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Abstract

:

The optical properties of quantum dots (QD) make them excellent candidates for bioimaging, biosensing, and therapeutic applications. However, conventional QDs are comprised of heavy metals (e.g., cadmium) that pose toxicity challenges in biological systems. Synthesising QDs without heavy metals or introducing thick surface coatings, e.g., by encapsulation in micelles, can reduce toxicity. Here, we examined the toxicity of micelle encapsulated tetrapod-shaped Mn-doped ZnSe QDs, comparing them to 3-mercaptopropionic acid (MPA)-capped Mn-doped ZnSe QDs prepared by ligand exchange and commercial CdSe/ZnS QD systems that were either capped with MPA or encapsulated in micelles. HepG2 cell treatment with MPA-coated CdSe/ZnS QDs resulted in a dose-dependent reduction of viability (MTT assay, treatment at 0–25 μg/mL). Surprisingly, no reactive oxygen species (ROS) or apoptotic signaling was observed, despite evidence of apoptotic behavior in flow cytometry. CdSe/ZnS QD micelles showed minimal toxicity at doses up to 25 μg/mL, suggesting that thicker protective polymer layers reduce cytotoxicity. Despite their shape, neither MPA- nor micelle-coated Mn-doped ZnSe QDs displayed a statistically significant toxicity response over the doses investigated, suggesting these materials as good candidates for bioimaging applications.
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1. Introduction


Semiconductor nanocrystal quantum dots (QDs) have attracted interest over the past two decades because of their unique opto-electronic properties. QDs have been used in solar cells, light-emitting diodes (LEDs), and lasers, and for bioimaging, biosensing, and therapeutic applications [1,2,3,4]. QDs have many advantages compared to their fluorescent molecular dye counterparts for biomedical applications, such as their exceptional brightness, sharp emission peaks, broad excitation spectra, and improved photostability [5]. As a result, QDs are potential alternatives to molecular dyes. However, conventional QDs are synthesised from heavy metal elements, most commonly cadmium, raising concerns about their toxicity in biological systems and the environment [6,7].



Most studies attribute QD toxicity to two main factors: composition and physicochemical properties [8]. As early as 2004 (only 6 years after the first demonstrations of QDs for biological imaging [9,10]), in vitro studies identified toxicity in Cd-based QDs associated with photooxidation and subsequent release of free Cd2+ [11]. On the cellular level, cadmium causes DNA damage, elevates reactive oxygen species (ROS) levels that can induce apoptosis, and can be carcinogenic [12]. To address these issues, coatings that improve QD solubility and resistance to photooxidation have been employed (e.g., ZnS shell [6,11], micelle encapsulation [13]). However, QD toxicity is also closely related with cellular uptake [14], which depends on QD physicochemical properties, including QD shape [15]. QDs that enter cells can be more toxic than QDs circulating in the blood or present on the cell surface [16]. Because QDs are typically manufactured in the organic phase, aqueous phase transfer (e.g., ligand exchange, micelle encapsulation, or silica coating) is often required for biological use. Different transfer strategies produce QDs with different physicochemical properties (e.g., size, surface chemistry, charge) that affect cellular uptake and subsequent subcellular distribution [8,16,17,18,19].



Toxicity resulting from composition can be addressed through the use of cadmium-free QDs [20,21]. Several alternative compositions are now available, such as InP- [22,23] and Mn-doped ZnSe- or ZnS-based compositions [24,25,26,27,28,29,30,31]. Mn-doped QDs are particularly interesting because they emit photoluminescence from their doped centres rather than delocalised surface states, increasing photostability against surface chemical- or photo-oxidation [32]. Recently, we reported synthesis of Mn-doped ZnSe QD tetrapods for super-resolution imaging [33]. In this approach, we expanded on a micelle encapsulation aqueous phase transfer method originally introduced by Dubertret [34]. Using block co-polymers instead of lipid-polymers to form micelles resulted in enhanced brightness and photostability against high-intensity laser radiation for CdSe/ZnS and Mn-doped ZnSe QDs compared to their unencapsulated counterparts. These improvements were attributed to the thick micelle coating limiting diffusion of oxidative species [33].



However, the effect of the micelle coating on QD toxicity, which is correlated with the presence of oxidative species, was not explored. QDs encapsulated with amphiphilic polymers have been reported to exhibit reduced cellular uptake compared to ligand-coated QDs [13], and toxicity reduction was observed for QDs in several micellar coatings [35,36,37]. Nonetheless, a generalised claim that micelle coatings outperform ligand exchanged surface coating may be premature. For example, Liu et al. reported that micelle encapsulated QDs showed considerably higher toxicity than their 3-mercaptopropionic acid coated counterparts in neuroblastoma (SH-SY5Y) cell lines [36]. In regard to the Mn-doped QDs, although several toxicity studies have been performed, these studies either used aqueous synthesis methodologies [24,29,30,38,39,40,41], or applied the ligand exchange strategy [25,42,43,44], and none of these QDs adopted a tetrapod morphology.



In this study, we examined the toxicity impact of micelle encapsulation versus ligand exchange on conventional, spherical CdSe/ZnSe QDs and Mn-doped ZnSe tetrapod QDs. For micelle encapsulation, we employed polystyrene-b-polyethylene oxide (PS-PEO) block copolymers with -COOH termination, as we employed previously [33]. The PS block forms the hydrophobic core and stabilises the hydrophobic QDs, whereas the PEO block provides water solubility and enhances colloidal stability in the aqueous phase. These materials were selected because of their prior use for nanoparticle encapsulation [45,46] and because of the beneficial biocompatibility properties of PEO [47]. For ligand exchange studies, we evaluated QDs stabilised with 3-mercaptoproprionic acid (MPA), as MPA is the most commonly used ligand in the toxicity literature [6,11,14,19,48]. As a model system, we employed HEPG2 human liver carcinoma cell lines, representative of liver cells that would likely be most responsive to heavy metal toxicity. To evaluate toxicity, cell viability and proliferation, ROS generation, and DNA fragmentation were analysed, as these are known toxicity pathways for cadmium-based QDs [49]. These studies provide important information on QD toxicity, including relative contributions from composition versus coating, and provide a path toward synthesising safer QDs for biological use.




2. Materials and Methods


2.1. Materials


Materials for QD synthesis included Zinc stearate (12.5–14% ZnO, Alfa Aesar, Haverhill, MA, USA), Stearic acid (SA, ≥98.5%, Sigma-Aldrich, now MilliporeSigma, St. Louis, MO, USA), selenium powder (99.999%, ~200 mesh, Alfa Aesar), tetramethylammonium hydroxide pentahydrate (TMAH, 25% w/w in methanol, Alfa Aesar, Haverhill, MA, USA), manganese chloride (MnCl2, 97%, Alfa Aesar, Haverhill, MA, USA), 1-octadecene (ODE, ≥95.0%, Sigma Aldrich, St. Louis, MO, USA), octadecylamine (ODA, 98%, Alfa Aesar, Haverhill, MA, USA), and 3-mercaptopropionic acid (MPA, ≥99%, Sigma Aldrich, St. Louis, MO, USA). Tributyl phosphine (TBP, 97%, Sigma-Aldrich, St. Louis, MO, USA) and acetone (≥99.9%, Sigma-Aldrich, St. Louis, MO, USA) were used as solvents. Commercial QDs were used as a comparison were obtained from ThermoFisher (Waltham, MA, USA) in decane (CdSe/ZnS, λem = 605 nm) and in pH 9 borate buffer with carboxylic acid termination (CdSe/ZnS, λem = 605 nm) [50]. For micelle synthesis, poly(vinyl alcohol) (PVA, 13–23 kDa, 87–89% hydrolysed, Sigma-Aldrich, St. Louis, MO, USA), chloroform (Fisher Scientific, Waltham, MA, USA), and poly(styrene-b-ethylene oxide) with a carboxylic acid termination (PS-PEO-COOH) (molecular weight 18-b-9.5 kDa, Polymer Source, Dorval, QC, Canada) were employed.




2.2. Preparation of Mn-Doped ZnSe QDs


ZnSe QDs with Mn-doping were prepared according to a previously described procedure [32,51] with modifications [33].



2.2.1. Synthesis of MnSt2 (Manganese Stearate) Precursor


MnSt2, used as a precursor for Mn-doping, was synthesised by reacting SA with Mn under basic conditions. First, uniform precipitates of SA were prepared by heating (~50– 60 °C) the mixture of SA (1.42 g) and methanol (10 mL) to transparency, followed by cooling the solution until white SA precipitates were observed. The SA precipitates were then dissolved by dropwise addition of TMAH (2.3 mL in 1.5 mL of methanol). Next, MnCl2 (0.315 g in 3.15 mL of methanol) was added dropwise to the solution above under continuous stirring to induce precipitation of MnSt2 (white). Lastly, the MnSt2 precipitate was purified six times by methanol wash (1:15 ratio of solution to methanol) and centrifugal separation recovery (4000 rcf, 10 min), vacuum dried, and stored until use for Mn-ZnSe QD synthesis [50].




2.2.2. Synthesis of Mn-Doped ZnSe QDs


Prior to Mn-doped ZnSe QD synthesis several stock solutions were prepared. A Se stock solution (0.63 g) in TBP (2.7 mL) was made in a glove box. A ZnSt2 (2.5 g) stock solution was prepared by adding 0.5 g of SA to 12 mL of ODE and heating (~150 °C) the mixture under argon sparging. An ODA (2.5 g)-ODE (2.5 mL) ligand solution was also prepared.



To synthesise QDs, the Se-TBP (1.5 mL) stock solution was injected into a three-neck flask containing 1.3 g of ODA in the glove box. The flask was then removed from the glovebox and rapidly connected to a manifold under argon. The flask was heated to ~70 °C with mild stirring until the ODA dissolved. Meanwhile a separate 100 mL, three-neck reaction flask containing 0.1 g of MnSt2 and 25 mL of ODE was heated under argon to 110 °C with constant stirring until transparency. The reaction flask was then sparged under argon for an additional 20 min. Following this, the solution was heated slowly to a set point of 290 °C. However, when the solution reached 280 °C, the entire contents of the Se-TBP flask were rapidly injected to the reaction flask. The solution was then brought to 260 °C and held there for an hour.



Next, the reaction temperature was set to 300 °C, and when it reached 290 °C, 4 mL of the ZnSt2 stock solution at 150 °C was rapidly injected. The solution temperature setpoint was then reduced to 260 °C. Then, the ODA-ODE stock solution was melted with a heat gun under argon and 1 mL was injected into the reaction mixture. Next, three additional injections of 3 mL ZnSt2 stock solution each were performed every 15 min. Additionally, 1 mL of melted ODA-ODE stock solution was added 5 min after each ZnSt2 addition. Approximately 15 min after the last injection, the reaction mixture containing Mn-doped ZnSe QDs was cooled to room temperature and stored at 4 °C until purification [50].




2.2.3. Purification of Mn-Doped ZnSe QDs


Purification was performed directly before ligand exchange or micelle encapsulation. First, chloroform (100 μL) was added to 100 μL of reaction mixture at 37 °C. The mixture was heated to 70 °C for complete dissolution and then 200 μL of acetone at room temperature was added to promote flocculation. The final solution was heated again to 70 °C and centrifuged at 20,817 rcf for 20 s to induce pellet formation. Supernatant was discarded, and the pellet was washed twice by repeating this procedure. QDs were then dissolved in chloroform [50]. To confirm QD formation and characterise the product, transmission electron microscopy (TEM) was performed using an FEI Tecnai G2 Spirit TEM (Hillsboro, OR, USA), as well as absorbance and fluorescence measurements using a Thermo Electron Corporation Genesys 6 spectrophotometer (Waltham, MA, USA) and a PTI QuantaMaster™ (Horiba, Kyoto, Japan), respectively. Detailed procedures can be found in Xu, J. et al. [33].





2.3. Preparation of Water-Soluble QDs


2.3.1. Synthesis of MPA-QDs by Ligand Exchange


QDs (commercial CdSe/ZnS or Mn-doped ZnSe) dissolved in chloroform are needed to prepare water-soluble, 3-mercaptopropionic acid (MPA) coated QDs via ligand exchange. As CdSe/ZnS were available in decane, they were transferred to chloroform using a methanol/isopropanol precipitation mixture in a 2:1 volume ratio. As ligands, aliquots of 30 μL MPA were mixed with 300 μL of QDs in chloroform. These solutions were then sonicated for 1 h. Solutions were then centrifuged for purification and washed with an equal volume of chloroform. Further purification was obtained by dissolving the QD pellets in 10 mM NaOH (500 μL) and performing centrifugal filtration (7000 rcf, 3 min each) three times with water using filters with a 100 kDa molecular weight cut-off. QDs were sterilised using 0.22 μm syringe filters and resuspended in cell culture media prior to use [50].




2.3.2. Synthesis of Micelle-Encapsulated QDs


QDs were encapsulated in micelles using the interfacial instability method [52]. Briefly, 100 μL of CdSe/ZnS QDs (0.35 mg/mL) were mixed with 10 μL of PS-PEO-COOH polymers (20 mg/mL) in chloroform. Then, 3 mL of 5 mg/mL PVA in water were added, forming an emulsion. The mixture was homogenised by bath sonication for 60 min, forming small droplets containing chloroform. The mixture was then placed in an aluminium dish and left on a rocker for 15–60 min to evaporate the chloroform. The solution turned transparent when micelles formed. For control experiments, empty micelles were prepared using 100 μL of chloroform instead of QDs.



However, for Mn-doped ZnSe QDs, the procedure differed. Because ODA has low affinity for the QD surface, it was replaced with octanethiol using ligand exchange to improve photostability of the final product. ODA-coated QDs were dissolved in 300 μL of chloroform and mixed with 30 μL of octanethiol. The solution was then sonicated for 60 min to allow for ligand exchange. The thiol-coated QDs (100 μL) were purified using acetone in methanol (60/40 by volume, followed by 50/50 by volume) 500 μL each for two washes. Between washes, pellets were collected by centrifugation at 20,817 rcf, 2 min each. Purified pellets were dissolved in chloroform to assess QD concentration using absorbance at 440 nm (i.e., 1 mg/mL QD displayed an absorbance of 0.127 at 440 nm). Following this ligand exchange protocol, Mn-doped ZnSe QDs were encapsulated in micelles by adding 50 μL of 1.3 mg/mL solution of thiol-coated Mn-doped ZnSe QDs in chloroform to 10 μL of 20 mg/mL PS-PEO-COOH polymers in chloroform. To generate an emulsion, 3 mL of 5 mg/mL PVA in water were then added, and the emulsion sonicated with a probe sonicator for 2 min. As above, this solution was then transferred in an aluminium dish to evaporate the chloroform on a rocker for 15–60 min until micelles formed.



All micelle and QD solutions were sterilised using 0.22 μm syringe filters prior to use. Because of a large excess of PVA, QDs were also washed five times with sterile DI water using centrifugal filtration before suspension in cell culture media [50].





2.4. Toxicity Assays


Toxicity was assessed using a HepG2 liver cell culture model (ATCC, Manassas, VA, USA). Cells were propagated in minimum essential medium (MEM) (Gibco now ThermoFisher, Waltham, MA, USA) with 10% foetal bovine serum (FBS) (Fisher Scientific, Waltham, MA, USA), 1% penicillin/streptomycin (10k U/mL), and 0.2% Mycozap™ (Lonza, Basel, Switzerland) added. Cells were cultured in 5% CO2 incubators at 37 °C, fed every other day, and passaged at confluency (~80%) [50]. QDs for toxicity assays were diluted using concentrated media which was prepared using 10X MEM solution (97 g/L, 1 mL) (ThermoFisher, Waltham, MA, USA) added to 10X sodium bicarbonate (22 g/L, 1 mL) (ThermoFisher, Waltham, MA, USA), FBS (1 mL), penicillin/streptomycin (0.1 mL), 0.2 mL Mycozap™. This solution was sterilised using a 0.22 μm syringe filter (ThermoFisher, Waltham, MA) prior to use.



2.4.1. MTT Assay


As an initial measure of toxicity, cell metabolism was evaluated with the Vybrant® MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) Cell Proliferation Assay Kit (V-13154, Life Technology now ThermoFisher, Waltham, MA, USA). This assay evaluates the enzymatic reduction of MTT by NAD(P)H-dependent cellular oxidoreductase.



Experiments were performed in 96-well plates (5000 cells/well) in replicates of five for each dose. Cells were allowed to propagate for 24 h before QD solutions (50 μL) were introduced at the desired concentration (i.e., 0, 1.56, 3.13, 6.25, 12.5, and 25 μg/mL) in cell culture media. QD or control solutions were incubated with cells for 1 day, after which QD solutions were removed, and phenol red-free culture media (100 μL, ThermoFisher, Waltham, MA, USA) was added. The MTT assay was performed following the manufacturer’s instructions by adding MTT solution (10 μL, 12 mM) for 4 h followed by treatment with 10% SDS (sodium dodecyl sulphate). MTT was detected at 570 nm using a VERSAmax Tunable microplate reader (Molecular Devices Corp., Sunnyvale, CA, USA) against a standard curve [50].




2.4.2. ROS Assay


In addition to the MTT metabolic assay, cell production of reactive oxygen species was assayed using the CellROX® Green Reagent kit (C10444, Life Technologies now ThermoFisher, Waltham, MA, USA). Cells were cultured in well plates at 20,000 cells/well following manufacturer’s instructions. Cell culture medium was used to dilute dye solution (previously diluted 20X in PBS) to a concentration of 12.5 μM. This solution was incubated with treatment and control groups for 30 min. No treatment served as a negative control, whereas cells treated with menadione (50 μL, 100 μM in cell culture media) for 1 h served as a positive control. Samples were washed 2X with PBS (100 μL). Then, fluorescence was assessed using a TECAN GENios Pro fluorescence microplate reader (Männedorf, Switzerland) with FITC filters ( λex = 485 nm, λem = 535 nm).




2.4.3. TUNEL Assay


Next, cellular apoptosis was assessed using a Click-iT® Plus TUNEL kit with Alexa Fluor® 488 (C10617, Life Technologies now ThermoFisher, Waltham, MA, USA) to determine sub-lethal QD exposure effects and also to distinguish apoptotic and necrotic cell death mechanisms. As in ROS experiments, cells were cultured and QDs applied for 24 h with 3 replicates for each concentration. Cells treated for 60 min with DNase (Life Technologies now ThermoFisher, Waltham, MA, USA, 18068-015, 10 units/mL) served as a positive control. Reagents for the TUNEL assay were employed as per manufacturer’s instructions. After QD treatment, cells were washed once with PBS, then fixed with 4% paraformaldehyde. Cells were permeabilised with Triton X-100 solution (0.25% in PBS) (Sigma Aldrich, St. Louis, MO, USA), and EdUTP (deoxyuridine triphosphate modified with biorthogonal alkyne moiety) mixed nucleotides were applied with TdT (terminal deoxynucleotidyl transferase). Alexa 488 was then used to label fragmented DNA nicked ends via copper (I)-catalysed clock chemistry according to manufacturer’s protocols. Cells were then visualised with a TECAN GENios Pro fluorescent microplate reader (Männedorf, Switzerland) using FITC filters (λex = 485 nm, λem = 535 nm) [50,53].




2.4.4. Live/Dead Analysis via Fl Cytometry


For CdSe/ZnS-MPA QDs at the 2 concentrations (6.25 and 25.0 µg/mL) with the lowest viability via the MTT assay, we also assessed cell viability using the LIVE/DEAD™ Cell Vitality Assay Kit, C12 Resazurin/SYTOX™ Green (L34951, Invitrogen, now ThermoFisher, Waltham, MA, USA). In these experiments, cells were cultured in 12-well plates (80,000 cells/well) in 3 replicates for each sample. Cells were cultured for 1 day, after which medium was extracted and QD sample solutions or control solutions were added (1 mL). Solutions were incubated for 1 day, and then cells were removed from dishes using TRED (Fisher Scientific, Waltham, MA, USA) and washed with PBS. Cells were re-suspended at 106 cells/mL and C12 Resazurin (50 nM) and SYTOX Green (10 nM) reagents applied (15 min, 37 °C). Flow cytometry analysis was performed using a Becton Dickinson FACS Calibur (Franklin Lakes, NJ, USA) with dilution as needed (λex = 488 nm, λem = 530 and 585 nm). C12-resazurin live stain produces red emission in live cells; SYTOX dead stain labels the nucleus of damaged or compromised cells green, indicating cell death or injury. If a cell displayed both labels, it was categorised as injured [50].




2.4.5. Statistical Analysis


QDs at different concentrations within the same material composition treatment groups were compared using one-way ANOVA with p value < 0.05 indicating significance. When a difference was detected, samples were compared to the control using Dunnett’s test using a p value of <0.05 to indicated significance. MTT and ROS experiments employed three plate replicates with five distinct repeats per sample or control per plate. The average of the background (blank) wells was deducted from the average of the measurement values of the five repeats to calculate the background corrected signal. MTT experiments had a negative control (no treatment) only, whereas ROS experiments had negative (no treatment) and positive (menadione) controls. For each plate, background corrected values were normalised to the negative control, and statistical analysis was performed on these values. The deviations of the five replicates in each plate were calculated and pooled across the three plates to determine the standard variance for each sample or control. The TUNEL assay employed a single plate with three measurement replicates. Background signal (blanks) were subtracted for each value, and statistics were assessed for the replicates. Values were normalised to the negative control average [50].






3. Results


3.1. Characterisation of Mn-Doped ZnSe QDs following Phase Transfer


Mn-doped ZnSe QDs offer an alternative to Cd-based QDs with fluorescence originating from dopant levels, rather than surface states. Tetrapod Mn-doped ZnSe QDs were synthesised using a nucleation-doping strategy [33] in the organic phase. As such, it is necessary to transfer these QDs into the aqueous phase for biological use. For aqueous phase transfer, we compared two approaches (Figure 1): ligand exchange using MPA, a commonly employed QD ligand [54,55], and micelle encapsulation using PS-PEO, which has been shown to reduce toxicity [13]. Individual QDs with sizes <10 nm were observed on aqueous transfer by MPA (Figure 1a). Ligand layer thickness for such materials is estimated at <0.5 nm, based on monolayer coverage. In contrast, micelle templating resulted in encapsulation of multiple QDs dispersed inside the polymer matrix (Figure 1b). Micelle sizes ranged from 30–50 nm, which is consistent with our prior work [33]. Although QD micelles displayed good stability under normal conditions, aggregation was observed after concentration by high-speed centrifugation (e.g., 20k rcf) or centrifugal filtration (using 100 kDa filters).




3.2. QD Effects on Cell Viability


Initially, cell viability was evaluated using HepG2 cells exposed to MPA-coated and micelle-encapsulated QDs (i.e., CdSe/ZnS and Mn-doped ZnSe) at concentrations ranging from 1.56 to 25.00 µg/mL and compared to untreated controls (Figure 2). Control MPA-coated CdSe/ZnS QDs displayed a statistically significant decrease in viability at concentrations > 1.56 µg/mL with a dose-dependent response (Figure 2a). These results corroborate previous studies of cadmium-based QD toxicity [14,56]. In contrast, MPA-coated Mn-doped ZnSe QDs did not show a statistically significant reduction in cell viability at any concentration tested (Figure 2b). These results are consistent with previous reports of minimal toxicity for Mn-doped QDs [25,27,30]. Despite differences in composition (i.e., ZnSe vs. ZnS or their combination) and synthesis routes, these studies and our work confirm lower toxicity for Mn-doped QDs compared to conventional CdSe/ZnSe QDs when ligand exchange is used to form a thin coating on particle surfaces.



Next, we evaluated the influence of micelle encapsulation on cell viability. Both CdSe/ZnS and Mn-doped ZnSe QD micelle-encapsulated samples showed no reduction in cell viability over the 24-h incubation used in this study (Figure 2c,d). We also evaluated the potential toxicity of the PVA surfactant used in micelle synthesis and empty micelles (Figures S1 and S2), and observed no statistical difference across the expected dose range.




3.3. Reactive Oxygen Species Formation


Changes in cell viability as measured by the MTT assay reflect the cumulative effects of metabolic rate changes and may result from many factors. Additionally, negligible changes in cell viability may be observed, despite significant changes in other cellular processes. Changes in metabolic rates have been correlated with the presence of oxidative stress in response to ROS [57]. Furthermore, cadmium-based QD cytotoxicity has been associated with the generation of ROS [12]. Thus, we next evaluated ROS levels in cells exposed to QDs. ROS results for cells treated with CdSe/ZnS and Mn-doped ZnSe QDs coated with MPA or encapsulated in micelles were compared to those of untreated cells (Figure 3). Menadione, which stimulates the production of ROS, was employed as a positive control.



None of the treatment groups elicited statistically significant increases in ROS production compared to the no treatment controls, nor were dose-dependent trends observed. Similarly, all responses were lower than and statistically different from positive control menadione-treated groups. These results indicate that QD samples did not increase ROS levels in HEPG2 cells at the dosages studied here. Interestingly, ROS generation was not observed for MPA-coated CdSe/ZnS-MPA QD samples (Figure 3a), despite the toxicity observed in the MTT assay (Figure 2a) and previous reports of enhanced ROS production in response to these QDs [58,59]. However, other studies have also reported weak correlation between ROS generation and QD toxicity [19]. For example, ROS-induced QD toxicity can exhibit variable response to ROS inhibitors, with some inhibitors reducing QD toxicity, but others not eliciting an effect [19]. Other work has also shown limited correlation between reduced ROS and increases in cell viability [8], and gene expression analyses suggest the presence of other toxicity pathways independent of ROS production [8]. Thus, our results suggest that MPA-coated CdSe/ZnS QDs may induce cellular toxicity via an ROS-independent pathway.




3.4. DNA Fragmentation


Since ROS were not observed, we next evaluated DNA fragmentation, a hallmark of apoptosis, using the TUNEL assay. Cadmium has been shown to damage DNA, which may trigger apoptosis [12]. Thus, CdSe/ZnS and Mn-doped ZnSe QDs with MPA coatings and encapsulated in micelles were compared to untreated negative controls and DNase-treated positive controls (Figure 4). No statistically significant differences were detected between samples and untreated control cells, nor were any dose-dependent trends observed. All samples were also statistically different from DNase-treated positive controls. These results indicate negligible change in DNA fragmentation in HEPG2 cells at the dosages studied here. Given the lack of toxicity observed in MTT assays for Mn-doped ZnSe and micelle-encapsulated CdSe/ZnS QDs, this is not surprising and is consistent with other reports [60]. However, CdSe/ZnS QDs capped with MPA did exhibit toxic responses in the MTT assay, and have been reported to elicit DNA damage in the absence of coatings [60]. For these samples, it is possible that the release of cadmium ions was sufficient to impede cell metabolism and proliferation, but not to initiate apoptosis detectable by this assay at this time point.



To further evaluate this possibility, cell viability in the presence of MPA-CdSe/ZnS QDs was analysed using flow cytometry via a live/dead assay at two concentrations (i.e., 6.25 µg/mL and 25.0 µg/mL) (Table 1). A decrease in the % live cells was observed at the higher 25 µg/mL dose compared to the 6.25 µg/mL dose (78% vs. 83%), with a corresponding increase in the number of injured cells at the higher dose (22% vs. 17%). These data support MTT assay results and suggest that MPA-coated CdSe/ZnS QDs lower metabolic activity because of an increase in the number of injured cells that would most likely undergo apoptosis over longer time periods. However, further investigation is necessary to determine the cell signalling mechanism(s) responsible for damage after QD treatment.





4. Discussion


This research tested the hypothesis that block copolymer micelle encapsulation of QDs for aqueous stabilisation, which has previously been shown to enhance QD optical properties and photostability, also decreases QD cytotoxicity. Using CdSe/ZnS QDs as a model system, micelle encapsulation clearly showed improved cell viability compared to ligand exchange water solubilisation processes (Figure 2). This was consistent with results from similar phospholipid-PEG micelles that reduce QD toxicity for dosages as high as ~150–200 µg/mL [56]. These results are also consistent with the findings of Smith et al. [13], who found that thicker QD coatings, such as those afforded by block copolymer micelle encapsulation, offer better resistance to oxidation. Previously, we showed that micelle encapsulation protects against high intensity irradiation-induced photobleaching [33], consistent with these findings. Thus, the thick micelle polymer layer employed here may decrease the rate of oxygen diffusion into the micelle, minimising oxidation. Alternatively, lower toxicity may result from preservation of QD crystal structure. In contrast to ligand exchange passivation schemes, micelle encapsulation retains native QD surface ligands (e.g., trioctylphosphine oxide and octadecylamine for CdSe/ZnS and Mn-doped ZnSe QDs, respectively). Ligand exchange processes that displace native organic ligands have been shown to promote the introduction of surface defects by stripping of surface metal cations [61,62]. Thus, micelle encapsulation affords better preservation of the nanocrystal surface, which may reduce susceptibility to oxidative attack.



It is also possible that cell viability observations resulted from differences in cellular uptake efficiency, which is dependent on particle size, shape, and surface charge [18]. Although micelles and MPA-QDs are both negatively charged, micelles (~30–40 nm) are much larger than MPA-QDs (<10 nm), and 50 nm particles. Cellular uptake is optimal for ~50 nm nanoparticles and those with asymmetric shapes [63]. These attributes suggest that micelles would be more likely to be endocytosed by cells than MPA-QDs. Thus, we conclude that it is unlikely that cellular uptake contributes to reduction in toxicity response, and more likely that improved biocompatibility results from the presence of a thicker diffusive barrier that helps prevent QD oxidation and degradation.



Nonetheless, caution has to be taken when handling these micelles to avoid aggregation, as we observed differences in toxicity for aggregated micelles. In our initial experiments, QD micelles applied at the same concentrations, but prepared from stock solutions of 250 μg/mL vs. the 35.0 μg/mL employed in this study, elicited toxic responses at concentrations as low as 12.5 μg/mL (Figure S3). Both high-speed centrifuge and ultracentrifugation at high concentrations can cause micelle aggregation and irreversible damage to the micelle structure. This likely reduces QD protection against the external environment.



Lastly, we examined the tetrapod shaped Mn-doped QDs, which showed no significant toxicity, either in MPA-coated or micelle-encapsulated forms, at the same concentration as their cadmium-based counterparts. These results are consistent with previous findings in the literature, which used Mn-doped QDs in spherical shape that were prepared either by aqueous synthesis [24,29,30,38,39,40,41] or ligand exchange [25,42,43,44]. The combination of the Mn-doped QDs and the micelle platform may further reduce QD toxicity and provides an attractive candidate for future biological imaging studies.




5. Conclusions


This work examined the cytotoxicity of QDs with two compositions and two surface coatings. Conventional CdSe/ZnS QDs are known to induce cytotoxicity, primarily as a result of Cd2+ constituent ions that can be ejected during photo or chemical oxidation [6]. Thus, Mn-doped ZnSe QDs with a tetrapod morphology were examined as an alternative. Mn-doped ZnSe QDs did not elicit statistically significant changes in cell viability, ROS production, or DNA fragmentation regardless of surface coating. Thus, our data support that Mn-doped ZnSe QDs are a promising alternative to more toxic CdSe/ZnS QDs, and that the tetrapod morphology did not negatively impact toxicity. CdSe/ZnS QDs induced cytotoxicity as measured by MTT and live/dead flow cytometry assays [50]. We could not, however, attribute this toxicity response to either ROS production or apoptosis. It is likely that cells were in the early stages of apoptosis, not yet detectable by the TUNEL DNA fragmentation assay. Additional study at longer time points would elucidate this point.



Evaluating the effect of surface coating, thicker micelle coatings have been shown to reduce surface oxidation [13], a likely cause of toxicity. Micelle-templated CdSe/ZnS QDs displayed similar non-toxic behaviour to Mn-doped ZnSe QDs, whereas a concentration-dependent decrease in cell viability was observed for CdSe/ZnS-MPA QDs in both MTT and live/dead flow cytometry assays. These results suggest that our PEG-PEO amphiphilic polymer-based micelle encapsulation processes are more effective at reducing cytotoxic responses to QDs than ligand exchange processes. However, it is not clear if this effect persists at longer time points. Toxicity was observed for QD micelles prepared from more concentrated stock solutions, suggesting aggregation as a potential concern. Additional studies of micelle coating integrity over time and in a wide range of pH and ionic strength conditions would strengthen these conclusions. These data suggest that micelle-templated Mn-doped ZnSe QDs are promising candidates for biological imaging and diagnostic applications with low toxicity and desirable optical properties.
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Figure 1. Transmission electron microscopy (TEM) images of (a) MPA-coated and (b) micelle encapsulated Mn-doped ZnSe tetrapod QDs. 
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Figure 2. Cytotoxicity of (a,c) CdSe/ZnS and (b,d) Mn-doped ZnSe QDs coated with (a,b) MPA surface ligands or (c,d) encapsulated in PS-PEO polymer micelles as a function of dose as measured by the MTT assay. Bars connected by different letters display statistically significant differences. Thus, bars connected by B are statistically different from controls samples (i.e., samples connected with A). 
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Figure 3. Assessment of ROS production for (a,c) CdSe/ZnS and (b,d) Mn-doped ZnSe QDs (a,b) coated with MPA surface ligands or (c,d) encapsulated in PS-PEO polymer micelles. Results are normalised to no-treatment, negative control groups. Menadione exposure was used as a positive control. Bars connected by different letters display statistically significant differences. Thus, bars connected by A are statistically indistinguishable from negative controls receiving no treatment, and statistically different from positive controls samples exposed to menadione (i.e., samples connected with B). 
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Figure 4. Assessment of DNA fragmentation for (a,c) CdSe/ZnS and (b,d) Mn-doped ZnSe QDs (a,b) coated with MPA surface ligands or (c,d) encapsulated in PS-PEO polymer micelles. DNase exposure provided a positive control. All results are normalised to no-treatment, negative controls. Bars connected by different letters display statistically significant differences. Thus, bars connected by A are statistically indistinguishable from negative controls receiving no treatment, and statistically different from positive controls samples exposed to DNase (i.e., samples connected with B). 
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Table 1. Population Distribution of Cells Assay via a Live/dead Assay in Flow Cytometry in Response to MPA-CdSe/ZnS QD Treatment.
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	Concentration (µg/mL)
	Live %
	Dead %
	Injured %





	6.25
	82.66
	0.19
	16.99



	25
	78.16
	0.16
	21.64
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