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Abstract

:

Developing a convenient detection method for dopamine holds a significant incentive due to its high clinical significance. Herein, we synthesize crystalline MnOOH nanowires (MNWs) via a simple solvothermal treatment of KMnO4 and demonstrate that they possess excellent oxidase-like activity owing to the presence of pure Mn3+ sites on the MNWs. Particularly, MNWs catalyze the rapid oxidation of dopamine into aminochromes, which show a vivid brown color. The dopamine oxidase-like activity of MNWs follows the typical Michaelis–Mentenkinetics with excellent storage stability. Based on the affirmative catalytic features, a paper dipstick incorporating MNWs in the detection zone is constructed for the one-step colorimetric detection of target dopamine. By immersing the dipstick into the sample solution for 30 min, the sample spontaneously moves to the detection zone due to capillary force, yielding a brown color proportional to the amount of dopamine, which is quantified from an image acquired using a smartphone. With the MNW-containing solution-based assay and MNW-incorporated paper dipstick, dopamine is successfully determined with high selectivity, sensitivity, and detection precision when using spiked human serum and pharmaceutical dopamine injection samples, respectively. Successful analytical values such as the dynamic linear ranges of 3–60 μM and 0.05–7 mM are achieved with the solution-based assay and paper dipstick, respectively, along with excellent detection accuracy (95–99%) and precision (1.0–3.1%). Hence, we developed a simple and efficient nanozyme-based paper dipstick biosensor for dopamine that can be used in point-of-care testing environments.
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1. Introduction


Dopamine is a main catecholamine neurotransmitter produced and stored in dopaminergic neurons in the midbrain [1]. Many cognitive and motor functions are driven by the involvement of dopamine. Thus, abnormally high or low levels of physiological dopamine have been recognized as important markers of many serious symptoms and diseases, such as Parkinson’s disease, Alzheimer’s disease, epilepsy, and schizophrenia [2]. Dopamine has also been considered a neurotoxin because of its oxidation and continuing catabolic reactions to aminochromes, protofibrils, and leukoaminochrome-o-semiquinone radicals, causing detrimental effects on the nervous system [3]. Thus, efficient detection of physiological dopamine is essential. Moreover, as intravenous injection of dopamine hydrochloride has been frequently prescribed for treating many symptoms related to dopamine dysregulation, appropriate analytical methods for the quality control of dopamine dosage are required [4,5].



Several methods have been utilized for the sensitive and reliable determination of dopamine, such as high-performance liquid chromatography [6,7], capillary electrophoresis [8,9], and mass spectroscopy [10]; however, these methods require expensive instrumentation and sophisticated procedures, which are not suitable in resource-limited environments [11]. For simpler manipulation, operated with cheaper equipment, electrochemical, fluorescent, surface plasmon resonance (SPR), and colorimetric sensors have been developed. Electrochemical and fluorescent dopamine sensors generally display high sensitivity; however, their selectivity is frequently affected by co-existing species in physiological fluids, such as ascorbic and uric acids [12,13]. Although SPR sensors are label-free and simple to perform, their sensitivity is often limited owing to the instability of the noble metal nanoparticles involved, which easily aggregate under diverse assay environments [14]. Although colorimetric methods may yield limited sensitivity depending on the recognition capability of color gradients, they provide a naked-eye readout with the simplest procedures, which is highly beneficial for realizing dopamine diagnostics in point-of-care testing (POCT) environments.



Diverse colorimetric methods for the detection of dopamine have been reported. Among them, enzymatic strategies have been the most widely employed because natural enzymes, such as tyrosinase, horseradish peroxidase, laccase, and phenolic oxidase, can catalyze various colorimetric reactions with high selectivity and sensitivity [15]. Nevertheless, the instability of natural enzymes under diverse reaction and storage conditions and their high production and purification costs have hindered their widespread application. In this regard, nanomaterial-based enzyme mimics (nanozymes) have attracted considerable attention due to their superior robustness and stability, high and tunable catalytic activity, and low synthesis costs. Recently, colorimetric dopamine detection strategies based on nanozymes have been intensively studied. For example, peroxidase-like nanozymes, such as BSA-stabilized Au nanoclusters [12] or Pt-decorated boron nitride nanosheets [16], were utilized for the colorimetric detection of dopamine with the involvement of chromogenic substrates, such as 3,3′,5,5′-tetramethylbenzidine (TMB), to produce corresponding color responses. Several nanozymes that catalyze the direct oxidation of dopamine in the presence or absence of H2O2 were also reported. Cu2+ or Fe3+-based nucleoapzymes were proven to catalyze the oxidation of dopamine into aminochrome in the presence of H2O2 [17]. Hybrid nanoflowers incorporating copper phosphate crystals and aromatic phenanthroline derivatives show oxidase-like activity toward several phenolic compounds, including dopamine, in the absence of H2O2 [18]. Hierarchical manganese dioxide-copper phosphate hybrid nanoflowers were reported to show laccase-like activity, enabling the colorimetric detection of dopamine with the involvement of 4-aminoantipyrine as a chromogenic substrate [19]. Although these examples reveal the potential of nanozymes for the development of colorimetric dopamine sensors, further research is required to develop more efficient nanozymes and biosensing devices, which will facilitate their practical applications, particularly in POCT environments, without the involvement of additional chromogenic substrates, oxidizing agents like H2O2, or detection instrumentation.



Herein, we develop a highly efficient oxidase-like nanozyme, manganese oxyhydroxide (MnOOH) nanowires (MNWs), by a simple solvothermal method using potassium permanganate (KMnO4) and dimethylformamide (DMF) as the precursor and reducing agent, respectively. Traditional Mn-based nanozymes showed oxidase-like activity; however, they are primarily in the form of MnO2 or Mn3O4, which contain mixed valences of Mn3+ and Mn4+ [20,21]. Unlike traditional Mn-based nanozymes, the synthesized MNWs are composed of pure Mn3+, which is further reduced and shows higher oxidase-like activity. In this study, we demonstrate that the synthesized MNWs possess high oxidase-like activity, as they quickly oxidize a series of organic substrates, including TMB, to produce a colored end product without any oxidizing agent (e.g., H2O2). Importantly, the MNWs catalyzes the rapid oxidation of dopamine into aminochromes, which exhibit a vivid brown color. Based on the dopamine oxidase-like activity, a paper dipstick containing MNWs on its detection zone is designed and developed, which could be used for the convenient colorimetric determination of dopamine. By using the MNW-incorporated paper dipstick, pharmaceutical dopamine injections are rapidly, selectively, and sensitively determined by simply immersing the device in a sample solution. Compared to those previously reported, MNW-incorporated paper dipsticks may be the most practical and cost-effective dopamine sensors. They also offer long-term stability and adequate detection accuracy and precision; thus, they should find use in facility-limited or POCT environments.




2. Materials and Methods


2.1. Reagents and Materials


KMnO4, DMF, potassium chloride, sodium chloride, magnesium chloride, calcium chloride, glucose, maltose, several amino acids (lysine, cysteine, glycine, alanine, tyrosine, histidine), bovine serum albumin (BSA), acetylcholine, uric acid, ascorbic acid, tetraethyl orthosilicate (TEOS), human serum, TMB, o-phenylenediamine (OPD), 3,3′-diaminobenzidine (DAB), and dopamine hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were of analytical grade and used without further purification. All solutions were prepared using deionized (DI) water purified using a Milli-Q Purification System (Millipore, Darmstadt, Germany).




2.2. Synthesis and Characterization of MNWs


MNWs were synthesized by the solvothermal method with a slight modification [22]. In brief, 60 mL of DMF was used as the solvent for dissolving 0.8 g KMnO4, after which the mixture was placed in the coil of a 100 mL Teflon-lined pressure vessel. The vessel was placed in a stainless-steel autoclave, which had been adjusted to 120 °C for 10 h to acquire the proper environment for solvothermal processing. After heating at constant pressure, the material was handled by removing the residual precursors. The synthesized solution was centrifuged at 12,000 rpm for 10 min and washed several times with ethanol to collect the precipitate. The MNWs were finally obtained by vacuum drying the precipitates for 1 d at 60 °C.



The morphology of the MNWs was characterized by scanning electron microscopy (SEM; Hitachi S-4700, Tokyo, Japan) and transmission electron microscopy (TEM; FEI, Tecnai, OR, USA). The MNW powder was suspended in water at 0.1 mg/mL and then dropped onto silicon wafers, followed by air drying for SEM analysis. An aqueous solution of MNWs was sonicated for 15 min for TEM analysis, dropped onto carbon-coated copper TEM grids, and air-dried overnight. The techniques of high-resolution TEM (HR-TEM) and energy-dispersive X-ray spectroscopy (EDS) were combined, with the TEM system to observe the crystal structure and constituent elements of the MNWs, respectively. Fourier-transform infrared (FT-IR) spectra of the MNWs were obtained using an FT-IR spectrophotometer (FT/IR-4600, JASCO, Easton, MD, USA). X-ray diffraction (XRD) analysis (D/MAX-2500, Rigaku Corporation, Tokyo, Japan) was employed for an intensive study of the MNWs’ crystallography. The electronic structures of the MNWs were analyzed using X-ray photoelectron spectroscopy (XPS; Sigma Probe, Thermo Scientific, Fitchburg, WI, USA).




2.3. Assessment of the Oxidase-like Activity of MNWs


The oxidase-like activity of MNWs was examined using TMB, OPD, or DAB as a substrate. Colorimetric substrates (100 µL, 5 mM TMB, OPD, or DAB) and MNWs (100 µL, 1 mg/mL) were added to sodium acetate buffer (800 µL, 20 mM, pH 4). After 15 min of incubation at room temperature (RT), the mixture was centrifuged at 10,000 rpm for 2 min, and the supernatant was transferred into a transparent 96-well plate to scan the respective absorbance using a microplate reader (Synergy H1, BioTek, Winooski, VT, USA), serviced by the Center for Bionano Materials Research at Gachon University (Seongnam, Republic of Korea). The dopamine oxidase-like activity of the MNWs, was evaluated using dopamine as the substrate. Briefly, dopamine (100 μL, 10 mM) and MNWs (100 μL, 1 mg/mL) were added to a sodium phosphate buffer (800 μL, 20 mM, pH 8). Afterwards, the mixture was incubated at 40 °C for 15 min. Oxidized dopamine was monitored by measuring the absorbance at 470 nm.



Steady-state kinetic assays were conducted to elucidate the dopamine oxidase-like catalytic activity of the MNWs. In this experiment, dopamine at diverse concentrations (31.25, 62.5, 125, 250, 500, 700, 1000, 1400, and 1800 µM) was mixed with MNWs at 0.1 mg/mL in sodium phosphate buffer (20 mM, pH 8). The reaction was performed in a transparent 96-well plate for recording kinetic behaviors at 40 °C. The kinetic parameters were calculated using the Lineweaver–Burk plot and Michaelis–Menten equation, presented as ν = Vmax × [S]/(Km + [S]), where ν is the initial velocity, Vmax is the maximal velocity, [S] is the substrate concentration, and Km is the Michaelis constant.




2.4. Colorimetric Detection of Dopamine Using a Solution-Based Assay


Dopamine was detected using a solution-based assay in a reaction tube as follows: Dopamine at diverse concentrations (500 μL) was mixed with MNWs (1 mg/mL, 100 μL) in sodium phosphate buffer (50 mM, pH 8, 400 μL), followed by incubation at 40 °C for 15 min. The resulting brown color corresponding to oxidized dopamine (aminochrome) was recorded by measuring the absorbance at 470 nm using a microplate reader. The limit of detection (LOD) values was calculated according to the equation LOD = 3 S/K, where S is the standard deviation of the blank absorbance signals, and K is the slope of the calibration plot. For selectivity evaluation, interfering physiological molecules, such as ions (K, Na, Mg, Ca), carbohydrates (glucose, maltose), amino acids (lysine, cysteine, glycine, alanine, tyrosine, and histidine), proteins (BSA), and other small molecules (acetylcholine, ascorbic acid, and uric acid) were employed with ten times higher concentration (1 mM) than that of the target dopamine (0.1 mM).



The original dopamine concentrations in the human serum samples were determined using a commercial dopamine ELISA kit (Abcam, Waltham, MA, USA). Then, predetermined amounts of dopamine (3, 5, and 10 µM) were added to prepare spiked samples, and the serum was diluted fiftyfold with sodium phosphate buffer. The recovery rate (recovery [%] = measured value/added value × 100) and the coefficient of variation (CV [%] = SD/average × 100) were computed to assess the precision and reproducibility of the solution-based assays.




2.5. Colorimetric Detection of Dopamine Using the MNWs-Incorporated Paper Dipstick


The paper dipstick was designed using AutoCAD 2018 and mass-produced using a laser-cut machine. Whatman chromatography paper (grade 1) was used as the paper substrate, which provides high permeability to aqueous sample solutions, including dopamine. The dipstick consists of a straight flow channel of 3 mm in width connected to a rectangular sample zone and round control and detection zones of 8 mm in diameter (Figure S1). To construct the MNW-incorporated paper dipstick, the detection zone of the dipstick was soaked in an MNW solution (5 mg/mL in sodium phosphate buffer) for 10 min and allowed to dry. Subsequently, 3 µL TEOS (3% in ethanol) was dropped onto the detection zone for tight immobilization. The MNW-incorporated paper dipstick was finally dried at 80 °C for 10 min, which was ready to use for the colorimetric dopamine assay.



Colorimetric dopamine detection using the MNW-incorporated paper dipstick was performed as follows: The sample zone of the dipstick was immersed in the solution containing dopamine for 30 min. During immersion, a brown color corresponding to dopamine oxidized by the immobilized MNWs was produced. The color output could be distinguished by the naked eye; however, for the quantification of color intensity, images were acquired using a smartphone (GALAXY S8 NOTE, Samsung, Republic of Korea). The obtained images were processed using ImageJ software (NIH) and analyzed by converting RGB into grayscale [23].



The developed dipstick was used to determine the concentration of dopamine injection (dopamine hydrochloride, 200 mg/5 mL, Huons, Seongnam, Korea). The dopamine injection was diluted to 250 and 500 mL with water to make solutions of 4.14 and 2.09 mM dopamine, respectively. MNW-incorporated paper dipstick was then immersed in the diluted dopamine solution, and the other procedures were the same as those described above. The recovery rate [recovery (%) = measured value/expected value × 100] and coefficient of variation [CV (%) = SD/average × 100] were determined to assess the precision and reproducibility of the dipstick-based assays.





3. Results and Discussion


3.1. Synthesis and Characterization of MNWs


The overall process for synthesising MNWs and their application in the colorimetric detection of dopamine are illustrated in Figure 1. MNWs, synthesized via the solvothermal treatment of KMnO4 with DMF, exhibited efficient oxidase-like activity and, in particular, catalyzed the oxidation of the important neurotransmitter dopamine into brown-colored aminochrome without the involvement of any oxidizing agent. Based on dopamine-induced color generation by the MNWs, a paper dipstick was constructed by immobilizing the MNWs in the detection zone. Finally, by merely immersing the MNW-incorporated dipstick into the sample solution containing dopamine, a selective and vivid brown color proportional to the amount of dopamine was produced, distinguished by the naked eye or quantified by processing real images acquired using a smartphone.



Through the reduction of KMnO4 with DMF as a reducing agent, MNWs were obtained. The reaction between KMnO4 and DMF initially generated MnOOH nuclei, and then the continued reduction for 10 h resulted in fully grown MNWs [22]. The synthesized MNWs were characterized using SEM and TEM (Figure 2). The SEM images showed a slim, long-wired morphology with an average length of 344.3 ± 12.8 nm and an average width of 12.7 ± 1.5 nm. The morphology observed in the TEM images is consistent with that observed in the SEM images. The HR-TEM image of the MNWs shows that the crystal structure of the MNWs has uniform lattice fringes on both the vertical and horizontal axes. The lattice spacings of the horizontal and vertical fringes were 0.255 and 0.247 nm, respectively, corresponding to the (020) and (012) planes of the MNWs.



The MNWs were further analyzed by XRD, XPS, FT-IR, and EDS techniques. In the XRD spectra, three sharp diffraction peaks were observed, which correspond to the (–111), (020), and (012) planes and were well aligned with the standard JCPDS database (JCPDS No. 01-074-1632) (Figure 3a). These peaks clearly support that MNWs have a high crystallinity and can be indexed to the monoclinic crystal structure [24,25]. XPS spectra clearly show the presence of the main elements, Mn and O, in the MNWs (Figure 3b–d). The high-resolution Mn 2p was deconvoluted into Mn 2p3/2 (641.7 eV) and Mn 2p1/2 (653.5 eV) peaks, indicating that pure Mn3+ was present in the MNWs [25]. In the high-resolution peak of O 1s, there were two peaks at nearly 529.0 and 531.1 eV, which are assigned to O2− and OH−, respectively, which are expected in the ideal MnOOH where the O2− binds to Mn3+ and OH− binds to hydrogen [25]. The FT-IR spectra further support the presence of the representative chemical structures (Mn-O and O-H) of the MNWs (Figure S2). The strong shoulder peaks at 590 and 487 cm−1 correspond to the vibrations of Mn-O bonds. The peaks at 1069 and 1150 cm−1 are typically assigned to the O-H bending. The peak at 2151 cm−1,associated with a broad peak at 2760 cm−1, may indicate the vibration of Mn-O bonds [26]. The EDS maps provide evidence of the elemental composition of the MNWs, with two major elements, Mn and O, which are well distributed throughout the material (Figure S3). These characterizations confirm that the MNWs were successfully formed while preserving pure Mn3+ and high crystallinity.




3.2. Investigation of the Dopamine Oxidase-like Activity of MNWs


Because MNWs contain reduced, rather than oxidized, manganese species, (Mn3+) rather than (Mn4+), they are expected to have high oxidase-like activity [27]. In order to demonstrate this theory, the catalytic activity of the MNWs was explored by adding a series of colorimetric substrates, such as TMB, OPD, and DAB, in the absence of H2O2. The experimental results clearly demonstrate that the MNWs catalyzed the oxidation of all the employed substrates by showing the respective colors and absorption spectra corresponding to their oxidized products (Figure 4a). In particular, after a 15-min incubation with MNWs and dopamine (1 mM) in sodium phosphate buffer (pH 8.0), a vivid brown color and the corresponding absorption intensity at approximately 470 nm were detected, which was come from oxidized dopamine, known as aminochrome (Figure 4b) [28]. It was previously reported that the Mn3+ might be essential for oxidizing dopamine into aminochrome via a two-electron transfer process [29]. Thus, MNWs with pure Mn3+ could be efficient dopamine oxidase mimics to produce a brown color through the oxidation of target dopamine. Although dopamine can be self-oxidized at basic pH conditions, it takes quite a long time, up to 20 h [30]. Since our dopamine assay took only 15 min, it is evident that the color generation in our assay comes from the dopamine oxidase-like activity of MNWs. The types of reactive oxygen species (ROS) produced during dopamine oxidation by MNWs were examined to clarify the plausible catalytic mechanism. In order to accomplish this, five different radical scavengers were added during the typical dopamine oxidation reaction with MNWs, to capture specific ROS released during the reaction (Figure S4). The presence of hydroxyl radicals (•OH) was detected using isopropyl alcohol (IA) and methanol (MA), the existence of superoxide anion radicals (O2•−) was detected using benzoquinone (BQ) and superoxide dismutase (SOD), and singlet oxygen (1O2) was detected using sodium azide (SA) [31]. According to the experimental findings, O2•− and 1O2 were more important than •OH in the reactions that convert dopamine to aminochrome by the MNWs.



The effects of several synthetic parameters, including the incubation temperature and time, were examined on the morphology and dopamine oxidase-like activity of the MNWs (Figures S5 and S6). MNWs prepared at 100 °C (incubation for 6 h and 10 h) showed a thicker wire shape and displayed marginally lowered dopamine oxidase-like activity (approximately 90%) than that of the MNWs prepared at 120 °C for 10 h. MNWs prepared at 120 °C for 6 h were relatively uniform nanowires, but their catalytic activity was lower than those of MNWs prepared at 100 °C and at 120 °C for 10 h. MNWs synthesized at 140 °C yielded more diverse morphologies and exhibited a much lower catalytic activity. Based on these observations, we chose 120 °C for 10 h as the optimal synthetic conditions for solvothermal treatment. Preliminary optimizations related to the MNWs concentration, pH, temperature, and reaction time on the dopamine oxidase-like activity of the MNWs were also conducted. The results revealed that 0.1 mg/mL MNWs, pH 8.0, 40 °C, and 15 min reaction time were optimal conditions for the activity of MNWs (Figure S7).



To elucidate the dopamine oxidase-like activity of the MNWs, steady-state kinetic assays were performed by varying the dopamine concentration. From the Michaelis–Menten curve and the corresponding Lineweaver–Burk plot, the Michaelis constant (Km) and maximal reaction velocity (Vmax) were determined to be 0.32 mM and 1.43 µM/min, respectively, which are similar to those of recently reported dopamine oxidase mimic (Figure 4c,d) [32]. Compared with traditional Mn-based nanozymes, the MNWs yielded significantly enhanced kinetic parameters, probably due to their abundant Mn3+ [21]. The kinetic parameters were also comparable to most natural oxidases and oxidase-like nanozymes [33,34,35]. These investigations indicate that the solvothermally synthesized MNWs are potential dopamine oxidase mimics, preserving a sufficiently high affinity toward dopamine and reaction velocity.




3.3. Colorimetric Detection of Dopamine Using the MNWs-Containing Solution-Based Assay and MNWs-Incorporated Paper Dipstick


The target dopamine levels were determined using an MNWs-containing solution-based assay based on the optimised conditions. Through a simple 15-min incubation at 40 °C, dopamine was selectively determined by the generation of visibly or spectroscopically detected brown color evolution (Figure 5a). In contrast, interfering molecules present in physiological fluids, such as ions (K, Na, Mg, and Ca), carbohydrates (glucose and maltose), small molecules (acetylcholine, uric acid, and ascorbic acid), amino acids (lysine, cysteine, glycine, alanine, tyrosine, and histidine), and proteins (BSA) did not yield any considerable color signal, where they are used at tenfold higher concentrations. These results demonstrated that the MNW-mediated catalytic reaction only produced a specific colorimetric signal from the target dopamine. From the analysis of dose–response curves, LOD was determined to be as low as 0.7 µM with a linear range from 3 to 60 µM (Figure 5b,c). These LOD and linear range values are among the best results of recent reports describing colorimetric dopamine detection and are sufficient to distinguish between normal and patient dopamine levels in human serum (Table S1).



To develop dopamine diagnostics suitable for POCT environments, we designed a simple paper dipstick platform that is portable, storable, disposable, inexpensive to mass-produce with laser cutting, and selective/sensitive by providing a large contrast difference of paper for efficiently visualizing color change [36]. The paper dipstick was composed of three zones: a rectangular sample zone (3 mm × 10 mm), a circular control zone (radius = 4 mm), and a circular detection zone (radius = 4 mm), where the sample solution could be moved by capillary force (Figure S1). To optimize the dopamine detection performance, the fabrication and sensing conditions for the dipstick were optimized, such as the size of the detection zone, type of paper substrate, immobilization agents, and optimal concentration, which helped the tight immobilization of MNWs in the detection zone, the concentration of MNWs employed, and reaction time (Figure S8). Besides, we demonstrated that it took approximately 90 s took for the complete movement of an aqueous solution from the sample zone to the detection zone of the dipstick (Figure S9). Under the optimized conditions, dopamine was selectively detected by showing an intense brown color in its detection zone, whereas a negligible color intensity, similar to that of the negative control, was detected from interfering substances, which were the same as those used in the solution-based assays, even at tenfold higher concentrations (Figure 5d and Figure S10). With increasing dopamine concentrations, the respective color intensities gradually increased. Dose–response curves for dopamine were prepared from real images of dipsticks taken by a conventional smartphone, followed by image processing using ImageJ software. Through the investigation, the LOD was calculated to be 20 µM, with a linear range from 0.05 to 7 mM (Figure 5e,f). Because the LOD and linear range values were higher than the actual dopamine levels in human serum, the developed dipstick may not be suitable for detecting dopamine in human serum. However, the dipstick can be used in the dopamine assay in pharmaceutical formulations, normally used at several µM to mM concentrations [37]. Moreover, it would be beneficial to add a rigid support frame made of materials like glass or plastic, to increase the dipstick’s mechanical strength and facilitate practical applications.




3.4. Practical Applicability of MNWs-Based Colorimetric Detection of Dopamine in Human Serum or Dopamine Injection


Long-term storage stability is important for practical applications. As shown in Figure 6a, the MNWs effectively maintained their initial dopamine oxidase-like activity during one month of storage at RT. The MNWs-incorporated paper dipstick also exhibited impressive storage stability at both 4 °C and RT, by preserving over 90% of initial activity (Figure 6b). These results demonstrate the high stability of MNWs and MNW-incorporated paper dipsticks under conventional storage conditions.



Finally, we demonstrated the practical utility of the MNWs-containing solution-based assay and MNWs-incorporated paper dipstick for the quantitative determination of dopamine in spiked human serum and pharmaceutical dopamine injections, respectively. In the solution-based assay, the original dopamine concentration in human serum was quantified first using a commercial dopamine ELISA kit and was determined to be approximately 0.05 µM. Then, predetermined amounts of dopamine at 3, 5, and 10 µM were spiked in the human serum to make normal, boundary, and high dopamine levels in brain tissue [38]. As a result, the serum dopamine was quantified with excellent precision, yielding CVs in the range of 1.0–3.1% with recovery rates of 95.7–98.5% (Table 1a), verifying the excellent reproducibility and reliability of the method.



An MNW-incorporated paper dipstick was used to quantify the concentration of the dopamine injection. Dopamine injection (dopamine hydrochloride, 200 mg/5 mL) was diluted to 250 and 500 mL with water to make concentrations of 4.14 and 2.09 mM of dopamine, respectively. The two dopamine formulations were precisely and accurately determined using the MNWs-incorporated paper dipstick, yielding CVs in the range of 2.0–3.0% with recovery rates of 97.3–98.1% (Table 1b). These results demonstrate that the developed MNWs-incorporated paper dipstick can serve as a convenient analytical tool for analyzing dopamine in pharmaceutical formulations in POCT environments.





4. Conclusions


In summary, we developed oxidase-like, more precisely, dopamine oxidase-like nanozyme, MNWs, having considerably high catalytic activity, presumably due to the presence of pure Mn3+ throughout the material. MNWs followed typical Michaelis–Menten kinetics with improved storage stability. By immobilizing MNWs on a paper dipstick, the target dopamine was conveniently detected by the naked eye and quantified using real images acquired using a smartphone. MNW-containing solution-based assays and MNW-incorporated paper dipsticks enabled the successful determination of dopamine with excellent selectivity, sensitivity, and reliability in human serum samples and pharmaceutical formulations, respectively. This study serves as a basis for the continued efforts towards developing nanozyme-incorporated paper-based devices, which have significant potential in biosensing areas, particularly in POCT environments.
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Figure 1. Schematic illustration of (a) The synthesis of MnOOH nanowires (MNWs) having dopamine oxidase-like activity, (b) Their application on the paper dipstick for the colorimetric detection of dopamine. 
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Figure 2. SEM images of MNWs dispersed at (a) 1 mg/mL and (b) 5 mg/mL. (c) TEM image of MNWs. (d) HR-TEM image showing the crystal lattice spacing of a single MNW. 
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Figure 3. (a) XRD spectra of MNWs. (b) Fully scanned XPS of MNWs with high-resolution XPS spectra in the (c) Mn 2p and (d) O 1s regions. 
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Figure 4. (a) Oxidase-like activity of MNWs in the presence of various substrates (TMB, OPD, and DAB). (b) Dopamine oxidase-like activity of MNW, (c) Michaelis–Menten curve for the dopamine oxidase-like activity of MNWs at various concentrations, (d) Their corresponding Lineweaver–Burk plots (n = 3). 
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Figure 5. Analytical capability for the determination of dopamine. (a,b) Selectivity toward dopamine (c,d) The dose-response curves (e,f) The corresponding linear calibration plots, using MNW-containing solution-based assay and MNWs-incorporated paper dipstick, respectively. Numbers 1 to 18 in the inset images represent K+, Na+, Mg2+, Ca2+, glucose, maltose, acetylcholine, uric acid, ascorbic acid, lysine, cysteine, glycine, alanine, tyrosine, histidine, BSA, dopamine, and negative control, respectively. 
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Figure 6. Storage stability of (a) MNWs at RT, (b) MNWs-incorporated paper dipstick at 4 °C and RT. 
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Table 1. Detection precision of (a) MNW-containing solution-based assay and (b) MNW-incorporated paper dipstick for the quantitative determination of dopamine, in spiked human serum and pharmaceutical injection, respectively.
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(a) MNWs-Containing Solution-Based Assay




	
Original Dopamine (μM)

	
Added (μM)

	
Found (μM) a ± SD b

	
Recovery (%)

	
CV c (%)






	

	
3

	
2.99 ± 0.03

	
98.03

	
1.00




	
0.05

	
5

	
4.97 ± 0.15

	
98.42

	
3.02




	

	
10

	
9.62 ± 0.10

	
95.72

	
1.04




	
(b) MNWs-Incorporated Paper Dipstick




	
Dopamine Formulation (mM)

	
Found (mM) d ± SD

	
Recovery (%)

	
CV (%)




	
4.14

	
4.03 ± 0.08

	
97.34

	
1.99




	
2.09

	
2.05 ± 0.06

	
98.09

	
2.93








a Mean of three replicates; b standard deviation (SD); c coefficient of variation (CV). d Mean of three replications.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  chemosensors-11-00382


  
    		
      chemosensors-11-00382
    


  




  





media/file2.png
(a) Dopamine

Solvothermal treatment -«

Aminochrome
(b)

\ .\
Control zone / '.
7~ \i o
f —_— ~ B/W' ﬁ;/ — Data al'la|YSIS ; i

Sample zone Without Dopamine Dopamine Real image Grayscale |mage
MNWs-incorporated dipstick

Detection zone N\

Flow directio






media/file5.jpg
Intensity

(©

L () ~* r—
-
=
%
§ 2x10t
x10* "
o
o0 1300 900 830 a0 40 700 0
Sinding onergy (eV)
n d) Ofs
oy oz (@
on
2z z
2 o2, 2
£ 2
0 % s o o e o0 E3 EJ ES
Binding energy (eV) Binding energy (eV)





media/file3.jpg





media/file1.jpg





media/file7.jpg
400 450 500 550 600 650 700
Wavelength (nm)

a0 a0 s00 550
Wavelength (nm)

yesumei2is
Re0sest

1200 1600 2000
[Dopamine] (M)

001 o 00
[Dopamine] (M)






media/file10.png
120
(a) 1 -9 (d) . e
0.16 - : ~ T L BN & L X e
| e-\(i p -
>
§012‘ ‘ |”, ;“ i, [."F a 80 - Q?f L ’v’b.?,:t:*
wivhyi =
g | g
60084 ™ e £ 10 - 18
2 )
< é 40
0.04 - %
o
0.00
12 3 4567 8 9111121314 151617 18 1 2 3 4 5 67 8 9 1011 1213 14 15 16 17 18
MR 11 1 @
. | . .
0.204° —200}._,., 4 m
()] _,,o’/ P
8015‘ - ‘?100.‘ L
© . w . o
o ' o o v
2 0.10- J = /
e /
< ' ./. /'
0.05- ’/ 50 - .l
| &
000"‘ T T T T T T
6 5'0 160 150 260 0 20 40 60 80 100
[Dopamine] (uM) [Dopamine] (mM)
0.15 90 ——
(C) . (f) ?Q‘O...,T mM
y =0.002x + 0.0093
R? = 0.9921
® 0.10 1 754
2. >
8 g) y = 5.4137x + 48.991
B Q R =0.9928
8 0.05- € 60+
<
0.00{ = 451
0 10 20 30 40 50 60 0 2 4 6

[Dopamine] (uM) [Dopamine] (mM)





media/file12.png
Time (day)

= o
o w0
(%) Ausuajul annejey
2
: 3
|
|
. &
,_*
‘
: S
b
+ e
*
\V
. =
|
.
I -0
/
®
|
.
‘ T ’ ' [
o Q & ©
N © v

(a)

(%) AJAOE BAlE|IoY

Time (day)





media/file9.jpg
@ Iz = @ =
T g
go2| oo Zw
Tone :
2 2w
o004 g
:
D P R R R E R TTTTTITT Lo osepern ey s s
RO 11011111 © =
02047 e, * - .
g :
os slf
i
LR
(0 °*® “Tseeveeee _
H z
‘gnus 2w
o ,5

B

[Dopamine] (M)

E3

E3

[
(Dopamine] (mM)





media/file0.png





media/file8.png
1.8

(a)

== TNE (1)
@)

OOM

00 ':;_:m \/ U

TR

WOOHPO®) 12 3 4 6 6 7

-l
N

Absorbance
o
»

%)

¢
)

129

T ——p————_——
400 450 500 550 600 650 700

Wavelength (nm)

(C) 0.008

0.006 -

V (upMmin™)

0.002 A

0.000

0.004 -

o
w
L

Absorbance
o
N

o
-

2000

(d)

1600 A

1V (UM 'min)

/I————————i
™
0 400 800 1200 1600 2000
[Dopamine] (uM)

400 450 500
Wavelength (nm)

350

550

y = 51767x+142.48
R? = 0.9951

001 002 003
1/[Dopamine] (uM™)

0.00

0.04





media/file11.jpg
@

Relative activity (%)

3

EREE
Time (day)

E3

E

®

Relative intensity (%)

100

50

5

10
Time (day)

s

20





media/file6.png
800 - 4x10*
(a) (b) Mn2p
600 - R 3"104‘ O1s
2 g3 =
2 400 - ‘ g
Q 1 = i -~ s 3 2x10%-
= z ﬂ g? 2 A=
"l Cis
r“ | 11 N —— L
50 60 70 1400 1200 1000 800 600 400 200 O
29 (degree) Binding energy (eV)
(¢) d
- Mn2p] (d) Ots
OH"
0%
2> =
2. Mn2p 2
k. o
£ £
630 635 640 645 650 655 660 525 | 530 ' 535

Binding energy (eV) Binding energy (eV)





