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Abstract

:

In the last few years, quantum dots (QDs) have attracted research interest in different fields of science and technology. Despite their applications, it is essential to understand how nanomaterials (with different crystal sizes) are metabolized inside organisms. Thus, the focus of this study was on an evaluation of how crystal sizes of CdSTe QDs affect the viability and response of the cytochrome P450 system in CHO-K1 and HEP-G2 cells. CdSTe QDs were synthesized using a microwave-assisted system at different reaction temperatures (60, 120, 150, and 180 °C) to obtain different crystal sizes. The optical and structural characterization confirmed four crystal sizes from 3 to 8 nm. Fluorescence microscopy confirmed that CdSTe QDs are incorporated into both cell lines. Viability studies suggested that CHO-K1 cells are more sensitive than HEP-G2 cells to CdSTe QDs and Cd+2 ions. The responsible mechanisms for the toxicity of QDs and Cd+2 are apoptosis followed by necrosis. The activity of CYP 1A1, 1A2, and 3A4 isoenzymes suggests that the smallest CdSTe crystals are recognized in a manner similar to that of Cd+2. Furthermore, the largest CdSTe crystals can have different metabolic routes than Cd+2.
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1. Introduction


Nanoparticles (NPs) are classified according to their morphology, size, and chemical properties. For example, quantum dots (QDs) are semiconductor NPs ranging from 1 to 10 nm that can be synthesized in an aqueous medium by microwave systems [1,2]. The most significant properties of QDs are particle surface activation and a high surface area. As a result, QDs exhibit different physical, chemical, and biological properties than the corresponding bulk solid material. In addition, the small particle size of QDs leads to unique features regarding their electromagnetic, morphological/structural, optical, and thermal properties [3].



The concentrations of quantum dots (QDs) in the vicinity of municipal or industrial wastewater have increased due to material fabrication, transport, handling, usage, and waste disposal, which has exposed organisms and the environment to these particles [4,5]. In addition, engineered nanoparticles contaminate the environment through the discharge of wastewater [6,7]. As a result, approximately 10.3 megatons/year of nanomaterials are released into the environment [8].



Cadmium-based QDs can be synthesized using organometallic routes, colloidal precipitation, direct injection, and green chemistry methods. The microwave-assisted method is considered a green methodology that allows for the control of crystal sizes based on the reaction temperature. It uses low-toxicity reagents and produces water-stable QDs. CdSTe QDs synthesized via this method have shown excellent optical properties and water stability [9]. Although shelled QDs are environmentally stable and possess low metal release properties, they have low water stability due to their larger crystal size.



Due to their small size, QDs can easily enter organisms, which mainly occurs through endocytosis [10]. Once inside, they can interact with the microenvironment around the cells or the plasma membrane [10,11]. Therefore, the viability of different cell lines exposed to various QDs is constantly studied.



Although the effects of cadmium ions have been studied, the cell responses to Cd-based QDs such as CdO [12], CdS [13], and CdSe [14] are still being researched. Cadmium-based QDs can produce reactive oxygen species (ROS) during their excitation and relaxation states. In addition, the exposure of Cd-based QDs to oxidative environments or low pH levels can cause the decomposition and leakage of cadmium (Cd2+) ions, and this element is a toxic transition metal that is poorly excreted. ROS generated by the QDs and Cd ions in the body induce oxidative stress. ROS can destroy organelles and damage/hinder macromolecules, apoptosis, lipid peroxidation, mutagenesis, and cell death [15,16,17].



Chinese hamster ovary (CHO) cells are mammalian epithelial cells commonly used as a model for biological, medical, and pharmaceutical research. Due to their small size, low chromosome number, low cost, and rapid growth, they can synthesize proteins like human cells [18]. In addition, hepatoma cell lines such as HepG2 cells are used as alternative human hepatocytes. They have an epithelial-like morphology and allow for the study of drug metabolism and hepatoxicity [19]. The responses of both cells are interesting, for instance, CHO cells are susceptible to drugs. Alternatively, HEP-G2 cells are less sensitive because they have more metabolic enzymes that allow for a more efficient degradation of drugs.



QDs can be considered xenobiotic substances that are foreign chemicals of a living system. In organisms, xenobiotics undergo biotransformation. For example, lipophilic xenobiotics are converted to hydrophilic metabolites to be eliminated. Cytochrome P450 (CYP), which is widely distributed throughout organisms, is the major enzymatic catalyst involved in the oxidation of xenobiotics [20]. CYP is a superfamily of heme-thiolate enzymes involved in the metabolism of exogenous compounds, including drugs, carcinogens, pesticides, heavy metals, and other pollutants. Various reactions catalyze these compounds, and the most common is oxidation by NADPH [20,21].



This research aims to evaluate if the CYP system recognizes CdSTe QDs as xenobiotics and how crystal size affects the viability and response of the CYP system in CHO-K1 and HEP-G2 cells.




2. Materials and Methods


2.1. Microwave-Assisted Synthesis and Characterization of CdSTe QDs


CdSTe QDs were synthesized by mixing deionized water and thioglycolic acid (TGA). TGA was used as a sulfur source and a complexing, stabilizing, and capping agent. In an alkaline environment, a cadmium precursor was added (CdSO4·8/3H2O solution), and a sodium hydrogen telluride (NaHTe) solution was used as the tellurium precursor. The NaHTe solution was prepared by reducing tellurium powder with NaBH4 in a nitrogen-filled Scienceware portable glove box (Cole-Palmer, Vernon Hills, IL, USA) to avoid tellurium oxidation. The solution was transferred to a Teflon vessel and placed inside a MARS 6 microwave digestion system (CEM Corporation, Matthews, NC, USA). The reaction temperature was set at 60, 120, 150, or 180 °C for 15 min to obtain different crystal sizes. The CdSTe QDs were precipitated with 2-propanol, centrifuged, and dispersed in deionized water [9].



CdSTe QDs were characterized optically using an ultraviolet–visible (UV–Vis) 1800 spectrophotometer (Shimadzu, Columbia, MD, USA) and photoluminescence spectrofluorometer RF 6000 (Shimadzu, Columbia, MD, USA), and structurally by a D5000 X-ray diffractometer (Siemens, Aubrey, TX, USA) and high-resolution transmission electron microscopy JEM-ARM200CF (JEOL).




2.2. Cell Culture


The cell lines used in the study were the CHO-K1 (ATCC® CCL-61™) and HEP-G2 (ATCC® HBO-8065™) cell lines. CHO-K1 cells were cultured in F-12K medium and HEP-G2 were cultured in EMEM, which were supplemented with 10% fetal bovine serum (FBS) and gentamycin. The cell cultures were maintained at 37 °C with 5% CO2 in a Forma Steri-Cycle incubator (Thermo Fisher Scientific, Waltham, MA, USA).




2.3. Fluorescence Microscopy


The cells were detached by trypsinization. Glass coverslips were seeded and placed with cells inside Petri dishes. After incubation for 1 h at 37 °C, media were added to cover each coverslip and incubated at 37 °C for 24 h to allow cells to adhere to the coverslips. Following incubation, each medium was substituted with fresh medium and 10 mg/L of QDs. The Petri dishes were incubated for 2 to 4 h, which allowed the QDs to enter the cells. The medium was removed, and 4% p-formaldehyde was added to fix the cells. The cells were incubated at 4 °C for 20 min. The cells were washed three times with PBS. The coverslips were mounted and analyzed using a BX43 microscope with fluorescence (Olympus, Tokyo, Japan) at 10× and 40×.




2.4. Cell Viability Using Trypan Blue Exclusion Assay


After trypsinization, CHO-K1 and HEP-G2 cells were seeded in triplicate (1.0 × 104 to 1.0 × 105 cells/mL) into 24-well plates and incubated at 37 °C for 24 and 48 h, respectively, to allow the cells to attach to the plates. Next, the media were replaced with fresh media and QDs at 0.01–10 mg/L concentrations. Finally, the 24-well plates were incubated at 37 °C for another 24 h before analysis with a Cellometer Auto T4 cell counter (Nexcelom Bioscience, Lawrence, MA, USA). A 1:1 mixture of the cell suspension and a 0.2% trypan blue staining solution was used for the analysis.




2.5. CellTiter-Glo® Luminescent Cell Viability Assay


CHO-K1 and HEP-G2 cells were diluted to 104 cells/mL concentrations. The 96-well plates were prepared by adding 100 µL medium containing cells in five to six replicates. The plates were incubated at 37 °C for 24 and 48 h, respectively, to allow the cells to attach to the plates. The CdSTe QDs and cadmium solution (0.001–10.0 mg/L) in culture media were then added and incubated for 24 to 48 h. The plates and their content were equilibrated at room temperature for 30 min, and 100 µL of the CellTiter-Glo® reagent (G7571 Promega, Madison, WI, USA) was added to each well. The contents were mixed for 2 min to induce cell lysis and incubated at room temperature for 10 min to stabilize the luminescent signal inside a Fluoroskan Ascent FL microplate luminometer (Thermo Fisher Scientific, Waltham, MA, USA).



A standard curve using CHO-K1 cells was plotted to confirm the kit’s reliability using serial dilutions from 1.0 × 106 to 10 cells/mL. It also determined the suitable number of cells for the analysis. In addition, the cells were mixed with the CellTiter-Glo® reagent, and the luminescent signal was recorded. In addition, an ATP standard curve in 96-well plates was generated using 1.0, 100, and 10 nM of ATP in culture media and the same described protocol to confirm the linear relation between ATP and the kit reagents.




2.6. RealTime-Glo™ MT Cell Viability Assay


The 96-well plates were prepared with CHO-K1 cells at a concentration of 104 cells/mL and incubated at 37 °C for 24 h (five to six replicates). The cells were mixed with QDs (0.001 to 10.0 mg/L) in fresh media and incubated for 24 h. Then, the RealTime-GloTM reagents were added and incubated for 1 h, and the luminescence was recorded.



For viability assays during 24 h, 96-well plates were prepared with 104 CHO-K1 cells/mL and incubated at 37 °C (five to six replicates). The cells were mixed with fresh media, QDs, and Real-time GloTM reagents (G9711 Promega, Madison, WI, USA). The plate was incubated, and the luminescence was recorded at specific times for 72 h. A standard curve was prepared using serial dilutions from 1.0 × 106 to 1.0 × 102 CHO-K1 cells/mL to confirm the reliability of the kit and the number of cells used in the experiments.




2.7. Apoptosis and Necrosis Assay


Cell death was evaluated using a RealTime-Glo™ Annexin V Apoptosis and Necrosis kit (JA1012 Promega, Madison, WI, USA). Apoptosis was monitored by exposing phosphatidylserine to the outer cell layer to release DNA and thus determine necrosis.



The 96-well plates were prepared with 50 µL of HEP-G2 cells (106 cells/mL), 50 µL of CdSTe QDs, cadmium solution (5.0 mg/L) in medium, and 100 µL of the detection reagent. The plates were incubated at 37 °C, and the luminescence and fluorescence (485 nm of excitation and 525–530 nm of emission) were recorded at specific times for 72 h.




2.8. P450-Glo™ Assays


The Promega P450-GloTM kits of CYP1A1 (Luciferin-CEE, V8752), CYP1A2 (Luciferin-1A2, V8422), CYP2B6 (Luciferin-2B6, V8322), CYP2C9 (Luciferin-H, V8792), and CYP3A4 (Luciferin-PFBE, V8902) were tested. The cytochrome P450 human enzymes provided by Sigma-Aldrich—CypExpress™ 1A1 (MTOXCE1A1-250MG), CypExpress™ 1A2 (MTOXCE1A2-250MG), CypExpress™ 2B6 (MTOXCE2B6-250MG), and CypExpress™ 2C9 (MTOXCE2C9-250MG)—were used to assure positive active results. Final concentrations of 1.25 mg/mL of each CYP enzyme and 6–100 µM of CYP substrates (suggested by the manufacturer) yielded good luminescence with relative standard deviations of about 10%. A critical difference that was determined with respect to the kit manufacturer was the reading time. The measurements were taken immediately after adding the luciferin detection reagent (with a 20 s agitation step at medium speed) instead of after 20 min of equilibration time. In addition, standard curves using kit reagents and D-luciferin were plotted to confirm the linear response.



The production of CYP enzymes in CHO-K1 cells was evaluated using different concentrations of substrates, exposure times, cell concentrations, QD concentrations, or integration times on a luminometer. However, the signal was too weak to obtain reproducible results. Therefore, all CYP isoenzyme experiments were performed with HEP-G2 cells at concentrations of about 3.0 × 106 cells.



HEP-G2 cells were seeded into opaque 96-well plates in five or six replicates and incubated at 37 °C for 48 h to allow cells to attach. The QDs (0.1, 1.0, 5.0, and 10.0 mg/L) and inductors (omeprazole and rifampicin) were added, and the plates were incubated at 37 °C for another 24 h to stimulate CYP isoenzyme production or inhibition. The culture media were replaced with fresh media containing the luminogenic CYP substrate for each enzyme. The plates were incubated at 37 °C for specific times based on each enzyme. The enzymes converted the luminogenic CYP substrate, a beetle luciferin derivative, to D-luciferin. An equal volume of luciferin detection reagent was added, and luminescence was recorded.




2.9. Statistical Analysis


A one-way ANOVA in the IBM SPSS statistical program was used to determine any statistically significant differences among the groups with a significance level of 0.95%. In addition, one-way ANOVA was used to determine differences among the control cells (0 mg/L) and the groups of cells exposed to different QD concentrations (and Cd+2 ions) in the viability studies using the luminescent cell viability kit. In addition, it was also used to determine differences among the control cells (0 mg/L) and the response of CYP isoenzymes of cells exposed to different QD concentrations (and Cd+2 ions) using the P450-Glo™ kits (Promega, Madison, WI, USA).





3. Results and Discussion


3.1. Synthesis and Characterization of CdSTe QDs


During the synthesis, thioglycolic acid (TGA) allowed the production of CdSTe QDs covered with TGA residues. Also, TGA avoided increasing crystal sizes and provided water stability. Figure 1a,b show the optical characterization by UV-Vis spectra and fluorescence of the CdSTe QDs synthesized at different temperatures (60, 120, 150, and 180 °C). The spectrophotometry analysis shows a typical peak at about 380 nm (blue arrow) that was used as the excitation wavelength in the fluorescence analysis. Shoulders related to the bandgap energy were observed at 505, 540, 570, and 630 nm (marked with sky-blue, yellow, green, and red arrows) for the QDs synthesized at 60, 120, 150, and 180 °C, respectively (Figure 1a). The fluorescence emission peaks (Figure 1b) correspond to the colors observed in the inserted Figure 1a (UV irradiated). These results confirmed that the changes in the optical properties were due to reaction temperature.



Figure 1c,d show the structural characterization of the CdSTe QDs by XRD and HR-TEM. The peaks at 26.5, 43.9, and 51.9° of the XRD spectra of the CdSTe QDs synthesized at 150 °C correspond to the planes 111, 220, and 311 of a cubic-blend zinc structure, and confirmed a solid solution of CdSTe. The HR-TEM spectra confirmed the nanometric size of the CdSTe QDs synthesized at 120 °C. All the CdSTe QDs have crystal sizes ranging from 3 to 8 nm.




3.2. Fluorescence Microscopy


The interactions of the CdSTe QDs and cells were examined by fluorescence microscopy with an excitation at 358 nm. All the CdSTe crystals absorbed the excitation wavelength, but the fluorescence was weak and impossible to observe for the QDs synthesized at 60 °C. Figure 2 shows HEP-G2 cells exposed to the CdSTe QDs synthesized at 120, 150, and 180 °C with characteristic green, yellow, and red fluorescence colors, respectively. In this figure, all the cells are non-extended and crowded. A slightly yellow emission with blue tones (lamp irradiation) can be observed. Figure 2 shows different fluorescence intensities, thus confirming the interaction and incorporation of the QDs inside the cells. After some hours of exposure to the QDs and ionic cadmium, the cells tended to detach from the coverslip, generating rounded cells. The nanomaterial affects the integrity of the membranes that are discussed below.




3.3. Viability Assays


The viability of the CHO cells was evaluated using three different assays (trypan blue exclusion, CellTiter-Glo® luminescent, and RealTime-Glo™ MT assays) to select the one with the least variability. The CdSTe QDs synthesized at 60 and 120 °C were used. The trypan blue (TB) exclusion assay discriminates between viable and dead cells. Dead cells have a damaged membrane permeable to the TB dye, which stains the cytoplasm, producing a blue color under a microscope or when distinguished in a cell counter. The TB exclusion assay for cells exposed to the CdSTe QDs for 24 h suggested a slight decrease in cell viability (Table 1). The results indicated dose-dependent cytotoxicity. There was no difference in the viability between the QDs at concentrations of 1.0 and 10 mg/L.



The CellTiter-Glo® luminescent cell viability kit (Promega G7570) is a lytic assay that detects ATP produced by metabolically active cells. The luminescent signal produced by a luciferase reaction and ATP is proportional to the ATP released after the lysis process. The results also confirm that the cytotoxic is dose-dependent. In addition, this kit detects differences among QDs synthesized at different temperatures and concentrations.



RealTime-Glo™ MT Cell Viability kit (Promega G9711) is a non-lytic assay that monitors a cell’s viability over 72 h. The MT substrate is degraded intracellularly by active metabolic cells producing a compound that participates in a luminescent reaction (luciferase). We used the above kit to confirm the results of the CellTiter-Glo® luminescent cell viability kit. The results revealed dose-dependent cytotoxicity, differences among the QDs, and different concentrations. The slightly low variability (standard deviation) of the results obtained with the AMP kit was the foremost contributory factor leading to this kit’s use in the following experiments.



The weak ability of the trypan blue assay to quantify the non-viable cells is explained in Figure 3. The figure shows how CHO-K1 and HEP-G2 cells are affected by the CdSTe QDs over time. The images are of the 96-well plates used in the viability assays and were captured using an inverted microscope. Immediately after the QDs were added, both cells presented characteristic long shapes, indicating that they were attached to the bottom of the plate. After the first 6 to 9 h, some cells were detached and assumed a quasi-spherical form. At 24 h, all the CHO-K1 cells and most HEP-G2 cells were detached and had assumed spherical shapes. The loss of morphology indicates affected or non-viable cells, so the production of ATP or the metabolism of the MT substrate was decreased. Cells have intact membranes; TB dye cannot enter cells, thereby generating false high viability. The same problems have been reported for this assay [22].



Figure 4a,b show the viability of the CHO cells and HEP-G2 cells after 24 h of exposure to different crystal sizes (ranging between 3 and 8 nm) and cadmium ions (CdSO4) at concentrations from 0.001 to 10 mg/L. Both cells present dose-dependent cytotoxicity. The same pattern has been observed for other Cd-based QDs [16]. There were no statistical differences in the viability based on the CdSTe crystal size for both cells and the same concentrations. Thus, although the optical and structural characterization confirmed changes in the crystal sizes from 3–8 nm, the surface area generated due to their sizes was insufficient to change the degree of viability. The greater capacity of the HEP-G2 cells to tolerate higher concentrations of Cd-QDs and cadmium ions than the CHO-K1 cells may be due to their ability to express cytochrome P450 isoenzymes. The expression of CYP enzymes in the CHO-K1 cells was evaluated by changing the concentrations of the substrates, the exposure times, the cell concentrations, the QD concentrations, or the integration time on the luminometer. In all the experiments, the expression level was too low (i.e., a very weak signal) to obtain reproducible results. This finding suggests that cells with low CYP expression (such as CHO cells) are more susceptible to cytotoxicity.



The TGA on the QDs’ surfaces facilitates water stabilization and avoids the QDs’ breakdown in the culture medium [23]. However, if QDs are accumulated for extended periods in cells that encounter acidic environments, TGA degradation and the oxidation of the QDs’ cores may result [15,24]. When QDs enter cells, the pH values of the extracellular medium shift from 7.4 to 5.9–6.0 in early endosomes and to 5.0–5.5 within lysosomes [25]. The acidic conditions of these compartments can cause TGA’s protonation and release from the surface and QDs’ decomposition, resulting in the release of free Cd2+ ions [23]. These free Cd2+ ions can cause long-term toxicity.



The evident effect on the viability of both cells induced by the cadmium solution (Cd2+) at low concentrations suggests the action of a mechanism other than CdSTe QDs during the first hours of exposure. This pattern was confirmed by the apoptosis/necrosis and P450 assays discussed below.



The principal effect of QDs on living organisms is the production of reactive oxygen species (ROS) that can cause cell death. The photoexcitation of QDs promotes the transfer of an electron from the valence band to the conduction band, which creates an electron-hole pair. The electron or hole may interact with electron acceptors or donors, thus facilitating the generation of photoexcited QDs. ROS, such as superoxide anion (O2−), hydrogen peroxide (H2O2), and hydroxyl radical (HO•), consist of radical and non-radical oxygen species. Oxidative stress produces direct or indirect ROS-mediated damage to nucleic acids, proteins, and lipids [26]. An ROS-Glo™ H2O2 kit (Promega G8820) was used to quantify the production of H2O2 as an ROS indicator. The production of H2O2 was positively determined at high concentrations of CdSTe QDs (10 mg/L) in the media without cells. It was not possible to quantify H2O2 in the media with cells. Peroxidase enzymes rapidly deter H2O2 production [26].




3.4. Apoptosis and Necrosis Assay


Figure 5 suggests that the effects of the CdSTe QDs and Cd+2 ions are slightly different during the first hours of exposure. The shape of the curves for the QDs and Cd+2 confirms an apoptotic phenotype that leads to secondary necrosis (as suggested by the kit’s manufacturer). There is a gap of 14 h and 22 h for the CdSTe QDs and Cd+2 ions, respectively, starting with an increase in the amount of apoptosis detected and leading to an marked increase in necrosis. The shape of the curve for the blank cells indicates a non-apoptotic phenotype. The apoptosis generated by the Cd+2 ions starts at about 10 h and is the principal mechanism for cell viability loss at 24 h, as observed in Figure 4. The capacity of cadmium to produce apoptosis has been previously reported [27]. For CdSTe QDs, apoptosis starts at about 20 h due to the higher viability than Cd+2. Although the degree of necrosis increases for the CdSTe QDs and Cd+2 ions, higher degrees of Cd+2 necrosis have been reported by other authors [28]. The detached and rounded cells shown in Figure 3 are an initial response to apoptosis.




3.5. The Activity of CYP450 Isoenzymes


Although we tested several CYP450 isoenzymes in the HEP-G2 cells, the 1A1, 1A2, and 3A4 isoenzymes (using Luciferin-CEE, Luciferin-1A2, and Luciferin PFBE as substrates, respectively) yielded the best results. In addition, the effect of metals on the CYP system has been observed [29,30,31].



Figure 6 shows the response of the (a) CYP 1A1, (b) CYP 1A2, and (c) CYP 3A4 isoenzymes of the HEP-G2 cells exposed to the CdSTe QDs and Cd+2 with and without inductors. The response of the cells (without CdSTe QDs, Cd+2, or inductors) was set to 100%; values below this represent possible inhibition, and values above represent a potential induction.



There was isoenzyme activity detected for the CYP 1A1 isoenzyme (Figure 6a), but it did not change in the presence of the CdSTe QDs or Cd+2. Instead, there was a marked response of the isoenzyme to the inductor, namely, a five-fold response. Similarly, the CYP 1A1 isoenzyme’s response was not affected by the presence of the CdSTe QDs or Cd+2. Thus, although some authors have reported that Cd+2 can induce a response from CYP1A and CYP2C9 isoenzymes [31], we did not obtain similar results using the Luciferin-CEE substrate.



For the CYP 1A2 isoenzyme (Figure 6b), although there were no statistical differences (except for CdSTe-150) in the activity without the inductor, we can observe some tendencies. The inductor generated a three-fold activity response. The CdSTe-60 QDs produced a slight decrease in activity without the inductor. Moreover, the marked activity reduction with the inductor indicates interferences with the capacity of this isoenzyme. These results have the same tendency as Cd+2; the small size of the QDs (high surface area) can generate a rapid degradation of the nanoparticle, releasing Cd+2 ions responsible for the toxicity and similar response [28,29,30,31,32]. Although there was a slight increase in the isoenzyme activity with CdSTe-120 and CdSTe-150 without the inductor, the activity in the presence of the inductor did not change, suggesting there is no actual interference in the CYP 1A2 isoenzyme when using the luciferin-1A2 substrate.



Regarding the CYP 3A4 isoenzyme (Figure 6c), the decrease in activity (with and without an inductor) using CdSTe-60 confirms its inhibition. The same results were obtained for the Cd+2 ions, which demonstrates that the smallest crystals can be recognized as xenobiotics, similar to cadmium ions. Although there was a slight decrease in the activity for CdSTe-180, in general, there were no changes in activity, indicating that for the larger crystals of the CdSTe QDs, the responses of some CYP450 isoenzymes are different from Cd+2 ions. Some authors suggest that the organic covers on the surface of nanoparticles can affect the response of metabolic enzymes [32].





4. Conclusions


It is essential to understand the possible metabolic routes of QDs for medical applications and their impacts on the environment. In this study, fluorescence microscopy confirmed that CdSTe QDs could enter CHO-K1 and HEP-G2 cells. Microscopy analysis suggested that CdSTe QDs generate small, rounded, non-viable cells after 24 h, which is in accordance with the apoptosis and necrosis results. CHO-K1 cells are more sensitive to CdSTe QDs and Cd+2 ions than HEP-G2, but the viability of both line cells is dose-dependent. CdSTe QDs are recognized as xenobiotics by HEP-G2 cells, thus generating changes in the CYP450 system. The smallest crystal size (CdSTe-60) inhibits the CYP1A2 and CYP3A4 isoenzymes, similar to Cd+2 ions. The differences in the responses of the CYP1A1 and CYP3A4 isoenzymes (with and without an inductor) of the HEP-G2 cells exposed to the largest crystals of the CdSTe QDs compared to Cd+2 ions suggest different metabolic processes inside the cells. Finally, cells that do not express CYP450 are more vulnerable to nanomaterials.
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Figure 1. UV-Vis spectra (a), photoluminescence (b), XRD (c), and HR-TEM (d) analysis of CdSTe QDs. Sky-blue, yellow, green, and red arrows (a) denote the bandgap energy of each QD. 
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Figure 2. Fluorescence images of HEP-G2 cells exposed to CdSTe QDs synthesized at (a) 120 °C, (b) 150 °C, and (c) 180 °C (40×). Cells were exposed to 10 mg/L of each QD for 4 h at 37 °C and 5% CO2 and fixed with p-formaldehyde. Excitation wavelength was 365 nm (50 nm) and emission was above 450 nm. 
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Figure 3. Microscopy images (via inverted microscope) of CHO-K1 cells (a) at 0 h (left), 6–9 h (center), and 24 h (right); HEP-G2 cells (b) at 0 h (left), 6–9 h (center), and 24 h (right) exposed to 10 mg/L CdSTe QDs. 
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Figure 4. Viability (%) of CHO-K1 (a) and HEP-G2 (b) cells exposed to CdSTe QDs synthesized at different temperatures (60, 120, 150, and 180 °C) and cadmium solution at concentrations from 0.001 to 10 mg/L (CellTiter-Glo® luminescent cell viability assay) for 24 h. * statistical difference. 
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Figure 5. Luminescence and fluorescence indicate apoptosis and necrosis of HEP-G2 cells exposed to CdSTe QDs (synthesized at 60 and 180 °C at 2.0 mg/L) and cadmium solution at 2.0 mg/L. Fluorescence was recorded using 485 nm excitation and 525–530 nm emission. 
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Figure 6. Responses of the (a) CYP 1A1, (b) CYP 1A2, and (c) CYP 3A4 isoenzymes to the HEP-G2 cells’ exposure to CdSTe QDs and Cd+2 with and without an inductor (omeprazole or rifampicin) using Luciferin-CEE, Luciferin-1A2, and Luciferin-PFBE as substrates, respectively. 
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Table 1. Viability of CHO-K1 cells determined using trypan blue, CellTiter-Glo® luminescent (AMP kit), and RealTime-Glo™ MT (MT kit) assays exposed for 24 h to CdSTe QDs synthesized at 60 and 120 °C (concentrations between 0.01 and 10 mg/L).
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Assay

	
Trypan Blue

	
AMP Kit

	
MT Kit




	
CdSTe QDs

	
60

	
120

	
60

	
120

	
60

	
120






	
0

	
100 ± 6

	
100 ± 5

	
100 ± 10




	
0.01

	

	

	
105 ± 6

	
83 ± 12

	
91 ± 8

	
93 ± 11




	
0.1

	
101 ± 2

	
102 ± 5

	
105 ± 5

	
87 ± 10

	
99 ± 14

	
101 ± 10




	
1.0

	
70 ± 9

	
69 ± 12

	
46 ± 1

	
38 ± 9

	
76 ± 17

	
67 ± 13




	
10

	
62 ± 7

	
66 ± 12

	
24 ± 3

	
18 ± 3

	
6 ± 2

	
14 ± 5
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