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Abstract

:

Novel eco-freindly benign morphology-controlled biosynthesis of acicular iron oxide (γ-Fe2O3) nanostructures with various shapes and sizes have been synthesized through greener surfactant, Aloe vera (AV) extract assisted sol-gel method. By simply varying the experimental parameters, pure phase of cubic spinel superparamagnetic γ-Fe2O3 nanospherical aggregates, nanobelts and nanodots have been developed. The synthesized γ-Fe2O3 nanostructures are characterized through X-Ray Diffractommetry (XRD), X-Ray Photoelectron Spectroscopy (XPS), Fourier Transform-Infrared Spectrsocopy (FT-IR), Field Emission-Scanning Electron Microscopy (FE-SEM), Transmission Electron Microscopy (TEM) and Vibrating Sample Magnetometer (VSM). Moreover, the electrochemical determination of uric acid (UA) and dopamine (DA) of the as obtained γ-Fe2O3 nanostructures are systematically demonstrated. The electrochemical properties of the γ-Fe2O3 nanostructures modified glassy carbon electrode (GCE) displayed an excellent sensing capability for the determination of DA and UA, simultaneously than the bare GCE. When compared with the other iron oxide nanostructures, γ-Fe2O3 nanobelts/GCE exhibited remarkable oxidation current response towards the biomolecules. This occurred due to the high surface area and the unique one-dimensional nanostructure of γ-Fe2O3 nanobelts. Ultimately, the greener synthesis protocol explored in this research work may also be expanded for the preparation of other morphology controlled magnetic and non-magnetic nanomaterials, which could easily open up innovative potential avenues for the development of practical biosensors.
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1. Introduction


In the recent years, many researchers have been mainly focused on different morphologies of magnetic metal oxide nanomaterials. Especially, one-dimensional (1D) magnetic nanostructured materials are very attractive, owing to its many inimitable physico-chemical properties like the higher inherent anisotropy and lager surface catalytic activity of the materials [1,2]. Among the variety of magnetic materials, the unique properties of cubic spinel structured γ-Fe2O3 (maghemite) iron oxide materials play an imperative role in the various fields of biomedical applications [3]. Particularly, considerable research has been undertaken on superparamagnetic iron oxide nanoparticles, which are widely studied and compatible for a variety of applications like environmental protection [4,5], catalysis [6,7], magnetic storage devices [8], medical diagnosis [9], and biosensors [10]. A variety of iron oxide nanostructures like nanocrystals [11,12,13] particles [14], cubes [15], spindles [16], rods [17,18], wires [19], tubes [20], and flakes [21], have been successfully prepared by various methods of chemical synthesis such as co-precipitation, sol-gel process, thermal decomposition, microwave irradiation, hydrothermal and chemical vapour deposition [22], and great efforts have been committed to synthesize magnetic nanoparticles. However, understanding the fundamental growth of nanoparticles is still critical during the synthesis of nanostructured materials with desired morphology and physicochemical properties, which strongly affect the properties of nanomaterials. Also, it is important to note that these current chemical syntheses involve the use of toxic solvents and hazardous chemicals, thereby precluding the use of these materials particularly in the fields of biomedicine. In order to overcome this tedious problem, greener biosynthesis of nanomaterials offers an improvement over chemical synthesis as it is an energy intensive, biocompatible and eco-friendly process.



Aloe vera (Aloe barbadensis miller) is a pea-green color plant and the member of Asphodelaceae family contains steroids, flavanoids and saponin rich compounds. Nowadays, there are few reports on the Aloe vera extract (AV extract) assisted greener preparation nanostructured materials such as Au nanotriangles [23], Ag nanoparticles [24], ZnO [25], CuO [26], Fe3O4 [27], Metal doped Fe2O4 [28], Hap nanopowders [29] and NiO [30]. In this current study, growing interest has been given to synthesize superparamagnetic iron oxide nanostructures to monitor the Uric acid (UA) species in physiological pH. Due to its unique properties like biocompatibility, electro-activity, non-toxicity and enhanced magnetism, magnetic iron oxide nanoparticles act as a good electrocatalyst for the detection of biomolecules. Here, we have explored the greener synthesis of γ-Fe2O3 nanostructures (nanoparticles aggregates, nanobelts and nanodots) by the influence of AV extract in sol-gel method. By simply varying the concentration of AV gel, crystalline phase, size and morphology of the iron oxide particles were illustrated systematically. This method strongly alleges that the AV gel acts as a structure directing agent in this environment friendly synthesis and it can also be extended for the synthesis of other magnetic/non-magnetic nanocrystalline materials.




2. Experimental Section


2.1. Chemicals


Ferrous sulphate heptahydrate (FeSO4·7H2O), ferric chloride hexahydrate (FeCl3·6H2O) and sodium hydroxide (NaOH) were obtained from E-Merck Specialities Products, Mumbai, India. Uric acid (UA) and Dopamine (DA) were purchased from Sigma Aldrich (St. Louis, MO, USA). All the above said chemicals used in the biosynthesis of iron oxide nanostructures were of analytical grade and used without additional cleansing process. The Aloe vera (AV) leaves were collected from the local market, Tamilnadu, India.




2.2. Preparation of Aloe vera Extract


About 25 g of the AV leaves were weighed and washed with water thoroughly. After that the outer layer of the leaves was removed to collect the interior part of the AV leaves. Finally, the internal part of the gel was finely crushed to obtain the jelly form. The resulting extract was filtered through No.1 whatmann filter paper and used as an AV extract solution.




2.3. Synthesis of γ-Fe2O3 Nanostructures


In the typical experimental procedure, different % concentrations of AV extract (1%, 2% & 3%) of 0.3 M ferric nitrate in ethylene glycol precursors were prepared to examine the influence concentration of greener surfactant (AV extract) on the nanoparticles formation using the procedure [31] with slight modifications. The above mixture undergoes vigorous stirring for 2 h at 60 °C and the sol was kept at 80 °C to attain the formation of brown colored gel. The obtained gel was aged for 4 h and oven dried for 7 h at 120 °C. After drying, finally the γ-Fe2O3 nanopowders were stored in vacuum desiccator for further studies.




2.4. Characterizations


The physic-chemical properties of the γ-Fe2O3 nanostructures have been characterized using Field Emission-Scanning Electron Microscope (FE-SEM, Hitachi MODEL S-4800, Berkshire, UK). Transmission Electron Microscopy (TEM) pictures were taken from JEOL TEM 2010 transition electron microscope operating at an applied voltage of 200 kV (HR-TEM, Technai G2 20, FEI Company, Hillsboro, OR, USA). X-ray Diffractrometry (XPERT-PRO with Cu Kα radiation (λ = 0.154060 nm), PANlytical X’Pert Pro Diffractometer, Almelo, The Netherlands) was used for studying the structural phase identification of the nanomaterials. Fourier Transform-Infrared Spectrometroscopy (FT-IR, Thermonicolet 5700, Madison, WI, USA) was carried to examine the surface nature and functional groups of the nanoparticles. X-ray photoemission spectroscopy (XPS) was performed to find the oxidation states of γ-Fe2O3 samples on X-ray photoelectron spectroscope (Kratos ASIS-HS) equipped with a standard monochromatic source (Al Kα). The magnetic measurements of the iron oxide nanostructures were investigated with a Lake model 7300 Vibrating sample magnetometer (VSM, Lakeshore Shore Cryotronics, Westerville, OH, USA). Electrochemical studies such as Cyclic voltammetry (CV) and Differential Pulse Voltammetry (DPV) were recorded using CHI model 660 potentiostat (CH Instruments, Austin, TX, USA) performed with performed with a glassy carbon electrode (GCE) as the working electrode, platinum wire (counter electrode) and saturated Ag/AgCl (reference electrode), respectively. The freshly prepared DA and UA solutions were treated with nitrogen (N2) gas for 5 min to eliminate the dissolved/atmospheric oxygen interference during the electrocatalytic oxidation reaction of the analytes.



Fabrication of γ-Fe2O3 Nanostructures Modified GCE


Before the modification process, the unmodified GCE was firstly cleaned using alumina slurry (0.3 and 0.05 μm) and ultrasonically washed thoroughly with water and acetone. Exactly 1 mg of γ-Fe2O3 nanostructures were dissolved in 3 mL of ethanol and it is ultrasonicated to obtain the stable suspension. The γ-Fe2O3 nanostructures modified GCE were attained by coating 5 μL of the resultant suspension at the surface of the polished GCE, followed by drying at ambient temperature. Finally, the γ-Fe2O3 nanostructures/GCE was operated in 0.1 M Phosphate buffer solution (PBS) at pH 7.4 by consecutive cyclic scans at an applied voltage between –0.2 and +0.8 V [32]. At each experimental set up, the nanostructures modified GC electrode was cleansed with water and reactivated in PBS as discussed earlier.






3. Results and Discussion


3.1. XRD Spectral Patterns of γ-Fe2O3 Nanostructures


XRD patterns of the iron oxide nanostructures synthesized by the sol-gel mediated greener method using various concentrations (1%, 2% and 3%) AV extract showed the presence of characteristic maghemite (γ-Fe2O3) phase with cubic inverse spinel structure. Figure 1 represents the typical XRD patterns of the iron oxide nanostructures, which reveals the formation of γ-Fe2O3 phase in all the three samples. The 2θ values of diffraction peaks appeared at 30.21, 35.58, 43.41, 57.32 and 62.76 can be assigned to the corresponding (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0) hkl planes of γ-Fe2O3 (JCPDS 89-5892), respectively.



Particularly, the XRD patterns obtained for all the synthesized samples are almost identical to each other, except for slight changes in the intensity, demonstrating the increased crystallinity without any phase changes [33]. Obviously, the diffraction patterns related to the other phases of iron oxide, like Fe3O4, α-Fe2O3 and FeO, were not observed indicated the high purity of the synthesized samples. It also implies that the influence of AV extract does not hinder the reaction to get ultimate product of γ-Fe2O3, but promotes the growth of various nanostructures like nanobelts and nanospheres. Thus, the obtained results reveal that the synthesized magnetic nanostructures are found in the pure form of γ-Fe2O3.




3.2. XPS Spectrum of γ-Fe2O3 Nanostructures


The phase purity and elemental composition of the γ-Fe2O3 nanostructures were analyzed by X-ray photoelectron spectroscopy. Figure 2 depicts the XPS survey spectrum of the γ-Fe2O3 bigger nanospherical aggregates, nanobelts and nanodots synthesized at various concentrations (1%, 2% and 3%) of AV extract. The core level (2P3/2 and 2P1/2) XPS patterns of two major peak corresponding to γ-Fe2O3 nanostructures are appeared at 710.34 & 724.12 eV for 1%, 710.47 & 724.32 eV for 2% and 710.53 & 724.64 eV for 3% samples, respectively.



A small shake up satellite peaks emerged at around 719 eV are observed for all the three samples, relating to the γ-Fe2O3 phase. The higher binding energy sides of Fe3+ that is the shakeup satellite structure indicates the absence of Fe2+. The outcome of the results is good agreement with the previously reported literatures [34,35]. Moreover, the spectral results are supported with the XRD data reiterating pure phase of γ-Fe2O3 and suggested that the morphologically designed magnetic nanostructures could be achieved by simplistic experimental conditions.




3.3. Field Emission-Scanning Electron Microscopic (FE-SEM) images of γ-Fe2O3 Nanostructures


The surface morphology of the γ-Fe2O3 nanostructures prepared with different concentration of AV extract was investigated by FE-SEM. Figure 3a illustrates the SEM image obtained at 1% AV extract showing the presence of a large number of nanospherical aggregates with an average particle diameter of 84 nm. From Figure 3b, it is noted that there is a nanobelt-like morphology observed at 2% AV extract with an average length and width of 1150 nm and 450 nm. As shown in the Figure 3c, at the concentration of 3% AV extract, nanobelts cannot be synthesized, but form the homogenously dispersed spherical nanodots with an average particle size of 42 nm. At the lower concentration of AV extract (1%), the acceleration of the adsorption and desorption rate of bio-surfactant molecules that exist on the surface of the nanodots may lower the shared electrostatic repulsion between the nanoparticles.



At the time of attractive force between the two nanospheres controls over the steric repulsive force of the molecules, oriented attachment of adjacent nanospheres arises during the experimental reaction and nanobelt-like morphology is formed at 2% AV extract. Thus, it is also suggested that the product is also decided by the repulsive and attractive forces between the initially formed nanospheres. Numerous factors such as hydrogen bonds, Vander Waals forces, electrostatic and dipolar interactions, crystal face attractions, and hydrophobic and hydrophilic interactions, may also have influenced significant effects on the morphology controlled nanostructured materials [36,37]. Consequently, at the higher concentration (3% AV extract) of the greener surfactant, it robustly competed with the γ-Fe2O3 nanostructures and supports to maintain the mono-dispersed nanospherical morphology. The greener surfactant molecules would form repulsive forces between the initially formed nucleated embryos/particles, thereby barring the additional growth in a respective manner. Moreover, the capability of the formed micelles also further hinders the growth of the particles, which could be more powerful at the increased concentration of bio-surfactant, hence, the average particle size of the nanospheres decreases, as a result forming the homogeneously dispersed spherical nanoparticles. It is indicated that the distribution of the bio-surfactant in different directions of the surface nanoparticles is greatly isotropic and the superior size distribution of the crystal growth in the process could be attained with the surplus quantity of the bio-surfactant (AV extract) used in the reaction medium [38]. Furthermore, the observed results of FE-SEM and TEM images taken at various time intervals and concentration of AV extract provide evidence that the morphology controlled γ-Fe2O3 nanostructures could be achieved through this cost-effective eco-friendly technique. The observed images also revealed that the size and morphological structure of the synthesized magnetic materials are significantly affected by the concentration of the AV extract, playing a thought-provoking role in this experimental condition.




3.4. Transmission Electron Microscopy (TEM) images of γ-Fe2O3 Nanostructures


In order to gain extra detailed information on the structural morphology, TEM analysis was performed. The γ-Fe2O3 sample synthesized at 1% AV extract accommodated with the large number of agglomerated spherical nanoparticles with an average size of ~40–50 nm (Figure 4a), while the γ-Fe2O3 samples prepared at 3% AV extract contained well-dispersed homogenous dispersion of spherical nanodots with an average particle size of ~11–15 nm (Figure 4c).



TEM pictures of Figure 4b clearly demonstrates that the morphology of the materials synthesized at 2% AV extract mainly consist of nanobelt-like morphology with an average length and width of 850 and 120 nm. The obtained TEM images also resembled the FE-SEM analysis and concluded that three different morphologies of γ-Fe2O3 nanostructures have been achieved in a single one pot chemical reaction.




3.5. FT-IR Spectrum of γ-Fe2O3 Nanostructures


FT-IR spectra were recorded to investigate the surface characteristics of the synthesized γ-Fe2O3 nanostructures and their respective spectra are depicted in the Figure 5.



A strong and wide band emerged at around 3200–3600 cm−1 are ascribed to the stretching vibration of surface hydroxyl groups, since the surface of the iron oxide nanomaterials are easily bound with the –OH groups in a moisture absorbing environment. The significant band observed in the region of 600–700 cm−1 is mainly attributed to the stretching vibration of the iron—oxygen bond (Fe–O) and indicates the presence of γ-Fe2O3 (1%, 2% and 3%) in all the samples. The sharp bands that appeared at around 1650 cm−1 is accredited to water crystallization [39]. The intense band that emerged at around 1085 cm−1 is depicted as the occurrence of –C–H stretching vibration of the bio-surfactant molecules. The bands appeared at around 1400 and 1600 cm−1 are ascribed to the symmetric and asymmetric stretching vibrations of carboxylate groups (–COO) present in the extract [40].




3.6. Magnetic Measurements of γ-Fe2O3 Nanostructures


Magnetic properties of the iron oxide nanostructures were studied to estimate the effect of morphologies on the magnetic characteristics of the iron oxide nanostructures synthesized at different % (1%, 2% and 3%) of AV extract. Figure 6 represents the resulting magnetization curves and the room-temperature hysteresis curve for the three samples does not show remanence and coercivity, indicating that the synthesized γ-Fe2O3 nanostructures exhibited superparamagnetic behavior.



The specific saturation magnetization (Ms) values were obtained to be 35.12, 28.74, and 17.23 emu/g, respectively for the γ-Fe2O3 nanoparticle aggregates, nanobelts and nanodots prepared at 1%, 2%, and 3% AV extract. It can be seen that the attained results pointed out that the value of magnetization decreases regularly with the increasing concentration of AV extract. The reduction in magnetization (Ms) value of the green synthesized iron oxide nanostructures related to the bulk materials is mainly ascribed to the nano-sized particles [41]. This significant decrease in magnetization values are mainly attributed to the presence of higher amount of AV extract on the surface of γ-Fe2O3 nanostructures. When compared to γ-Fe2O3 nanobelts synthesized at 3% AV extract, γ-Fe2O3 nanospheres show much lower magnetization values; this may be due to the high number of surface atoms associated with the AV extract (bio-surfactant) and thus the surface of the nanostructured materials creates a magnetic dead layer. It is also noted that there was a considerable amount of bio-surfactant on the surface layer of the nanoparticles and this may also induce noteworthy decrements in the magnetization values of the nanoparticles [42]. Thus, the concentration of the greener surfactant (AV extract) played a vital role in tailoring both the morphology and the magnetic property of the nanostructures with the use of non-toxic greener facile synthesis route.




3.7. Electrocatalytic Activity of UA on γ-Fe2O3 Nanostructures Modified GCE


The synthesized iron oxide nanostructures are not only used for magnetic sensors related applications but also finds potential applications in the field of biomolecules sensing as they offer a wide potential range of applicability and robust stability in the buffer medium without any changes in electrochemical characteristics. Uric acid (2,6,8-tryhydroxypurine) is a common basic nitrogenous compound that exists primarily in human metabolism. Abnormal concentrations of UA in human metabolism are highly dangerous and cause several diseases such as hyperuricemia, kidney failure, Lesch-Nyan disorder, gouty arthritis and xanthinuria along with cardiovascular disease. Therefore, monitoring the usual levels of UA in serum and urine is important in medical and pharmaceutical diagnosis. Usually, uric acid and dopamine co-exist together, thus the detection of UA and DA is an essential criterion for probing the human physiological properties of the nervous system. Thus, the present study investigates the different nanostructures of iron oxide for their fascinating selectivity and sensitivity towards DA and UA sensing at the γ-Fe2O3 nanostructures modified GCE. Figure 7 represents the CV curves of 0.3 mM UA in 0.1 M PBS (pH 7.4) for the bare GCE, γ-Fe2O3 nanoparticle aggregates, γ-Fe2O3 nanobelts, and γ-Fe2O3 nanodots/GCE at a scan rate of 50 mV/s.



The γ-Fe2O3 nanostructures/GCE reduces the anodic over potential of the UA with a very sharply increased peak current without the presence of reduction peak. It is well known that the oxidation of UA shows irreversible characteristics of UA [43]; the peak is rather broad and appeared at the higher potential of 490 mV may be ascribed to slow electron transfer kinetics on the unmodified GCE. On the other hand, the modified electrodes exhibit an oxidation waves for the UA on the nanospherical aggregates, nanodots and nanobelts at 450, 420 and 350 mV with higher current response (γ-Fe2O3 nanobelts) are observed. This type of electrocatalytic reaction promotes electron transport reaction between UA and the γ-Fe2O3 nanostructures/GCE, as a result the improved electrocatalytic oxidation behavior of UA could be achieved easily. The oxidation current response and potential shift of UA is also differed with the various morphologies of γ-Fe2O3 nanostructures. Especially, the unique properties of the magnetic iron oxide nanobelts incorporated on the GCE facilitate the high electrocatalytic activity towards UA and enhance the electrochemical reaction than the other modified electrodes. Moreover, the accessibility of the free (–OH) moieties on the surface of the Fe2O3 could easily make hydrogen bonding with the species of UA. It also renowned that the amide groups are have higher acceptor strength of the hydrogen bond than the ester group and it accelerates possible oxidation behavior of UA on the γ-Fe2O3 nanobelts modified GCE. It is also well known that the electrocatalytic oxidation nature of UA is irreversible at the bare GCE and the oxidation reaction of UA takes place via two electron (2e−) and two proton (2H+) process [44]. As stated by the earlier reported literatures, the electrochemical oxidation mechanism of UA at γ-Fe2O3 nanobelts/GCE can be elucidated by the Scheme 1.




3.8. Effect of Scan Rates on the γ-Fe2O3 Nanobelts/GCE


Figure 8a represents the CV curves of γ-Fe2O3 nanobelts modified GCE with the different sweep rates (10–100 mV/s) obtained at 0.3mM UA in 0.1 M PBS (pH 7.4).



The effect of scan rate illustrated that the aniodic peak current of UA increases linearly with the sweep rate and the peak potential shifted to a positive direction. Figure 8b shows a calibration plot of peak current against square root of the sweep rate, which displays a good linear relationship with the correlation coefficient of R2 = 0.9867, suggesting the diffusion controlled electro-oxidation process on the γ-Fe2O3 nanobelts modified surface [45].




3.9. Effect of UA Concentration on the γ-Fe2O3 Nanobelts/GCE


The DPV response of the γ-Fe2O3 nanobelts/GCE to the consecutive additions of UA was further estimated under optimized experimental conditions. Figure 9a shows that the aniodic peak current density of UA persistently increased with an increase in the concentration of UA from 1.2 µM to 0.036 mM at pH 7.4 (0.1 M PBS), suggested that the γ-Fe2O3 nanobelts/GCE is electro-active and presided for the electrochemical oxidation towards UA. The DPV response exhibited a high-quality linear concentration of UA in the range of 1.2 µM to 0.036 mM with a correlation coefficient of R2 = 0.9982, presented in the Figure 9b.



It may be indicated that the high surface area of the one-dimensional nanobelt-like morphology of γ-Fe2O3 proffers a number of suitable sites for the transmission of electrons to the biomolecules (UA), finally it accelerates the electron transfer reaction between the surface of the γ-Fe2O3 nanobelts/GCE and UA species present in the PB solution. When compared with the other nanomaterials based modified electrodes (Table 1), LOD, linear range and sensitivity of the proposed sensor (γ-Fe2O3 nanobelts) exhibited an excellent sensing performance towards UA and comparable with the reported literatures.




3.10. Simultaneous Determination of UA and DA at the γ-Fe2O3 Nanostructures/GCE


In order to ascertain a selective and sensitive method for the determination of DA and UA, the γ-Fe2O3 nanostructures modified electrode was investigated for the synchronous determination of UA and DA. Figure 10 demonstrated the cyclic voltammetric curves of the solution containing the mixture of 0.5 mM UA and DA exhibited a wide overlapped oxidation peaks at the unmodified GCE (Figure 10a), denoting the peak potentials for these two biomolecules are inseparable at the unmodified GCE. On the other hand, at the γ-Fe2O3 nanoparticle aggregates, γ-Fe2O3 nanodots and γ-Fe2O3 nanobelts modified GCE, the overlapped voltammetric oxidation peak is divided into two well separated peaks (Figure 10b–d) and the peak-to-peak separation was about 230, 240 and 260 mV correlating to the oxidation behavior of UA and DA, respectively.



This mainly occurred due to the occurrence of surface hydroxyl groups on the iron oxide (γ-Fe2O3) nanostructured materials, which determined the mixed voltammetric oxidation peak responses of these biomolecules (UA and DA) into two well-defined peaks at the oxidation potential of 210 and 440 mV on γ-Fe2O3 nanospherical aggregates, 190 and 430 mV on γ-Fe2O3 nanodots and 160 and 420 mV on γ-Fe2O3 nanobelts, respectively. The iron oxide nanostructures modified electrode surface not only enhanced the electrocatalytic oxidation behavior of UA and DA and also resolved the overlapping anodic oxidation peaks; thus, the improved separation of oxidation peaks of UA and DA could be achieved, demonstrating that the γ-Fe2O3 nanostructures modified GCE expedite the synchronous detection of UA and DA with good selectivity and sensitivity [55]. From the above discussed CV results, it can be extrapolated that the γ-Fe2O3 nanostructures synthesized using this suggested greener method can be practically applied for the detection of UA and DA in real biological samples with acceptable results.



Furthermore, the DPV study has also been carried to evaluate the electrooxidation process of DA and UA simultaneously, by changing the concentration of one species and the other kept constant. Figure 11a illustrates the DPV current responses with increasing concentration of DA ranging from 0.6 µM to 0.015 mM at the γ-Fe2O3 nanobelts/GCE in the presence of 0.1 mM UA.



Figure 11b represents the linear relationship between the concentration of UA and the oxidation current. The anodic peak current increases linearly with the increasing concentration of UA with a correlation co-efficient of R2 = 0.9987. Table 2 shows the electroanalytical parameters of the γ-Fe2O3 nanobelts/GCE based DA sensor were compared with other modified electrodes [56,57,58,59,60,61,62,63,64]. It can be seen that the γ-Fe2O3 nanobelts/GCE exhibited wider linear range and lower detection limit in comparison with other electrochemical sensing platforms.



In the meantime, similar behavior was observed in Figure 12a, while increasing the concentration of UA from 1.2 µM to 0.031 mM in the presence of 0.05 mM DA.



The oxidation peak current of DA increases progressively with the concentration of DA with the regression co-efficient of R2 = 0.9970 (Figure 12b). The attained results indicated that the electrochemical oxidation behavior of DA and UA at the γ-Fe2O3 nanobelts/GCE is individualistic and as a result, simultaneous determination of the solution containing the mixture of UA and DA is achievable without any interference.





4. Conclusions


In summary, γ-Fe2O3 nanostructures with three different morphologies built through a sol-gel mediated environmentally benign bio-surfactant (Aloevera extract) has been demonstrated. By meticulously tuning the experimental parameters, pure phase of cubic spinel superparamagnetic γ-Fe2O3 nanoparticle aggregates, nanobelts and nanodots have been achieved successfully in a single one pot synthesis. The XRD, XPS, FT-IR and VSM spectral results confirmed that the prepared nanostructures are the pure phase of cubic spinel γ-Fe2O3. FE-SEM and TEM images represented that the obtained morphologies are in 0D and 1D iron oxide nanostructures with an average particle size of ~11–15 nm (0D) and length and width of 1150–450 nm (1D). The synthesized γ-Fe2O3 nanoparticle aggregates, nanobelts and nanodots modified GCE exhibited a good electrocatalytic sensing towards UA at a reduced over potential with an order of increased oxidation current response compared to the unmodified electrode. Remarkable peak separation between UA and DA also facilitates the simultaneous detection of species using γ-Fe2O3 nanostructures/GCE. The electro-chemical sensor of γ-Fe2O3 nanobelts modified GCE also showed an excellent selectivity and high sensitivity on DA and UA, especially higher current response than the other the other nanostructures. This simplistic greener sol-gel method provides an alternative approach for the preparation of magnetic iron oxide nanostructures which are devoid of toxic/hazardous chemical compounds. The suggested greener natural extract was utilized to fabricate different morphological forms of γ-Fe2O3 iron oxides at various scales of size and their improved magnetic and electrocatalytic behaviors can be used for potential biomedical applications.
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Figure 1. XRD patterns of γ-Fe2O3 nanostructures synthesized using different % (1%, 2% and 3%) of Aloe vera (AV) extract (a) nanoparticle aggregates (b) nanobelts and (c) nanodots, respectively. 
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Figure 2. Core level XPS spectrum of γ-Fe2O3 nanostructures synthesized using different % (1%, 2% and 3%) of AV extract (a) nanoparticle aggregates (b) nanobelts and (c) nanodots, respectively. 
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Figure 3. FE-SEM images of γ-Fe2O3 nanostructures synthesized using different % (1%, 2% and 3%) of AV extract (a) nanoparticle aggregates (b) nanobelts and (c) nanodots, respectively. 
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Figure 4. TEM images of γ-Fe2O3 nanostructures synthesized using different % (1%, 2% and 3%) of AV extract (a) nanoparticle aggregates (b) nanobelts and (c) nanodots, respectively. 
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Figure 5. FT-IR spectra of γ-Fe2O3 nanostructures synthesized using different % (1%, 2% and 3%) of AV extract (a) nanoparticle aggregates (b) nanobelts and (c) nanodots, respectively. 
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Figure 6. Magnetic measurements of γ-Fe2O3 nanostructures synthesized using different % (1%, 2% and 3%) of AV extract (a) nanoparticle aggregates (b) nanobelts and (c) nanodots, respectively. 
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Figure 7. Cyclic voltammetric responses of (a) unmodified GCE, (b) γ-Fe2O3 nanoparticle aggregates/GCE (c) γ-Fe2O3 nanodots/GCE and (d) γ-Fe2O3 nanobelts/GCE at 0.3 mM UA dissolved in 0.1 M PBS (pH 7.4) solution recorded at a scan rate of 50 mV/s. 






Figure 7. Cyclic voltammetric responses of (a) unmodified GCE, (b) γ-Fe2O3 nanoparticle aggregates/GCE (c) γ-Fe2O3 nanodots/GCE and (d) γ-Fe2O3 nanobelts/GCE at 0.3 mM UA dissolved in 0.1 M PBS (pH 7.4) solution recorded at a scan rate of 50 mV/s.



[image: Catalysts 08 00512 g007]







[image: Catalysts 08 00512 sch001 550]





Scheme 1. Plausible Electrocatalytic Oxidation Mechanism of uric acid (UA) on γ-Fe2O3 nanobelts/glassy carbon electrode (GCE). 






Scheme 1. Plausible Electrocatalytic Oxidation Mechanism of uric acid (UA) on γ-Fe2O3 nanobelts/glassy carbon electrode (GCE).



[image: Catalysts 08 00512 sch001]







[image: Catalysts 08 00512 g008 550]





Figure 8. Cyclic voltammetric responses of γ-Fe2O3 nanobelts/GCE obtained at 0.3 mM UA in 0.1 M PBS (pH 7.4) (a) at different scan rates (10–100 mV/s) and (b) calibration curve plotted against square root of the scan rate and oxidation current. 
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Figure 9. Differential Pulse Voltammetric (DPV) responses obtained for the successive additions of UA (1.2 µM to 0.036 mM) in 0.1 M PBS (pH 7.4) at a fixed scan rate of 50 mV/s (a) γ-Fe2O3 nanobelts/GCE and (b) calibration curve plotted versus oxidation current and the molar concentration of UA. 






Figure 9. Differential Pulse Voltammetric (DPV) responses obtained for the successive additions of UA (1.2 µM to 0.036 mM) in 0.1 M PBS (pH 7.4) at a fixed scan rate of 50 mV/s (a) γ-Fe2O3 nanobelts/GCE and (b) calibration curve plotted versus oxidation current and the molar concentration of UA.



[image: Catalysts 08 00512 g009]







[image: Catalysts 08 00512 g010 550]





Figure 10. Simultaneous determination of 0.5 mM dopamine (DA) and uric acid (UA) using CV in 0.1 M PBS (pH 7.4) at a fixed scan rate of 50 mV/s (a) unmodified GCE, (b) γ-Fe2O3 nanoparticle aggregates/GCE (c) γ-Fe2O3 nanodots/GCE and (d) γ-Fe2O3 nanobelts/GCE, respectively. 
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Figure 11. DPV current responses of γ-Fe2O3 nanobelts/GCE obtained in 0.1 M PBS (pH 7.4). (a) Various concentration of DA varied linearly from 0.6 µM to 0.015 mM in the presence of 0.1 mM UA. (b) Calibrations curve of DA plotted versus oxidation current and concentration of DA. 
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Figure 12. DPV current responses of γ-Fe2O3 nanobelts/GCE obtained in 0.1 M PBS (pH 7.4). (a) Various concentration of UA varied linearly from 1.2 µM to 0.031 mM in the presence of 0.05 mM DA (b) Calibrations curve of UA plotted versus oxidation current and concentration of UA. 
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Table 1. Comparison of UA sensor parameters of γ-Fe2O3 nanobelts/GCE and the other electrode materials reported in literature.
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	Electrode Material
	Technique
	LOD
	Linear Range
	Electrolyte (pH)
	Ref.





	AuNPs@MoS2/GCE
	DPV
	10 μM
	10–7000 μM
	pH 7.0
	[46,47]



	GNP superstructure/uricase electrode
	CA
	50 µM
	0.02–2.5 mM
	pH 7.0
	[47]



	Graphene flowers/CFE
	DPV
	3.98 μM
	3.98–371.4 μM
	pH 7.0
	[48]



	GOU/GCE
	CV
	3.45 μM
	0.02–0.154 mM
	pH 6.5
	[49]



	Nafion/Uricase/ZnO NSs/Ag/Si electrode
	CA
	0.05 mM
	0.05–0.5 mM
	pH 7.0
	[50]



	PAYR/CPE electrode
	DPV
	9.5 µM
	27.8–304.4 µM
	pH 7.0
	[51]



	CB-CNT/PI/GCE
	CA
	8.8 µM
	10–1000 µM
	pH 7.0
	[52]



	Nafion/uricase/ZnO/Au Electrode
	CA
	0.1 mM
	0.1–0.59 mM
	pH 7.4
	[53]



	Cationic polydiallyldimethylammonium chloride/Uricase/ZnO
	DPV
	2000 µM
	0.005–1.0 mM
	pH 6.9
	[54]



	γ-Fe2O3 nanobelts/GCE
	DPV
	1.2 µM
	1.2 μM–0.036 mM
	pH 7.4
	This work
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Table 2. Comparison of DA sensor parameters of γ-Fe2O3 nanobelts/GCE and the other electrode materials reported in literature.
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	Electrode Material
	Technique
	LOD
	Linear Range
	Electrolyte
	Ref.





	Au-Cu2O/rGO
	DPV
	3.9 µM
	10–90 µM
	pH 7.0
	[56]



	Au–graphene
	DPV
	1.86 mM
	5–1000 mM
	pH 6.0
	[57]



	3D-GN@WO3 nanowire
	CA
	238 µM
	10–150 mM
	pH 6.0
	[58]



	Graphene
	DPV
	2.64 mM
	4–100 mM
	pH 7.0
	[59]



	ZnO/MWNTs/GCE
	CV
	3 µM
	3–200 µM
	pH 7.0
	[60]



	AGR-MWCNT/GCE
	DPV
	1.4 µM
	2–120 µM
	pH 7.0
	[61]



	GR–CS/GCE
	DPV
	5 µM
	15–175 µM
	pH 7.0
	[62]



	Ag/RGO
	LSV
	5.4 µM
	10–800 µM
	pH 6.0
	[63]



	Au/RGO/GCE
	DPV
	1.40 μM
	6.8–41 μM
	pH 7.0
	[64]



	γ-Fe2O3 nanobelts/GCE
	DPV
	0.6 μM
	0.6 μM–0.015 mM
	pH 7.4
	This work
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