Release of Dopamine encapsulated in a TiO2 matrix in the striatum improves the motor activity in hemiparkinsonism model of the rat
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Abstract 
Statement of the Problem: Parkinson´s disease is a neurodegenerative disorder characterized by progressive loss of dopaminergic neurons in the substantia nigra causing dopamine depletion in the striatum. The purpose of this research was to evaluate the temporal stability of dopamine encapsulated in a titanium dioxide (TiO2) matrix synthesized by sol-gel method under atmospheric conditions. The formation of the oxidation products from dopamine were analyzed by colour change of the microimplant, optical absorption and infrared spectroscopy. The evaluation in vivo on the locomotor activity in the open field test of hemiparkinson rat model was studied.
Material y Methods: a) TiO2 precursor solution. A mixture of Tetrabutyl orthotitanate and diethanolamine which prevent the precipitation of oxides and stabilize the solutions was obtained with deionized water. Tetraethyleneglycol was added to the above solution under stirring. b) TiO2/DA solution. To 20 ml of TiO2 solution prepared in section (a), the Dopamine was added and the sol was stirred at room temperature under darkness. The states of dopamine oxidation were evaluated using infrared spectroscopy. Forty Winstar rats were divided into 4 groups: Sham, Lx (hemiparkinsonian), Lx + TiO2/DA matrix, and TiO2/DA matrix only. Induced rotation test and locomotor activity task were performed on days 0, 1, 21, 90 days after the insertion of the TiO2/DA in the caudate nucleus. 
Findings: Results show that the TiO2 matrix can protect the dopamine inhibiting its chemical instability and retarding its oxidation gradually. Less induced rotations and better performance in the locomotor activity during the 90 days of the experimental evaluation suggest that probably dopamine successfully stabilized and it was released from its reservoir in the striatum. 
Conclusion: Advantages of this treatment are its easy and fast elaboration, low cost and immediate benefits on the motor disturbances presented by the animals with hemiparkinsonismo.
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Abstract Cu2O nanocrystals with cubic and dodecahedral shapes were synthesized. The average sizes for the cubes and dodecahedra structures are approximately 380 nm and 300 nm, respectively. The precursor solution color changes quickly from blue to green, yellow, and then orange within 1 min of reaction in the formation of cubes, while such color change takes 5 min in the growth of rhombic dodecahedral. The prepared samples were characterized by X-ray diffraction, diffuse reflectance, scanning electronic microscopy and transmission electronic microscopy. The charge-carrier mobility was studied by Time Resolved Microwave Conductivity. A methyl orange (MO) solution irradiated with visible light was used to study the photocatalytic activity. The degradation of the dye molecules was determined by UV-vis diffuse reflectance spectroscopy. The Cu2O dodecahedra displayed significantly better photocatalytic activity than the cubes. The different crystalline facets exposed as well as the crystal defects as vacancies can influence in the photocatalytic behavior of cubes and dodecahedra.  
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1. Introduction

The semiconductors have aroused scientific interest both investigation and practical applications, as their chemical and physical characteristics depend of the morphology and size strongly [1]. Nanotechnology has allowed to obtain semiconductors with small dimensions and different geometrical shapes, generating materials with extraordinary and sometimes unexpected properties useful for  a large range of  applications [2–8].

Cuprous oxide is a p-type non stoichiometric semiconductor, belonging at the family of transition metal semiconductors, which has a direct band gap of 2.0-2.2 eV [9,10], and a high absorption coefficient on wavelengths in the solar spectrum. It exhibits a cubic closed packing crystal structure named cuprite, in which coordination number of oxygen atoms is the double than the copper atoms. It is relatively abundant and has a low toxicity [11–15].

Some methods have been used to synthesize different Cu2O morphologies as electrodeposition [16], reduction of cupric salts [17], electrolytic [18], hydrothermal [19,20] and solvothermal [21], whereby have been obtained cubes, micro-spheres, octahedra, cube-octahedra, truncated-octahedra, hexapoids, rhombic-dodecahedra, sheets and plaques [22–29].

Cu2O polyhedral nanostructures expose different physical and chemical properties [30–35], because a specific morphology and size provide the lattice symmetry and particular surface energy, which have a narrow relationship with aspects as the quantum confinement [14] and active crystallographic facets [15]; which brings a great interest in all optical adsorption applications. (Miguel, HAY MUCHAS IDEAS EN EL PARRAFO MARCADO, actualizar referencias hasta 2017) Cu2O nanostructures have been used for gas sensing, photodegradation of dye molecules, CO oxidation, water splitting, among others. [9]. Cu2O nanocrystals with different geometries as cubic and polyhedral have been demonstrate to be  efficient photocatalysts for the degradation of dye molecules [9,36–39], for hydrogen generation and for CO2 reduction [40]. 



Huang and coworkers [27] synthesized cubic nanostructures, evolving until dodecahedral shape systematically increasing the reductant agent. They reported that a solution of methyl orange was almost completely photodecomposed by after 90 min of photoirradiation with a 500W Xenon lamp by using Cu2O rhombic dodecahedra, but the cubes did not show any phorocatalytic activity. 

 Time Resolved Microwave Conductivity is a noninvasive in situ characterization technique that offers the possibility to obtain information on charge-carrier recombination dynamics, effective mobility of the carriers formed, carrier lifetimes and trapping charge-carrier transfer [41–43], based on the detection of radiation-induced charge separation by time-resolved measurement of the changes in microwave absorption resulting from the production and decay of charged and dipolar molecular entities [43], that which can explain photocatalytic behavior of Cu2O nanostructures with different morphology. (Hay algunos errors conceptuales)

In this work, Cu2O nanocrystals were synthesized with systematic cubic and dodecahedral shapes at room temperature by mixing an aqueous solution of CuCl2, sodium dodecyl sulfate (SDS) surfactant, and NH2OH3HCl as reductant. Cu2O cubes and rhombic dodecahedra were obtained by following the remarkable color changes of the solution. These Cu2O nanocrystals were used as catalysts for the photodegradation of methyl orange (MO). The prepared photocatalysts were characterized by scanning electron microscopy, high resolution transmission electron microscopy and X-ray diffraction. Their band gap were determined by UV-Vis diffuse reflectance spectroscopy. The charge-carriers dynamics, under an excitation wavelength of 580 nm, was study by Time Resolved Microwave Conductivity. (Miguel)







2 Experimental



2.1 Synthesis of the Cu2O nanocrystals.

All chemical were purchased from Aldrich without further purification. A schematic representation of used synthesis methodology is shown in Figure 1. Sodium dodecyl sulfate was used as surfactant. For the synthesis of Cu2O nanocrystals [27] with cubic and dodecahedral shapes; 8.92 mL and 6.92 mL of deionized water were added to sample vials, respectively. The sample vials were placed in a water bath set at 32-34°C. Then, 0.5 mL of 0.1 M anhydrous copper (II) chloride (CuCl2, 97%) solution and 0.087 g of sodium dodecyl sulfate (SDS) (100%) powder were mixed to obtain an homogeneous solution to which 0.18 mL of 1.0 M sodium hydroxide (NaOH, 98.2%) solution was added. 

The resulting solution after the reaction between CuCl2 and NaOH, turned light blue immediately, indicating the formation of Cu(OH)2 precipitate. Finally, 0.40 and 2.40 mL of 0.1 M hydroxylamine hydrochloride (NH2OHHCl; 99%) were quickly injected into the vials, to obtained cubes and dodecahedra respectively. The solutions were stirred for 20 s. Cu2O was formed when NH2OH*HCl was added, reacting with the Cu(OH)2. The concentrations of Cu2+ ions and SDS surfactant in the final solution were 1.0 x 10-3 and 3.0 x 10-2 M, respectively.  The final solution was centrifuged at 5000 rpm for 3 min. After, the top liquid was decanted and the precipitate was washed with 6 mL of a 1:1 volume ratio of water/ethanol solution. The precipitate was centrifuged and washed again using the same water/ethanol mixture to remove unreacted chemicals and SDS surfactant. The final washing step used 5 mL of ethanol, and the precipitate was dispersed in 0.6 mL of ethanol for storage and analysis.



[image: ]

Fig. 1. Synthesis of Cu2O cubes and dodecahedra structures.





2.2 Characterization

The photocatalysts were characterized by X-ray diffraction (XRD), UV–vis diffuse reflectance (DR), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). 

The XRD powder patterns were collected in a Miniflex 600 Rigaku diffractometer with copper anode (CuΚα radiation of 1.5406 Å), with 0.02 degree/s. UV–vis diffuse reflectance spectra were recorded using a GBC Cintra 20 spectrometer on the range 200-800 nm. 

SEM characterization was recorded using JEOL 6390 without any treatment. Another characterization of the morphology and microstructure was performed from conventional TEM by means of ARM 200CF microscope. For TEM and HRTEM studies, the sample was suspended in ethanol in order to disperse the powders and a drop of the sample was deposited on a lacey carbon copper grid as a TEM support. The Digital Micrograph 3.7 for GMS 1.2 by the Gatan Software Team was used to obtain an average size of Cu2O cubes and dodecahedra from 10-15 micrographs analyzed in different regions.

The dynamics of charge carriers in the photocatalysts was studied by Time Resolved Microwave Conductivity (TRMC) method. For TRMC measurement, the incident microwaves were generated by a Gunn diode of the K band at 30 GHz. A laser (EKSPLA, NT342B) tunable in the range between 220 and 2000 nm, equipped with an optical parametric oscillator (OPO), was used as pulsed light source. It delivered 8-ns FWMH pulses with a frequency of 10 Hz.  The selected excitation wavelength was 580 nm with a light energy density of 2565 J cm−2. To minimize the noise, a TRMC signal was obtained averaging measurements during 200 laser pulses.

The TRMC fundamentals have been previously described [44–46]. This technique is based on the measurement of the relative change of microwave power () reflected by sample, which is simultaneously excited using a monochromatic irradiation from a laser pulse. Such relative variation can be correlated to small perturbation of sample conductivity, , as shown in the following equation: 

				(1)

Where the change of conductivity, (t), refers to the number of excess charge-carriers i at time t, , multiply by their mobility ().  A is a sensitivity factor depending on the experimental configuration and the electrical parameters of the sample.

The signals obtained by this technique display the evolution of the conductivity (denominated photoconductivity) of sample, I(t), as a function of time (ns). The main data provided by TRMC are given by the maximum value of the signal (Imax) and the decay, which reflects the number of the excess charge-carriers created and their decrease cause by any factor, respectively. 



2.3 Photocatalytic evaluation

The photocatalytic activity of the synthesized Cu2O cubes-, dodecahedra nanocrystals and Cu2O standard were evaluated on methyl orange (MO) degradation. The total reaction volume was 100 mL of aqueous methyl orange (20 mg/L) solution. Cu2O photocatalysts (0.1 g) were added to the MO solution and dispersed by sonication during 1 min. After the obtained suspension was transferred to a glass reactor, which was placed inside of the LED-photocatalytic reactor. This reactor was designed and built in our institute; a detailed scheme of it is presented in our previous work. Before to reactor illumination, the capacity of the samples to adsorb the MO molecules was tested during 1 h in the dark under constant magnetic stirring. After that the glass reactor was irradiated by a blue light of   = 470 nm for 4.5 h.   A sample of 5 mL was taken each 30 min.  The MO degradation was followed by UV-vis spectroscopy. Each evaluation was carried out at least three times, thus ensuring the reproducibility of our results. 



3 Results and discussion



3.1 X-ray diffractions patterns

Figure 2 shows the XRD patterns of the Cu2O nanocrystals. In both spectra, well-defined peaks from Cu2O were located at 2 = 29.66, 36.53, 42.42, 52.60, 61.52, 73.67 and 77.53°, which can be indexed as (110), (111), (200), (211), (220), (311) and (222), respectively. The positions of the diffraction peaks are in good agreement with those given at the Joint Committee for Powder Diffraction Standards (JCPDS) No. 050667 data card. These nanocrystals have a cubic crystal structure of Cu2O. No other impurity was observed. The sharp diffraction peaks in both spectra indicate that the samples are highly crystallized. The (111) peak dominates, and the ratio of the diffraction intensity for cubes is higher than those from dodecahedra. It could be to the morphology change achieved from cubes to dodecahedra [27].

[image: ]

Fig. 2. X-ray diffraction patterns of the Cu2O cubes and dodecahedra nanocrystals.



The average crystalline size (D) was calculated from Scherrer´s formula [47] by using the diffraction peak (111) for Cu2O phase with =1.54056x10-10 m:

[image: ]						(2)



Table 1 contains the D values for Cu2O nanocrystals with cube and dodecahedra shapes. For the Cu2O cubes, the crystallite size is about 40 nm, whereas for the Cu2O dodecahedra this value diminishes to 27 nm. It is according to the fact that the width peak for dodecahedra is broader than that for cubes.



Table 1 Summary of nanoscopic characteristics of the Cu2O crystals

		Structure

		Phase                

		(hkl)

		2

		B

		Radian

		D (nm)



		Cube

		Cu2O

		(111)

		36.53º

		0.21°

		0.0037

		39.8



		Dodecahedra

		Cu2O

		(111)

		36.57º

		0.31º

		0.0054

		27.0

















3.2 SEM and TEM measurements

Figure 3 shows the SEM images of the Cu2O nanocrystals synthesized with cubic and dodecahedral morphologies. Figure 3(a) shows that the Cu2O cubes have a high uniform and monodispersed morphology. They grew until ∼400 nm with rough surfaces and poorly defined edges. Cubes with flat faces should form after a period of surface reconstruction [48]. Similarly, Figure 3(b) shows the Cu2O dodecahedra well-defined and dispersed with an average size of 300 nm and rough surface are present too. 



[image: ]

Fig. 3. SEM images of (a) Cu2O cubes and (b) Cu2O dodecahedra.



Dodecahedra were obtained because the amount of reducing agent (?) added to the precursor solution was six times greater than that used to synthetize the cubes structures. This causes slightly acidic conditions, which induced the dodecahedral shape formation due to the etching of Cu2O by reaction with  HCl from NH2OH*HCl [27]. (Mencionar que la hidroxilamina modifica la forma y tamaño de los nanocrystalas de Cu2O. Anexar reacciones. Reforzar que otros grupos encontraron este mismo efecto con el mismo precursor, agente reductor, pero además variaron el pH y el agente capping (surfactante). Nosotros solo varimos el agente reductor, no pH ni tensoactivo) Fer

Figure 4 shows the HRTEM image of the cubes have already been formed in just 60 s after the addition of NH2OH3HCl, a result consistent with the observed solution color. Some fibrous materials can be seen surrounding the cubes, which are believed to be Cu(OH)2 structures.  



[image: ]

Fig. 4. TEM micrograph showing the cubes have already been formed in just 60 s after the addition of NH2OH3HCl.



 	Figure 5 shows the HRTEM micrographs of the Cu2O and CuO phases observed in cubes and dodecahedra structures. At the top, the Cu2O phase observed in the cubes and dodecahedra was identified by the spacing d = 0.246 nm and 0.302 nm which can be indexed as (111) and (110), respectively. At the bottom, the CuO phase was found in both symmetries belonging to the spacing d = 0.232 nm, which can be indexed as (111).

[image: ]

Fig. 5. HRTEM images of Cu2O (Top) and CuO (Bottom) phases were identified in both morphologies. The white arrows correspond to the reflections. The inset shows the diffraction pattern showing these reflections.

(Citar otras referencias donde mencionan la formación de CuO) (Fer)

3.3 UV-vis diffuse reflectance spectroscopy and band gap

Figure 6 shows the typical absorption spectra of both photocatalysts and the band gap. The optical band-gap (Eg) was determined from these absorption spectra by using the equation [49]: 

[image: ]					(3)

where  is the absorption coefficient, h is the photon energy, Eg is the band gap energy and C depends on the electron-hole mobility. A strong absorption band centered at 470 nm (2.63 eV) was identified.

[image: ]

Fig. 6. (Left) Optical absorption spectra of Cu2O nanocrystals synthesized as (a) cubes and (b) dodecahedra. (Right) Evolution of the (h)2 vs h curve of both morphologies recorded at room temperature.



The value of Eg was determined plotting a tangent line (blue solid line) to the curve. For Cu2O cubes and dodecahedra, their Eg values are active in the visible region with values of 2.08 eV and 2.18 eV, respectively. For Cu2O standard, the value of Eg was 1.93 eV (UV-vis absorption spectra and evolution of the (h)2 vs h curve are available in Figure A in Supporting Information). These values are closest to the band gap of Cu2O (2.17 eV), and these are very suitable for photocatalytic degradation of MO with visible light [30].  



3.4 Time resolved microwave conductivity spectra 

The TRMC measurements, obtained under an excitation wavelength of 580 nm, are presented in Figure 7. The TRMC signals of Cu2O reference and dodecahedra are 13-fold higher than that obtained with the Cu2O cubes.  Both Cu2O reference and dodecahedra exhibit a maximum that extends several nanoseconds (>7ns) before the photoconductivity begin to decrease; this type of maximum is quite different to those reported for TiO2 [46] and ZnO [50].  The TRMC signal of Cu2O cubes shows a maximum immediately followed by a decay. 

Unlike most oxides, in Cu2O the holes mobility is very high [51], then in principle, the TRMC signals of Cu2O samples should be attributed to both electron and holes. A systematic TRMC study was carried out to determinate the contribution of holes in the TRMC signal. In such study, the samples where homogenously impregnated with ethanol, which acted as a hole scavenger; thus trapping the holes and hampering their recombination with the electrons.  The effect of ethanol in TRMC signals is shown in Figure 8. Ethanol on the sample surface had an influence mainly in the maximum. The maximum of Cu2O reference and dodecahedral were extended a 32 and 61% in time, respectively. For Cu2O cubes, the ethanol allows to increase the maximum photoconductivity. For all the samples, their decay was not affected by the ethanol impregnation. 

It is well know that dominating defects in Cu2O are copper vacancies (VCu) [52], which are efficient holes trapping, then it can be assumed that  from the total of the photogenerated holes an amount is trapped by the VCu, while the rest migrate to the surface. In the way to the surface and/or on the surface the rest of the holes are recombined with some excess electrons. Then, in the case of Cu2O, the TRMC signal can be only attributed to the electrons. This behavior is clearly observed when the samples are impregnated with ethanol (Figure 8). In this case the ethanol avoided the recombination of the free holes with the electrons that is way the maximum was prolonged or increased. No change in the TRMC decay was observed with the ethanol presences, this confirms that the TRMC signals are mainly attributed to the electrons.  The decay of the TRMC signal can be explained by the electron trapping by oxygen vacancies. 

Base on the latter explanation, the number of VCu in the samples decrease in the following order Cu2O reference> dodecahedral>cubes. 

[image: ]

Fig. 7. Logarithmic plot of the TRMC signals of Cu2O samples induced by 580 nm light pulses.

[image: ]

Fig. 8. Influence of ethanol in the TRMC signal of: (a) Cu2O reference, (b) cubes and (c) dodecahedra.

3.5 Photocatalytic activity (Miguel)

MO solution was kept in the darkness for 1 hour to get adsorption equilibrium for all materials. The photoactivity of the Cu2O cubes and dodecahedra were evaluated in the MO degradation under visible light irradiation as Figure 9 shows. Photolysis of MO was not presented under irradiation source (Figure B Supporting Information). In the Fig. 9 (a), for cubes no adsorption was observed, but for dodecahedra the adsorption decreases almost to the half of MO concentration, when reach the adsorption-desorption equilibrium (Fig. 9b). Clearly, the degradation of MO is superior on Cu2O dodecahedra that of Cu2O cubes after 4 hours of evaluation. For Cu2O standard, the colour of the solution was dispersed until 2.5 h. It exhibits an excellent adsorption and null photoactivity (available in Figure C in the Supporting Information). 

In Figure 9(c) compared photodegradation of MO vs time using Cu2O photocatalysts synthesized and Cu2O standard. In dark step, Cu2O standard absorbed 20% of MO, but photoactivity was not presented after 4 hours of evaluation.



[image: ]Fig. 9. Degradation of MO in (a) cubes and (b) dodecahedra. (c)Plots of –In (C/C0) versus time corresponding to the photodegradation of MO solution.



Nanoparticles with geometrical shapes presents different crystalline facets, and some of these are active photocatalytically [15]. These results suggests that Cu2O dodecahedra with {110} surfaces are more effective at photocatalysis reactions than Cu2O nanocubes containing {111} surfaces [27,42]. When irradiated by visible light, Cu2O can generate efficiently electrons and holes on {111} facets. Photo-generated holes on {111} facets will oxidize OH- or H2O to form -OH, and photo-generated electrons on {111} facets can be scavenged by adsorptive O2 to yield O2 -, and O2 - further reacts with H2O and electrons to produce hydrogen peroxide (H2O2) and hydroxyl radical (OH), which can effectively bleach the methyl orange dye [53].

Cu2O standard ?

Huang et al. [27] worked with the same photocatalysts in decomposition of MO, using irradiation source was a 500 W Xenon lamp. Cubes were essentially inactive for degradation of MO, but the slight photodegradation may be attributed to the imperfect cubic shape. In this work, cubes presented more imperfect shape that those, and they could photodecomposed MO until 40%. They cannot absorbed MO by their neutral electric character due they are expose by the {1 0 0} faces [15,27], where copper atoms on the surface are saturated [15,27]. Cu2O dodecaedra are bound exclusively by the {1 1 0} faces, where exist terminal copper atoms, giving positive electrical character at the nanostructure [27,54], which that increase the number of MO molecules absorbed onto the surface and improve your photocatalytic activity [27,55–57] .

Imperfection in shape on cubes and dodecahedra increase the possibility of crystalline frame is perturbed presenting intrinsic defects, as oxygen vacancies, that improve the photocatalytic activity. 







4 Conclusions
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