, I.L. Square-wave voltammetric determination of rutin in pharmaceutical formulations using a carbon composite electrode modified with copper (II) phosphate immobilized in polyester resin. Braz. J. Pharm. Sci. 2012, 48, 639–649. [Google Scholar] [CrossRef]

	



Xu, H.; Li, Y.; Tang, H.-W.; Liu, C.-M.; Wu, Q.-S. Determination of Rutin with UV-Vis Spectrophotometric and Laser-Induced Fluorimetric Detections Using a Non-Scanning Spectrometer. Anal. Lett. 2010, 43, 893–904. [Google Scholar] [CrossRef]

	



Pınar, P.T.; Yardım, Y.; Şentürk, Z. Voltammetric behavior of rutin at a boron-doped diamond electrode. Its electroanalytical determination in a pharmaceutical formulation. Cent. Eur. J. Chem. 2013, 11, 1674–1681. [Google Scholar] [CrossRef]

	



Zhong, T.; Guo, Q.; Yin, Z.; Zhu, X.; Liu, R.; Liu, A.; Huang, S. Polyphenol oxidase/gold nanoparticles/mesoporous carbon-modified electrode as an electrochemical sensing platform for rutin in dark teas. RSC Adv. 2019, 9, 2152–2155. [Google Scholar] [CrossRef]

	



Dai, Y.; Row, K.H. Determination of Rutin from Ginkgo biloba L. Leaves by Ultrasound-Assisted Extraction with Natural Deep Eutectic Solvent-Based Cellulose Polymers and High-Performance Liquid Chromatography (HPLC). Anal. Lett. 2022, 55, 566–579. [Google Scholar] [CrossRef]

	



Sinduja, B.; John, S.A. Sensitive determination of rutin by spectrofluorimetry using carbon dots synthesized from a non-essential amino acid. Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 2018, 193, 486–491. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Hu, J.; Zeng, Y.; Zhu, Y.; Wang, H.; Lei, X.; Huang, S.; Guo, L.; Li, L. Electrochemical determination of rutin based on molecularly imprinted poly (ionic liquid) with ionic liquid-graphene as a sensitive element. Sens. Actuators B Chem. 2020, 311, 127911. [Google Scholar] [CrossRef]

	



Smirnova, L.A.; Suchkov, E.A.; Kuznetsov, K.A.; Ryabukha, A.F.; Perfilova, V.N.; Popova, T.A.; Tyurenkov, I.N.; Bychenkova, M.A.; Latypova, G.M.; Kataev, V.A. Quantitative Determination of Rutin in Biological Samples of Rats Upon Administration of Primula veris L. Herbal Dense Extract. Pharm. Chem. J. 2021, 54, 1235–1238. [Google Scholar] [CrossRef]

	



Rohani, T.; Ghaderi, A. Electrochemical Behavior and Determination of Rutin at the Copper Nanoparticles-Doped Zeolite A/Graphene Oxide-Modified Electrode. J. Anal. Chem. 2018, 73, 277–282. [Google Scholar] [CrossRef]

	



Azadkish, K.; Shokrollahi, A. Simultaneous determination and extraction of illegal dyes Sudan orange G and Sudan red 7B using ultrasonic assisted dispersive liquid–liquid microextraction based on deep eutectic solvent followed by derivative UV-VIS spectrophotometry. Int. J. Environ. Anal. Chem. 2022, 1–17. [Google Scholar] [CrossRef]

	



Li, M.; Singh, R.; Soares, M.S.; Marques, C.; Zhang, B.; Kumar, S. Convex fiber-tapered seven core fiber-convex fiber (CTC) structure-based biosensor for creatinine detection in aquaculture. Opt. Express 2022, 30, 13898–13914. [Google Scholar] [CrossRef]

	



Wang, Z.; Singh, R.; Marques, C.; Jha, R.; Zhang, B.; Kumar, S. Taper-in-taper fiber structure-based LSPR sensor for alanine aminotransferase detection. Opt. Express 2021, 29, 43793–43810. [Google Scholar] [CrossRef]

	



Wang, Z.; Singh, R.; Zhang, B.; Kumar, S. SMF tapered fiber/AuNPs/ZnO based sensor for detection of acetylcholine. In Optics in Health Care and Biomedical Optics XI; Luo, Q., Li, X., Gu, Y., Zhu, D., Eds.; SPIE-International Society of Optical Engineering: Bellingham, WA, USA, 2021; Volume 11900, p. 119003D. [Google Scholar]

	



Kumar, S.; Singh, R.; Kaushik, B.K.; Chen, N.-K.; Yang, Q.S.; Zhang, X. LSPR-Based Cholesterol Biosensor Using Hollow Core Fiber Structure. IEEE Sens. J. 2019, 19, 7399–7406. [Google Scholar] [CrossRef]

	



Kumar, S.; Wang, Y.; Li, M.; Wang, Q.; Malathi, S.; Marques, C.; Singh, R.; Zhang, B. Plasmon-Based Tapered-in-Tapered Fiber Structure for p-Cresol Detection: From Human Healthcare to Aquaculture Application. IEEE Sens. J. 2022, 22, 18493–18500. [Google Scholar] [CrossRef]

	



Alizadeh, N.; Ghasemi, S.; Salimi, A.; Sham, T.-K.; Hallaj, R. CuO nanorods as a laccase mimicking enzyme for highly sensitive colorimetric and electrochemical dual biosensor: Application in living cell epinephrine analysis. Colloids Surf. B Biointerfaces 2020, 195, 111228. [Google Scholar] [CrossRef]

	



Shahdost-Fard, F.; Fahimi-Kashani, N.; Hormozi-Nezhad, M. A ratiometric fluorescence nanoprobe using CdTe QDs for fast detection of carbaryl insecticide in apple. Talanta 2021, 221, 121467. [Google Scholar] [CrossRef]

	



Orouji, A.; Abbasi-Moayed, S.; Hormozi-Nezhad, M.R. ThThnated Development of a pH assisted AgNP-based colorimetric sensor Array for simultaneous identification of phosalone and azinphosmethyl pesticides. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 219, 496–503. [Google Scholar] [CrossRef]

	



Najafzadeh, F.; Ghasemi, F.; Hormozi-Nezhad, M.R. Anti-aggregation of gold nanoparticles for metal ion discrimination: A promising strategy to design colorimetric sensor arrays. Sens. Actuators B Chem. 2018, 270, 545–551. [Google Scholar] [CrossRef]

	



Jones, S.M.; Solomon, E.I. Electron transfer and reaction mechanism of laccases. Cell. Mol. Life Sci. 2015, 72, 869–883. [Google Scholar] [CrossRef] [PubMed]

	



Mate, D.M.; Alcalde, M. Laccase engineering: From rational design to directed evolution. Biotechnol. Adv. 2015, 33, 25–40. [Google Scholar] [CrossRef] [PubMed]

	



Liang, H.; Lin, F.; Zhang, Z.; Liu, B.; Jiang, S.; Yuan, Q.; Liu, J. Multicopper Laccase Mimicking Nanozymes with Nucleotides as Ligands. ACS Appl. Mater. Interfaces 2017, 9, 1352–1360. [Google Scholar] [CrossRef]

	



Ren, X.; Liu, J.; Ren, J.; Tang, F.; Meng, X. One-pot synthesis of active copper-containing carbon dots with laccase-like activities. Nanoscale 2015, 7, 19641–19646. [Google Scholar] [CrossRef] [PubMed]

	



Ma, H.; Zheng, N.; Chen, Y.; Jiang, L. Laccase-like catalytic activity of Cu-tannic acid nanohybrids and their application for epinephrine detection. Colloids Surf. A Physicochem. Eng. Asp. 2021, 613, 126105. [Google Scholar] [CrossRef]

	



Tran, T.D.; Nguyen, P.T.; Le, T.N.; Kim, M.I. DNA-copper hybrid nanoflowers as efficient laccase mimics for colorimetric detection of phenolic compounds in paper microfluidic devices. Biosens. Bioelectron. 2021, 182, 113187. [Google Scholar] [CrossRef] [PubMed]

	



De Carli, L.; Schnitzler, E.; Ionashiro, M.; Szpoganicz, B.; Rosso, N.D. Equilibrium, thermoanalytical and spectroscopic studies to characterize phytic acid complexes with Mn(II) and Co(II). J. Braz. Chem. Soc. 2009, 20, 1515–1522. [Google Scholar] [CrossRef]

	



Ogawa, H. Orientation of benzoic acid and terephthalic acid on an alumina surface and their reactivities observed by infrared spectroscopy. J. Phys. Org. Chem. 1991, 4, 346–352. [Google Scholar] [CrossRef]

	



Mohandoss, S.; Atchudan, R.; Edison, T.N.J.I.; Mandal, T.K.; Palanisamy, S.; You, S.; Napoleon, A.A.; Shim, J.-J.; Lee, Y.R. Enhanced solubility of guanosine by inclusion complexes with cyclodextrin derivatives: Preparation, characterization, and evaluation. Carbohydr. Polym. 2019, 224, 115166. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Yang, M.; Li, Y.; Jiang, Q.; Liu, S.; Jiao, K. Electrochemical behavior and determination of rutin on a pyridinium-based ionic liquid modified carbon paste electrode. J. Pharm. Biomed. Anal. 2008, 48, 1326–1331. [Google Scholar] [CrossRef]

	



Timbola, A.K.; Souza, C.D.; Soldi, C.; Pizzolatti, M.G.; Spinelli, A. Electro-oxidation of rutin in the presence of p-toluenesulfinic acid. J. Appl. Electrochem. 2007, 37, 617–624. [Google Scholar] [CrossRef]

	



Kumar, S.; Pandey, A.K. Chemistry and Biological Activities of Flavonoids: An Overview. Sci. World J. 2013, 2013, 162750. [Google Scholar] [CrossRef]

	



Bondarev, S.L.; Knyukshto, V.N. Fluorescence and phosphorescence of rutin. J. Lumin 2013, 142, 236–240. [Google Scholar] [CrossRef]

	



Lin, L.-M.; Wu, H.-Y.; Li, W.-S.; Chen, W.-L.; Lee, Y.-J.; Wu, D.C.; Li, P.; Yeh, A. Kinetic studies of the oxidation of quercetin, rutin and taxifolin in the basic medium by (ethylenediaminetetraacetato) cobalt(III) complex. Inorg. Chem. Commun. 2010, 13, 633–635. [Google Scholar] [CrossRef]

	



Arvand, M.; Shabani, A.; Ardaki, M.S. A New Electrochemical Sensing Platform Based on Binary Composite of Graphene Oxide-Chitosan for Sensitive Rutin Determination. Food Anal. Methods 2017, 10, 2332–2345. [Google Scholar] [CrossRef]

	



Wang, C.; Wang, Q.; Zhong, M.; Kan, X. Boronic acid based imprinted electrochemical sensor for rutin recognition and detection. Analyst 2016, 141, 5792–5798. [Google Scholar] [CrossRef] [PubMed]








[image: Biosensors 13 00374 sch001 550] 





Scheme 1. (A) The synthesis process of Cu-Guo NRs as the nanozyme and (B) the sensing strategy of the proposed sensor using Cu-Guo NRs for Rtn measurement. 






Scheme 1. (A) The synthesis process of Cu-Guo NRs as the nanozyme and (B) the sensing strategy of the proposed sensor using Cu-Guo NRs for Rtn measurement.



[image: Biosensors 13 00374 sch001]







[image: Biosensors 13 00374 g001 550] 





Figure 1. (A,B) SEM images, (C–E) EDX analysis and elemental mapping, and (F) TEM image of the synthesized Cu-Guo NRs. 
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Figure 2. (A) FTIR spectra of phytic acid, terephthalic acid, Guo, and Cu-Guo NRs. (B) The absorbance spectra of NRs, the mixture of NRs and acetate buffer, and 2,4-DP and 4-AP in the absence and presence of NRs nanozyme with their corresponding images, and (C) a proposed reaction mechanism of 2,4-DP and 4-AP catalyzed by Cu-Guo NRs nanozyme. 
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Figure 3. (A) UV–Vis spectra of the different solutions: 700 µL of Cu-Guo NRs (1 mg m   L  − 1    ), Rtn (46.68 μM), 700 µL of Cu-Guo NRs (1 mg m   L  − 1    ) in the presence of acetate buffer (100 mM, pH of 5.6); Rtn (46.68 μM) in the presence of acetate buffer (100 mM, pH of 5.6); Rtn (46.68 μM) in the presence of acetate buffer (100 mM, pH of 5.6); and 700 µL of NRs (1 mg m   L  − 1    ) and CuSO4 (800 μM) with their corresponding images (from top to down). (B) The proposed possible sensing strategy of Rtn based on the catalytic oxidation reaction by Cu-Guo NRs. The effect of the (C) buffer type in a solution containing acetate buffer (100 mM) with different pH values of 3.6, 4.6, and 5.6 and HEPES buffer (100 mM) with different pH values from 6.8 to 7.8, in the presence of Rtn (46.68 µM) and 700 µL of Cu-Guo NRs (1 mg m   L  − 1    ). (D) Buffer concentration in a solution containing acetate buffer (pH of 5.6) with different concentrations from 5 mM to 140 mM, Rtn (46.68 μM) and 700 µL of Cu-Guo NRs (1 mg m   L  − 1    ). (E) Nanozyme volume in a solution containing 100 mM of acetate buffer (pH of 5.6) and various volumes of Cu-Guo NRs from 100 µL to 1500 µL and Rtn (46.68 μM). (F) Reaction time from 2 min to 10 min for a solution containing 100 mM of acetate buffer (pH of 5.6) and Rtn (46.68 µM) and 700 µL of Cu-Guo NRs (1 mg m   L  − 1    ). 
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Figure 4. (A) UV–Vis spectra of different concentrations of Rtn including 0, 0.77, 1.56, 3.11, 4.67, 6.22, 9.34, 12.45, 15.56, 23.34, 31.12, 38.9, 46.68, and 54.46 µM in the presence of Cu-Guo NRs nanozyme under optimum condition (from bottom to top). (B) Calibration curve resulting from the change of the absorbance signal (ΔA) vs. different concentrations of Rtn with low error bar values, along with the recorded images for different concentration of Rtn in the presence and absence of nanozyme. (C) The absorbance spectra of the sensor response in the presence of common interfering species such as Qur (33.08 µM), AA (567.79 µM), and GA (235.13 µM) and various ions including    K +    (2.558 mM),     Na  +    (4.349 mM),     Cl  −    (2.820 mM),     Br  −    (1.251 mM),     Ni   2 +     (1.703 mM),     Co   2 +     (1.696 mM),     Zn   2 +     (1.529 mM),     Cd   2 +     (8.895 mM),     Cu   2 +     (1.573 mM),     Pb   2 +     (0.482 mM), and     Mg   2 +     (4.114 mM) in the determination of 16.38 µM Rtn. 
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Table 1. Rtn detection based on the proposed colorimetric sensor and other reported sensors.
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	Material/Probe
	Method
	LDR

(μM)
	LOD

(μM)
	RSD%
	pH
	Sample
	Time
	Ref.





	Chemically cross-linked Cu-CHIT 1/MWCNT 2 on GCE 3
	Electrochemically
	0.05–100
	0.01
	2.43
	0.04 M Britton–Robinson buffer (pH = 3)
	Orange, lemon, lime, apple
	40 s
	[1]



	Carbon composite electrode modified with Cu (II) phosphate immobilized in a polyester resin
	Electrochemically
	0.098–2.50
	0.011
	-
	0.1 M phosphate buffer/ethanol

(pH = 6.9)
	Pharmaceutical formulations
	-
	[19]



	MIP 4 with IL 5-Gr 6
	Electrochemically
	0.029–1.0
	0.001
	3.05
	0.04 M Britton–Robinson buffer (pH = 2.0)
	Tablet
	10 min
	[25]



	Boron-doped diamond electrode
	Electrochemically
	0.016–0.164
	0.0028
	3.5
	0.1 M Britton–Robinson buffer

(pH = 4)
	Dietary supplement products
	1 min
	[21]



	Polyphenol oxidase/AuNPs 7/mesoporous carbon-modified electrode
	Electrochemically
	1.50–28.00
	0.51
	4.6
	0.1 M phosphate buffered saline (pH = 2)
	Dark teas
	-
	[22]



	Cu-zeolite A/Gr on GCE
	Electrochemically
	0.23–2500
	0.12
	1.1–2.1
	oxalate buffer (pH 4.5)
	Urine
	-
	[27]



	GO-CHIT/GCE
	Electrochemically
	0.9–90
	0.56
	1.81
	citrate buffer (pH = 4.5)
	Fruits
	25 s
	[52]



	MIP/MWCNTs/GCE
	Electrochemically
	0.4–10
	0.11
	3.01
	buffer

(pH = 8.0)
	Tablet
	10 min
	[53]



	Mobile phase
	HPLC
	1.64–819.0
	0.16
	-
	-
	Ginkgo biloba L. Leaves
	40 min
	[23]



	Mobile phase
	HPLC
	0.82–40.95
	0.16
	-
	50 mM buffer KH2PO4

(pH = 4.6)
	Blood plasma, cardiomyocytes, and mitochondria of cardiomyocytes
	6–6.5 min
	[26]



	CDs 8
	Spectrofluorimetry
	0.30–9.16
	0.098
	-
	-
	Tablet
	-
	[24]



	Rutin-Al (III) complex
	Spectrophotometry and fluorimetry
	4.09–36.85 and 6.55–39.31
	0.11 and 0.12
	1.06 and 1.40
	acetic acid buffer

(pH = 4.8)
	Tablet
	-
	[20]



	Complex with ytterium (III)
	Fluorimetry
	0.02–1.96
	0.0021
	1.6
	Tris-HCl buffer

(pH = 9.5)
	Tablet
	-
	[8]



	Cu-Guo NRs
	Spectrophotometry and visually
	0.77–54.46
	0.114
	1.26
	acetate buffer

(pH = 5.6)
	Blood plasma, urine, tablet, dry propolis extract
	6 min
	This Study







1 Chitosan, 2 multi-walled carbon nanotubes, 3 glassy carbon electrode, 4 molecularly imprinted poly, 5 ionic liquid, 6 graphene, 7 gold nanoparticles, 8 carbon dots.
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Table 2. Determination of Rtn in various real samples by the developed sensor.
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	Sample
	Regression Equation
	R2
	Added/

Contained

(µM)
	Found

(µM)
	Recovery %
	RSD





	Tablet
	A = 0.0166 X + 0.0383
	0.9989
	0

8.19

16.38
	3.78

12.33

19.82
	-

104.4

97.9
	2.41

1.89

2.09



	Propolis
	A = 0.0156 X + 0.0981
	0.9991
	0

8.19

16.38
	10.29

18.39

25.96
	-

99

95.7
	2.03

3.26

4.48



	Urine (1)
	A = 0.0211 X + 0.0014
	0.9992
	0

8.19

16.38
	N.D.

8.43

15.95
	-

103

97.4
	-

3.21

2.49



	Urine (2)
	A = 0.0199 X + 0.002
	0.999
	0

8.19

16.38
	N.D.

8.45

15.95
	-

103.2

97.4
	-

2.55

3.93



	Plasma
	A = 0.0180 X + 0.0042
	0.9996
	0

8.19

16.38
	N.D.

8.075

16.72
	-

98.66

102.11
	-

1.92

3.47
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