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Abstract

:

Blue-emitting Ag(+)-, Cu(2+)-, and Mg(2+)-doped ZnSe nanoparticles (NPs) were successfully synthesized at 80 °C by the precipitation method by using mercaptopropionic acid (MPA) as a stabilizer. UV–visible and photoluminescence (PL) studies were applied to investigate their physicochemical properties. Their structural properties were confirmed by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) and transmission electron microscopy (TEM). The size of the ZnSe: X-capped MPA showed a strong relationship with dopant metals. The diameters of the Mg-doped ZnSe and the Cu-doped ZnSe were 22–24 nm, while the Ag-doped ZnSe was halved, at about 13 nm. The photoluminescence was within a wavelength range of 400–550 nm. In addition, the PL intensities, as well as the photoluminescence quantum yields, were in the order of the decreasing ionic radii of the dopant metals (ZnSe:Ag < ZnSe:Mg < ZnSe:Cu). Furthermore, through the interaction with lysine, the PL intensity of the ZnSe:X was changed. Interestingly, the capacity of the ZnSe:Mg for lysine was significantly higher than that of other dopant metals. Moreover, the toxicity of the ZnSe:Mg was relatively insignificant toward the hMSCs (about 80% cell viability at 320 ppm), compared to the transition-metal dopant. Therefore, the ZnSe:Mg material could have great potential for bioapplications.
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1. Introduction


With remarkable characteristics, such as unique chemical and physical properties, large specific surface areas, and high bioactivity, semiconducting nanoparticles have become good candidates to replace traditional organic antimicrobial agents, which are extremely irritant and toxic. Currently, fluorescent dyes are being widely replaced by quantum dots (QDs) as effective alternatives or complementary tools in advanced biosensors [1], cell imaging [2], and in vivo animal tracking [3], which is due to their photostability, high photoluminescence, narrow emissions, and broad UV excitation. Since fluorescent detection is necessary for both the studies of complex microbial populations and the identification of bacteria, the construction of probe-conjugated QDs for single-bacterium imaging is one of the research areas with the most potential in the biological applications of QDs. Therefore, the tunability in the optics of QDs is greatly required in this field.



Nanocrystalline semiconductors that belong to the II–VI groups have attracted much attention because of the tunability of their band gaps [4,5,6,7] and their potential biomedical applications [8]. Among them, zinc selenide (ZnSe), which is a well-known n-type direct bandgap semiconductor [9,10,11,12] with highly intense luminescence properties and a wide band gap (bulk bandgap 2.8 eV), has been widely applied in light-emitting diodes, photodetectors, full color displays [13,14,15,16], and sensors [17,18,19]. In addition, ZnSe nanoparticles (NPs) demonstrate excellent biocompatibility, and they are also nontoxic to biological organisms [5]. However, the emission of ZnSe is in the violet region, which hinders its application in medical devices.



Various studies suggest that the optical performance of ZnSe NPs could be tunable by changing the type and the amount of the dopant [20,21,22,23,24]. Typically, when dopants are incorporated into ZnSe NPs, the charge extraction is reconstructed, and, consequently, the band structures are tuned. Promising dopants are mostly transition metals, which have some empty d-orbitals that result in the formation of the new charge transfer, and that then reduces the self-absorption of the NPs [22,23].



In terms of biomedical application, the selection of transition metals as the dopant is very important. The degree of nontoxicity plays a critical point in the selection. Among the common dopants, copper, magnesium, and silver could be considered as the promising candidates. Silver possesses many advantages, such as good antibacterial ability, excellent biocompatibility, and satisfactory stability [25]. Silver can have an antibacterial effect when it is used in a small percentage, but it can be toxic in higher amounts [26]. Silver nanoparticles have been studied for their accumulation in an Escherichia coli (E. coli) membrane to effectively induce antibacterial effects [27]. Moreover, the use of silver for adjusting the emission band of ZnSe has been investigated. For example, silver-doped ZnSe nanowires were investigated in the range of 10 to 300 K, which produced a blue-light emission [28]. The incorporation of Ag into ZnSe exhibited a blue emission at a wavelength range from 504 to 585 nm, which suggests a wide range of applications in optical coding, white light-emitting diodes (LEDs), and bioimaging [29]. Moreover, the stability of ZnSe is improved following the addition of silver metal [30]. Therefore, the tunable electrical and optical silver (Ag)-doped ZnSe thin films could be applied to make transistors and to work as the buffer layer in solar cells [31]. Similar to silver, copper has been proven to have antibacterial properties that particularly target multidrug-resistant bacteria. The abundance and the low cost of copper make it a better choice to work with, compared to silver. Moreover, by adding copper into ZnSe NPs, the excited stage of ZnSe NPs is overlapped with the emissive centers of the dopant, which induces the tunable emission characteristics [28]. The introduction of Cu into ZnSe NC (Cu:ZnSe d-dots) caused the redshift of the emission from 465 to 495 nm [28]. The two dopants, Mg and Cu, were introduced into the host material in a two-step process by using polyvinyl alcohol (PVA), thioglycolic acid (TGA), and L-glutathione (GSH) as the capping agents, which induced the emission in the visible spectrum range [32,33,34,35,36,37,38]. Together with d-metal as the dopant, p-type doping, such as with magnesium, provides an interesting result. Mg2+-doped ZnSe nanoparticles were synthesized by the simple wet chemical method by using N-methylaniline (NMA), which showed a tunable optoelectronic and potential use in solution-processable devices [39]. Previous studies have synthesized Mg- or Cu-doped CdS/ZnSe (core/shell) and Mg- or Cu-doped CdS, which are cubic, quartzite, and blue emitting, through direct chemical solution routes in organic solvent [40].



In this study, we report a green synthesis in the water of low-toxic ZnSe:X nanoparticles, with the dopant (X) being silver, copper, or magnesium, to create the visible blue phosphorescence at 440–475 nm. The ZnSe:X NPs were synthesized by using mercaptopropionic acid (MPA) as a stabilizer at 80–100 °C. In this work, the effect of the dopant types on the optical crystal structure and the morphological properties were inclusive. Moreover, the difference in the fluorescent signal of the ZnSe:X NPs after adding lysine was investigated in order to examine the selective activity of the dopants on a biological agent. Furthermore, in order to verify the potential application in biomedical devices, the cytotoxicity assay using human mesenchymal stem cells (hMSCs) was performed. This study provides critical points in the selection of the dopant for the future application of ZnSe NPs.




2. Materials and Methods


2.1. Chemicals


Silver nitrate (AgNO3), copper chloride (CuCl2), magnesium chloride (Mg) (99.99%), zinc acetate (Zn(CH3COO)2.2H2O) (99.99%), 2-propanol (HPLC grade), 3-Mercaptopropionic acid (MPA) (99+%), sodium borohydride (NaBH4) (96%), and selenium powder (99.5%). All of the chemicals were purchased from Sigma-Aldrich, with high purification.




2.2. Preparation of ZnSe:X-Capped MPA Nanocrystals


The Zn2+ precursor solution was prepared in a three-neck flask, following the literature method, by the dissolution of 10 mL of zinc acetate 0.1 M in 90 mL of DI water, with 1.0 mL of X sault (X: silver nitrate, copper chloride, and magnesium chloride), and 40 mL of MPA 0.1 M, and then the pH of this system was adjusted to a pH = 6.5 by using NaOH 2 M with vigorous stirring. This was kept in N2 gas for 30 min to degas, and during the whole reaction process, and the NaHSe solution was injected into the Zn2+ precursor solution at room temperature. The mixture was continuously stirred to 80–100 °C, which relates to the capping agent, and it was refluxed for 3 h for ZnSe:X (1%) crystal growth, and it was aged for 24 h with precipitation. The precipitate was washed several times and was dried at room temperature in order to produce a material that readily disperses in water.




2.3. Characterization


The physico-chemical properties were surveyed by using photoluminescence spectroscopy and Fourier transform infrared (FT-IR) spectroscopy. The photoluminescence quantum yield (PL QY) of the nanoparticles was also measured, according to the method that is described in Crosby and Demas [5,6]. A D/Maxrint 2000 powder X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) was used to perform the X-ray diffraction measurements. A JEM 2100F transmission microscope with an acceleration voltage of 200 kV was used to capture the TEM.




2.4. Cytotoxic Test


Cell culture: Human mesenchymal stem cells (hMSCs) (passages: 4) were provided by Lonza Bioscience. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)-F12, HyClone), and were supplied with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MI, USA), 1.2 g/L sodium bicarbonate (Sigma-Aldrich), and 1% penicillin–streptomycin (P4333, Sigma-Aldrich) at 37 °C, 5% CO2, and 90% humidity.



Cytotoxicity test: The hMSCs were seeded in 96-well plates at a density of 2 × 105 cell/well. After 24 h, the medium was removed and was then replaced by the new cultured media, which contained various concentrations of ZnSe:X-capped MPA (0, 60, 120, 240, and 320 ppm). An amount of 0 ppm was distilled in water, and the background control was the hMSCs with cultured media only. The plates were incubated at 37 °C in a humidified incubator with 5% CO2 for 48 h. Then, an SRB assay (ab235935, Abcam) was applied, following the instructions of the manufacturer. The cell viability was calculated with regard to the absorbance of the background control. Each sample was repeated independently three times. The live/dead assay based on dual staining with acridine orange (AO)/propidium iodide (PI) was also conducted. Briefly, the culture media in each well was discarded, and then the new media containing 10 μL of AO (50 μg/mL) and 5 μL of PI (1 mg/mL) was added. After 5 min of incubation in a CO2 incubator, the PBS (1X, Gibco) was used to wash the dye before adding the freshly completed DMEM-F12 media. The result was observed under an Andor confocal microscope (using 525 nm and 650 nm filters).





3. Results and Discussion


3.1. Synthesis and Characterization of ZnSe:X NPs


Figure 1a,b show the luminescence of the prepared NPs capping with MPA in the aqueous phase. The ZnSe:Ag, ZnSe:Cu, and ZnSe:Mg NPs emitted in the range of 445 to 475 nm, and redshifted from the silver to the magnesium dopant. The PL intensities of the ZnSe:Ag, ZnSe:Mg, and ZnSe:Cu increased in accordance with the decreasing ionic radius of the dopant metal. In addition, the photoluminescence quantum yields were: ZnSe:Ag(1%)-MPA (26%); ZnSe:Mg(1%)-MPA (32%); and ZnSe:Cu(1%)-MPA (40%).



By utilizing 365 nm as the excitation wavelength, the luminescence of ZnSe:Ag is at 445 nm, the luminescence of ZnSe:Cu is at 460 nm, and the luminescence of ZnSe:Mg is at 475 nm, which are similar to previous studies [32,33]. Actually, the ZnSe core NPs have two emission peaks: an obvious bandgap emission around 400 nm, and a defect emission around 500 nm [41]. The emission of the deep trap of the ZnSe is due to the suitable band gap (400 nm) [42,43], and the peak at a 500 nm wavelength is assigned either to the surface trap emission of the ZnSe stabilized by an MPA capping agent that is synthesized in the aqueous phase (see Figure 1a) [5], or to the trap state emission from the surface defects [44,45,46,47,48].



Compared to pure ZnSe NPs, the emission spectra of ZnSe:Ag contain only one broad peak at 445 nm. Silver ion activators provide the dominant nonradiative path via the deep levels for the excitation energy that are due to the effect of activator concentration quenching [49,50]. Ag:ZnSe and ZnSe NPs have different excitation processes, which suggests that the Ag impurities influenced the orbitals of the ZnSe. Obviously, photoinduced excitons are more easily trapped by Ag impurities, which leads to the quenching of the band-gap emission of ZnSe NPs at 400 nm [51].



In the case of a copper doping agent, in comparison with ZnSe NPs, almost no bandgap emission is observed while the fluorescence emission peak of Cu2+ is exposed in the spectra, which makes the apparent PL change to blue green (Figure 1c). It is generally suggested that, under the level splitting of T2, electrons are formed at the conduction band of ZnSe between the valence band and the 3d9 ground state of Cu2+. After the ZnSe matrix absorbs the energy, the electrons on the valence band jump to the conduction band, and then relax to the shallow donor energy level that is formed by the impurity ions (Cu2+), and they then jump to the T2 level of the Cu2+ to produce luminescence at around 460 nm [52,53,54]. There was no free Zn2+ in the Cu:ZnSe nanoparticle solution, as Zn2+ is in the form of ZnSe or Zn–MPA complexes. Cu ions also perform Cu–MPA complexes. Moreover, the –SH group of MPA acted as a reducing agent, which protected the aqueous Cu:ZnSe against oxidation by generating disulfides of MPA (di-MPA). The excess MPA efficiently prevented the oxidation of Cu:ZnSe, and increased the stability of the Cu:ZnSe d-dots [54,55,56,57]. Figure 1b also shows the photoluminescence spectrum of the Mg2+-doped ZnSe NPs. It is the near-band-edge emission peak, which was observed at 475 nm, which is similar to a previous study [40].



Figure 1d shows the FT-IR spectra of ZnSe and ZnSe:X that are 1% capped with MPA. It reveals that all of the samples were capped with an MPA agent. In comparison with MPA, the small peak at 2600 cm−1 that is assigned to the S-H vibration was diminished after the MPA was capped with ZnSe:X, which proposes the formation of the bond between metal and sulfur, including S-Zn, S-Ag, S-Cu, and S-Mg [58,59,60,61]. The broad absorption peaks in the range of 3410–3465 cm−1 that correspond to the –OH group indicate the existence of water absorbed onto the surfaces of the nanoparticles. The band at 2921 cm−1 is ascribed to the asymmetric stretching of C–H. The band at 2370 cm−1 is due to the C=O, and, at 1500–1650 cm−1, it is attributed to the C=O stretching mode that arises from the absorption of atmospheric CO2 onto the surfaces of the nanoparticles [18,37]. Therefore, silver, copper, and magnesium are successfully doped into the ZnSe crystals.



Figure 2a shows that the diffraction patterns of the ZnSe:X that was 1% synthesized in an MPA capping agent possess zinc-blende crystal structures that display the cubic crystals at the (111), (220), and (311) planes, which correspond to 27.51°, 46.14°, and 53.85°, respectively (JCPDS Card No. 80-0021), and to 28°, 46°, and 54°, respectively. The X-ray diffraction patterns of the nanocrystalline ZnSe:Ag(1%), ZnSe:Cu(1%), and ZnSe:Mg(1%) powder samples show that the doped ZnSe:X was found to be of a cubical symmetry and that it is assigned to silver, copper, and magnesium, as confirmed from its standard JCPDS, No. 01-1167. [35,39,50,62]. No diffraction peaks from silver, copper, and magnesium impurities are detected in these samples. Therefore, it can be concluded that doping Ag+, Cu2+, and Mg2+ into the host NPs does not generate a phase transformation of the crystal structure.



The TEM images of Ag+-, Cu2+-, and Mg2+-doped ZnSe nanoparticles are shown in Figure 2b. The images clearly show the formation of nanoparticles. The average sizes of the nanoparticles are 13.45 nm for ZnSe:Ag; 22.30 nm for ZnSe:Cu; and 24.10 nm for ZnSe:Mg. This can be explained by the fact that the ionic radii of Cu2+ (0.71 Å) and Mg2+ (0.72 Å) are closed to that of Zn2+ (0.74 Å), while the Ag+ ion radius (1.14 Å) is larger than that of the Zn2+ (0.74 Å). Therefore, the ZnSe:Cu and ZnSe:Mg NPs have similar sizes, while the ZnSe:Ag size is much different from the other two NPs.




3.2. The Interaction of Nanoparticles with Amino Group (in lysine)


The amino group could react with the carboxylic (-COOH) of the MPA capped onto the ZnSe:X nanoparticles in the water solution by imide (-CONH) formation. Lysine is an essential amino acid that is involved in human metabolism, such as the urea cycle or the synthesis of polyamines. Thus, the interaction of NPs with an amino acid such as lysine is important for biosensor applications. Figure 3 shows the UV absorption of ZnSe:X-capped MPA, with and without lysine. The absorption spectra of the ZnSe:X/MPA are unchanged after adding lysine, which suggests that lysine does not affect the size of the products.



However, the PL behavior depends on the addition of lysine (Figure 4). Obviously, the fluorescence intensity increases significantly with an increase in the lysine concentration. When the amount of amino acid is below 150 μL, the PL intensity does not change much (256.9-260.3-260.1). The volume of added lysine, especially, is raised to more than 200 µL, and the PL intensity is strongly increased. In addition, the maximum emission peak of ZnSe:Cu NPs is blue shifted, while the peaks of ZnSe:Ag and ZnSe:Mg are lightly redshifted when increasing the volume of lysine. This change confirms that the interaction between the ZnSe:X-capped MPA and the lysine has taken place. The electrostatic interaction between the amino group on the lysine and the carboxylic group on the MPA capping agent might help block the electron transfer, and then the HOMO–LUMO energy gaps of the ZnSe:X-capped MPA increases; consequently, the blue shift of the emission peak occurs. Moreover, because of this interaction, the number of activated electrons increases, which results in the increase in the number of excited electrons to the conducting band. Thus, the number of electrons of luminescence is raised as well. In other words, the lysine really affects the luminescent property of ZnSe:X NPs.



Figure 5 shows that each kind of NP produces a different sensitivity to lysine. Mg-doped NPs have the highest change in the PL intensity, which is 24.4% after adding lysine, whereas the change in the PL intensity is 13.6% and 10.5% in the cases of copper and silver, respectively. It is suggested that ZnSe:Mg could be a good candidates to apply in biosensors because of their high sensitivity to the amino group, which is present in all proteins of bacteria.




3.3. Toxicity of ZnSe:X toward hMSCs


In order to establish ZnSe:X as a promising platform for biosensor purposes, a cellular viability study as a function of the concentration was performed with human mesenchymal stem cells (hMSCs). Our finding indicates that ZnSe:X decreased the hMSC viability in a dose-dependent manner, and that the toxicity of the ZnSe:X was highly impacted by the dopants (Figure 6a). The dramatic dose-dependent decrease in the hMSC viability was observed in ZnSe:Ag. With Mg, the toxicity of the NPs was ignored when the concentration was below 240 ppm. On the contrary, the transition metals (Ag and Cu) as dopants were relatively harmful to hMSCs. We also found that Ag-doped ZnSe was more toxic to hMSCs than Cu-doped ZnSe. A remarkable decrease, compared to the negative control sample, was detected in the hMSCs that were incubated with 60 ppm of ZnSe: Ag NPs (p = 0.016) and 120 ppm ZnSe:Cu NPs (p = 0.004). At 120 ppm, 79.80 ± 1.03% of the hMSCs were found to be visible in the ZnSe:Ag, while the viability of the cells that were cultured with ZnSe:Mg was 90.4 ± 0.54%. More than one-half reductions in the hMSCs were observed in ZnSe:Ag at 320 ppm (39.83 ± 4.02%), while the hMSCs that were treated with ZnSe:Cu and ZnSe:Mg were 78.16 ± 1.14% and 85.00 ± 1.95%, respectively. Furthermore, dual staining (AO/EB) was applied to verify the toxicity of ZnSe:X toward hMSCs (Figure 6b). No significant apoptotic was recorded in the negative control (0 ppm). The phenotypic characterization of the hMSCs that were cultured with ZnSe:Mg or ZnSe:Cu was identical to the negative control: a long fusiform shape. However, the hMSCs that were incubated with ZnSe:Ag displayed a flat polygonal shape with the significant change in the nucleus. Although the apoptosis sign was found in all the treated cells, the action was different. The late apoptosis sign (nucleus with orange-red color) was highly presented in the hMSCs that were treated with the silver dopant, while the other dopants displayed a few cells with early apoptosis features (bright-green nuclear). These observations prompted the further development of ZnSe:Mg or ZnSe:Cu as favorable materials for biolabeling purposes because of their relative non-cytotoxicity to hMSCs.





4. Conclusions


A facile and environmentally friendly aqueous synthesis of ZnSe:X (ZnSe:Ag, ZnSe:Cu, and ZnSe:Mg) NPs that uses mercaptopropionic acid (MPA) as a capping agent was introduced in this study. All of the resultant ZnSe:X NPs are well-dispersed in water and have a nano-sized structure. Their sizes are in the range of 10–30 nm, with cubic structural nanoparticles. All of the capping structure ZnSe:X NPs expose a blue photoluminescence band that is centered at around 440–480 nm. The PL intensity revealed the improvement in the emission through the changing of the dopants, from Ag to Cu to Mg. The photoluminescence quantum yields are in the following order: ZnSe:Ag (1%)-MPA (26%); ZnSe:Mg (1%)-MPA (32%); and ZnSe:Cu (1%)-MPA (40%). In addition, it was found that various concentrations of lysine can tune the PL intensity of ZnSe:X-capped MPA NPs, but do not affect their size. Through the change in the PL intensity after the addition of lysine, the Mg-doped ZnSe NPs demonstrated the highest sensitivity to lysine, compared to the transition-metal dopants. Along with the fluorescence behavior, the dopants induced a great impact on the cytotoxic profile of the ZnSe:X NPs. The viability of the hMSCs was over 80% when treated with ZnSe:Mg, even at the highest concentration of 320 ppm, while the transition-metal dopants induced relatively high toxicity to the cells, which provides critical information for the further study of Mg-doped ZnSe NPs for LEDs, sensors, and bacteria detectors.
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Figure 1. Photoluminescence spectra: (a) ZnSe-capped MPA; (b) ZnSe:Ag, ZnSe:Cu, and ZnSe:Mg; (c) a digital photograph of the UV-irradiated as-prepared solution; (d) FT-IR spectra of ZnSe:X (1%) nanoparticles under UV light (λexc = 365 nm). 
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Figure 2. (a) The XRD patterns, and (b) TEM images of ZnSe:X (1%) at various dopants (Ag, Cu, and Mg). 
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Figure 3. The UV spectra of ZnSe:X (1%) capped with MPA and lysine. 
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Figure 4. PL spectra of ZnSe:X-capped MPA combined with lysine: (a) ZnSe:Ag, (b) ZnSe:Cu, and (c) ZnSe:Mg; (d) the evaluation of the volume of lysine to the PL intensity at the maximum emission peak. 
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Figure 5. The PL intensity of ZnSe:X and ZnSe:X combined with lysine (0.3%): (a) ZnSe:Mg, (b) ZnSe:Cu, and (c) ZnSe:Ag; (d) the change in the PL intensity before and after adding lysine to ZnSe:X NPs. 
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Figure 6. Cytotoxicity evaluation of ZnSe:X NC: (a) % of MSC cell viability after 48 h cultured with various concentrations of ZnSe:X. Data are presented as mean ± SD of three independent replicated results. ** p < 0.05, as compared to negative control (DI water); (b) the confocal image of MSC cell by applied dual staining (AO/PI) after 48 h of treatment with different ZnSe:X at 320 ppm and 0 ppm. Scale bar: 150 µm. 
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