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Abstract

:

Quantum dots (QDs), including CdSe/ZnS, are nanoparticles emitting various wavelengths of fluorescent light depending on their size. Fluorescence allows them to be exploited for in vivo sensing/imaging of cancer cells. Nevertheless, thorough assessments of the effects of these commonly used QDs on cell stability are essentially required prior to their full applications. To investigate the effects of Cd QDs on the growth of human cervical cancer cells (HeLa), we utilized a growth assay, a reactive oxygen species (ROS) assay, an apoptosis assay, and RNA-seq. The growth assay results showed significant proliferation inhibition of HeLa cells by CdSe/ZnS. We revealed that smaller green CdSe/ZnS exerts more toxic effects than slightly larger yellow CdSe/ZnS. There were no significant increases of ROSs under the treatment of Cd QDs, which is consistent with the notion that low concentration of Cd QDs does not cause significant production of ROSs. In addition, we found that Cd QDs induced late apoptosis. RNA-Seq-based transcriptome analysis revealed that the exposure to green Cd QDs significantly upregulated antiapoptotic, antiproliferative, and antitumorigenic functions. The transcriptome profile also noted the downregulation of pro-proliferation, mitochondrial respiratory chain, detoxification, and receptor-mediated endocytosis. Taken together, our findings provide evidence that green CdSe/ZnS can be an alternative anticancer drug. In addition, our transcriptome analysis provides new insights into alteration of physiological state induced by CdSe/ZnS QDs in HeLa cancer cells.
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1. Introduction


Cervical cancer is the second most common cancer found in women today [1]. It has been shown that human papillomavirus 18 (HPV-18) plays a major role in the development of cervical cancer [2]. Typically, low-income women in developing countries are at a higher risk for cervical cancer [2]. The cancer appears as ulcerative lesions that can damage the cervix and has been known to spread to the vagina [3]. Cervical cancer was first discovered in 1951 in a woman named Henrietta Lacks. Dr. George O. Grey obtained a tissue sample from Henrietta after her death and noticed the malignant growth of the tissue. Based on his findings, he named and created what is now known as the HeLa cell line after Henrietta Lacks. Interestingly, Henrietta’s cervical cancer cells became the first human cell line to be used in research [4]. From the creation of the cell line to the present, HeLa cells have been used in a broad range of research areas from understanding the effects of X-ray on human cells [5], to slowing the growth of cancer cells [6], to understanding telomerase activity [7], and finally to testing anticancer drugs such as sulfonamide CA IX inhibitors [8].



Nanotechnology has been incorporated into our everyday lives. Quantum dots (QDs), first synthesized by Ekimov in 1985, are extremely small semiconductors that emit a broad spectrum of fluorescence. Semiconductor QDs have a unique gift of controlling their energy by tailoring their size, shape and composition [9]. QD fluorescence emission wavelength is positively correlated with the particle’s size, with larger particles emitting at longer wavelengths. Their sizes typically range from 2–10 nm, and most of QDs are synthesized from II–VI group materials [10]. Although semiconducting QDs have been associated with in vitro cytotoxicity due to cytotoxic cores such as CdTe or CdSe, a core shell structure has been developed to minimize the cytotoxicity [11]. A core shell structure enhances the photoluminescence efficiency of single QDs, as the core can be CdSe, CdTe, and InP, and a shell-like structure can be ZnS (which wraps the core and makes QDs safer to use in biological systems) [12]. However, CdTe/CdS, CdTe (2–6 nm), CdSe/ZnS coated with PEG (polyethylene glycol)-amine (4.6 nm) that have been tested on HEK293T, HepG2, and HEKs have been reported to be cytotoxic [13,14,15,16]. On the other hand, CdSe/ZnS–PEG, CdSe, CdTe (6 nm) have not proven to be cytotoxic upon treating K562, Caco-2, primary rat hippocampal neuron, and intravenous administration into rats, respectively [13,14,17,18]. Recent studies have shown QDs used in in vitro imaging and pH sensing due to their brighter fluorescence when compared to more commonly used organic dyes. QDs have been used for biomedical devices such as biosensors. QDs biosensors can detect the biomarkers that cause diseases by analyzing sweat, salvia, and food products [19]. QDs have been utilized in the cancer imaging field, siRNA delivery, and magnetic resonance imaging (MRI) [20].



Despite their many beneficial applications, not much research has been done on the potential use of QDs for treating diseases such as cancer. Some studies have shown that CdSe/ZnS could be used as a nano-carrier for certain diabetes drugs [21], verified anticancer drugs (Doxorubicin) [22], and lung tumor inhibitors [23]. The present study aims to investigate the cytotoxic effects of CdSe/ZnS QDs on cervical cancer cells (HeLa cells) and assess their potential uses as anticancer drugs. We hypothesized that CdSe/ZnS QDs will inhibit the growth of HeLa cancer cells either by causing oxidative stress or inducing apoptosis as a result of Cd leaking from the core. In this regard, we investigated the effect of 6.1–9.5 nm CdSe/ZnS QDs on HeLa cells by determining levels of cell viability, reactive oxygen species (ROSs), and cell death. In addition, we utilized RNAseq analysis to quantify the transcriptomic alteration in CdSe/ZnS QD-treated HeLa cells. Lastly, we proposed the potential impacts induced by the cytotoxic effects of CdSe/ZnS QDs in HeLa cells.




2. Experimental Section


2.1. CdSe/ZnS Quantum Dots (QDs)


Yellow and green CdSe/ZnS QDs (6.1–9.5 nm) functionalized with carboxylic acids were suspended in water (1000 µg/mL). These QDs were obtained from NN-Labs (Fayetteville, AR, USA). The shell (ZnS) stabilizes the optical properties of the core (CdSe) and reduces the trap states from damaging environment. The emission peak of green and yellow CdSe/ZnS QDs is 530–550 nm and 570–585 nm, respectively (NNCrystal US Corporation, Fayetteville, AR, USA).




2.2. Culturing HeLa Cells and Non-Cancerous Mouse-Derived Fibroblast Cells


Cryopreserved HeLa S3 cells (authenticated by Gentica labs, Burlington, NC, USA) and mouse-derived fibroblast cells were thawed in a 37 °C water bath. Then, 13 mL of Gibco Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotics were added into the thawed cells dropwise to avoid osmotic shock prior to centrifugation at 400 g for 10 min. The supernatant was removed after the centrifugation and 13 mL of fresh DMEM was added to the cells in a 25 cm3 flask. The flask was kept inside an incubator at 37 °C with 5% CO2/95% air atmosphere. When cells reached ~80% confluence, they were subcultured in a 75 cm3 flask.




2.3. Cell Viability Assay


The XTT assay used for this study was adapted from the manufacturer’s protocol (Biotium). The experiment was conducted over three consecutive days. On the first day, HeLa and mouse-derived fibroblast cells were seeded at a density of 7500 cells per well, with a total volume of 100 µL of DMEM (10% FBS and 1% antibiotics). The media was replaced with new fresh media (100 µL per well) on the second day, and varying doses of green and yellow CdSe/ZnS QDs, ranging from 0.8 µg/mL to 167 µg/mL, were added to the cells. For positive control experiments, HeLa cells were treated with Cisplatin at a final concentration of 1 mM. On day three, the XTT solution containing the XTT activator (PMS) in ratio of 200:1 was applied to each well allowing reduction of the XTT agent to form orange-colored formazan salts from the viable cells. An ELx808 Absorbance Microplate Reader (Bio Tek, Winooski, VT, USA) was utilized to analyze XTT absorbance (A450–A630 nm) after 7 h of XTT treatment. All experiments were conducted in triplicate and repeated thrice.




2.4. Reactive Oxygen Species (ROS) Assay


The ROS assay protocol was inspired by a previously established one [24] with minor adjustments. The ROS experiment was conducted over three to five days on a 24-well plate. On day one, 50,000 HeLa cells were plated per well with 500 µL of DMEM (10% FBS and 1% antibiotics) media. On day two, the media were refreshed, and the cells were treated with 80 µg/mL of green CdSe/ZnS QDs. After a 24-h and a 72-h treatment, cells in each well were washed with 500 µL of 1X phosphate buffered saline (PBS) twice. To dissociate adherent cells, 250 µL of trypsin with EDTA was added to each well. All dissociated individual cells from each well were collected in an Eppendorf tube and centrifuged at 400 g for 10 min at 22 °C. Dihydroethidium (DHE) or dihydrorhodamine 123 (DHR), known ROS indicators for superoxides and peroxynitrites, respectively, were added at a final concentration of 10 μM for each cell sample. The Eppendorf tubes were incubated in the dark for 30 min, and levels of ROSs were measured by a flow cytometer (Attune NxT acoustic focusing cytometer, Life Technologies, Carlsbad, CA, USA) at 518 nm/606 nm for DHE and at 507 nm/536 nm of DHR123.




2.5. Apoptosis Assay


Our apoptosis assay was adapted from the manufacturer’s protocol (Thermo Fischer Scientific, Waltham, MA, USA, https://bit.ly/2mSZfhR). On day one, 50,000 of HeLa cells were seeded in a 24 well plate. The DMEM media (10% FBS and 1% antibiotics) was refreshed on day two, and cells were treated with 80 μg/mL of green CdSe/ZnS QDs. On day three, 250 µL of EDTA-free Trypsin was used to detach cells. All dissociated cells from each well were transferred to an Eppendorf tube and centrifuged at 400 g for 10 min at 22 °C. Cells from the treated group were incubated in 100 µL of 1X Annexin V binding buffer, 5 µL of AnnexinV-APC (BD Pharmingen, San Diego, CA, USA), and 5 µL of Propidium Iodide (BD Pharmingen) for 30 min in a humidifier. Just before the measurement of levels of apoptosis, 400 µL of 1X Annexin V binding buffer was added to the treated group. The apoptosis levels were measured by the Attune NxT acoustic flow cytometer (Life Technologies) using excitation/emission filter sets of 650/660 nm and 533/616 nm for Annexin-V-APC and Propidium Iodide, respectively.




2.6. Total RNA Extraction, mRNA Isolation, and cDNA Synthesis


One million HeLa cells were seeded in each well of a six-well plate and cultured for 24 h. The cells were then treated with 100 µg/mL of green CdSe/ZnS QDs for 24 h. A total RNA extraction was performed using the TRIzol protocol (Invitrogen, Carlsbad, CA, USA). After extraction, RNA was quantified by measuring the OD of 280 nm with a Qubit 3.0 Fluorometer, resulting in the acceptable range of 960–1200 ng/μL. Isolation of mRNA from the total RNA was done using the TruSeq Stranded mRNA LT Sample Preparation Kit (Illumina, San Diego, CA, USA). The cDNA was synthesized from newly purified mRNA by using SuperScript II Reverse Transcriptase. Each cDNA sample of six (three non-treated and three CdSe/ZnS QD treated) was ligated with unique adaptor. After 15 cycles of amplification of cDNA in a T100TM Thermal Cycler (BIO-RAD), each sample (50 ng/μL) was suspended in 30 μL of Resuspension Buffer from the Kit. These cDNAs were sequenced by an Illumina Hiseq 2500 sequencing system (Kansas Medical Genome Center), and 100 nucleotide sequences from each end of cDNA were read.




2.7. Basepair Transcriptome Analysis


cDNA sequence data were obtained from the University of Kansas Medical Genome Centre and analyzed with the Basepair website (www.basepairtech.com) using the pipeline RNA-seq. Total expression count (STAR) was conducted on non-treated and treated samples of 100 µg/mL green CdSe/ZnS QDs. The expression count STAR consists of a quality check to ensure the good quality and correct interpretation of each data set. Then, the reads were aligned with human reference genome (human hg19 genome) using differential expression (DESeq2, compare 2 groups) to get a comprehensive list of the differentially expressed genes (DEGs). This list of genes was further grouped based on their significance and analyzed using GOrilla to get Gene Ontology (GO) terms for highly significant upregulated and downregulated genes.




2.8. Statistical Analysis


GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA) was used to conduct statistical analysis. One-way analysis of variance (ANOVA) and Dunnett’s multiple comparison test were used to assess the comparison between the treatment and control groups. A p-value less than 0.05 was considered statistically significant. If a p-value was less than 0.05, it was flagged with one asterisk (*). Two asterisks (**) indicated that the p-value < 0.0094, three asterisks (***) indicated that the p-value < 0.0007, and four asterisks (****) indicated that the p-value < 0.0001.





3. Results


3.1. Chemophysical Properties of CdSe/ZnS QDs Used for This Study


A JEOL 7900F scanning electron microscope (SEM) with a scanning transmission electron microcopy (STEM) detector was used to image the individual QDs. The samples were diluted to a concentration of 100 µg/mL and were subsequently drop cast onto holy carbon film TEM grids and allowed to air dry in a desiccator box. Figure 1 shows the STEM images that approximate the CdSe/ZnS QD particle sizes in agreement with that of the data sheet values (6.1–9.5 nm) provided by the NNCrystal US Corporation (nn-labs.com).



Elemental composition of the CdSe/ZnS QDs was measured using a Bruker Quantax energy dispersive X-ray spectrometer (EDAX). A thick film of each of the CdSe/ZnS QDs (green and yellow) was deposited onto silicon substrates. The spectra of each QD sample is provided in Figure 2, which verifies the CdSe/ZnS composition.



A dynamic light scattering (DLS) technique was used to characterize the hydrodynamic size of the CdSe/ZnS QD dispersions in aqueous solution. QD samples at 100 µg/mL were tested using a Malvern Panalytical Zetasizer Ultra with a laser wavelength of 632 nm and scattering angle of 173°. DLS results showed a monodisperse peak with hydrodynamic diameters of 56.0 and 61.2 nm for the green and yellow QDs, respectively (Figure 3). The results indicate the formation of ligands shells (carboxylic acid ligands) outside of the core when the QDs were dispersed in aqueous solution.



Ultraviolet-visible (UV/Vis) absorption spectroscopy was conducted with a Shimadzu UV3600 UV-Vis-NIR Spectrometer with a range of 200–800 nm and a step size of 0.5 nm. Both CdSe/ZnS QD (green and yellow) samples were diluted to 100 µg/mL. Both the green and yellow CdSe/ZnS QDs showed no absorption at or above 600 nm. The first absorption peak for the CdSe/ZnS (G) and CdSe/ZnS (Y) were around 514 and 548 nm, respectively (Figure 4).




3.2. Cell Viability Assay


Cell viability assays were conducted on HeLa cells treated with either yellow or green CdSe/ZnS QDs, ranging from 0.8 to 167 µg/mL. A previous study demonstrated that smaller CdTe QDs (2.2 ± 0.1 nm) were more toxic than larger-size QDs (5.2 ± 0.1 nm) in rat pheochromocytoma cell cultures [25]. Our working hypothesis was that smaller green CdSe/ZnS QDs would be more toxic to HeLa cells than their larger counterparts (yellow CdSe/ZnS QDs). Our results showed that the green CdSe/ZnS QDs reduced cell viability significantly at the two highest concentrations (28 and 167 µg/mL): ~18% reduction of cell viability with 28 µg/mL and ~30% reduction with 167 µg/mL green QDs (Figure 5A). On the other hand, the yellow CdSe/ZnS only affected cell viability negatively at 176 µg/mL with ~30% viability reduction (Figure 5B). In addition, we tested whether green CdSe/ZnC QDs affected the viability of non-cancerous mouse-derived fibroblast. The treated QDs, ranging from 0.13 to 167 µg/mL, induced no viability defects (Figure 5C), suggesting that HeLa cells are more vulnerable to CdSe/ZnS QD-mediated viability defects than non-cancerous fibroblast cells.




3.3. ROS Assay


We reasoned that the reduced cell viability (Figure 5) might be caused by an increase in oxidative stress in HeLa cells treated with CdSe/ZnS QDs. In particular, smaller green QDs were the more effective cytotoxic agent (Figure 5A) and, therefore, we decided to use green QD-treated cells (80 µg/mL) for measuring superoxide and peroxynitrite levels with DHE and DHR123, respectively. Interestingly, our results revealed that the treated green CdSe/ZnS QDs for 24 h (Figure 6A,B) and for 72 h (Figure 6C,D) did not alter levels of superoxides nor peroxynitrites in HeLa cells. Therefore, we concluded that the viability reduction mediated by the treatment of these QDs is not due to alterations of superoxides and peroxynitrites, which is consistent with the findings that CdSe/ZnS has an insignificant effect on the production of ROSs [26].




3.4. Apoptosis Assay


Published studies have shown that green CdTe causes a significantly elevated apoptosis in two human breast cancer cell lines, MDA-MB468 and MCF-7 [27], and that 1.5 μM of 5 nm CdSe/ZnS QDs can induce early and late apoptosis in a pancreatic cancer cell line [28]. Therefore, we next tested the possibility that the reduced cell viability (Figure 5) might be attributed to an increase in apoptosis with the treatment of green CdSe/ZnS QDs in HeLa cells. For this, Annexin-V-APC and propidium iodide stained cells were used to measure the extent of early and late apoptosis, respectively. Though early apoptosis levels in QD-treated HeLa cells were statistically significantly decreased (Figure 7A), we observed that the mean of late apoptosis in the treated group was pronouncedly elevated (Figure 7B) when compared to the non-treated group. These results clearly indicate that the cell cytotoxicity we observed in Figure 5 was mainly attributed to elevated late apoptosis in HeLa cells treated with CdSe/ZnS QDs.




3.5. Upregulated and Downregulated Genes Analyzed by GoRilla: GoTerm


To understand the mechanism of CdSe/ZnS-mediated cell toxicity in more detail, we conducted a transcriptomic analysis to identify upregulated and downregulated genes with the QD treatment. Of 25,681 human genes, 3022 genes were determined to be significantly upregulated based on their positive q-value < 0.05, whereas 2734 genes were significantly downregulated. These differentially expressed genes (DEGs) were further analyzed using the GoRilla website (http://cbl-gorilla.cs.technion.ac.il/) to find Gene Ontology and functions related to each gene. Our results showed 313 gene functions associated with the upregulated genes. In particular, 63% of upregulated genes were responsible for regulation of biological processes, while 40% of the upregulated genes were responsible for regulation of metabolic processes (Figure 8A). Positive regulation of nitrogen compound metabolic processes (22%), regulation of signal transduction (21%), and response to chemicals (17.5%) were also upregulated. Furthermore, 9.4% of genes responsible for response to oxygen containing compounds, 9.4% of genes responsible for positive regulation of transcription by RNA polymerase II, 9.2% of genes responsible for movement of cell or subcellular components, 3% of genes responsible for regulation of cellular component morphogenesis, and 2% of genes responsible for angiogenesis were upregulated. Finally, 40, 37, and 33 upregulated genes were responsible for peptidyl-tyrosine phosphorylation, cell–cell junction organization, and branching morphogenesis of an epithelial tube, respectively (Figure 8A).



Our GoRilla GO term analysis picked up 136 downregulated functions. The similar functions were grouped together to show significantly downregulated functions upon the treatment (Figure 8B). It was found that 21.4% of downregulated genes were responsible for heterocycle metabolic processes, 17.0% were responsible for biosynthetic processes, and 10.9% were responsible for protein-containing complex assembly. Genes implicated in RNA processing (8.2% of all downregulated genes), cellular protein-containing complex assembly (7.9%), peptide metabolic processes (3.5%), leukocyte degranulation (3.4%), electron transport chains (2.4%), mitochondrial respiratory chain complex assembly (1.8%), and tumor necrosis factor-mediated signaling pathway (1.4%) were downregulated. Lastly, 35, 33, 21, 12, and 11 downregulated genes were responsible for regulation of cellular amino acid metabolic processes, NIK/NF-κB signaling, transcription elongation from RNA polymerase II promoter, ribosomal large subunit biogenesis, and DNA replication initiation, respectively (Figure 8B).



To further analyze the gene expression change caused by Cd QD treatment, we selected the most upregulated genes whose log2fold change was at least 1.5-fold. Most of the highly upregulated genes were involved in signaling, response to tumor necrosis factor, cellular response to tumor necrosis factor, and regulation of NIK/NF-κB signaling (Table 1). RORα gene implicated in cellular response to tumor necrosis factor was 1.92-fold upregulated (Table 1). RORα is known for enhancing the transcription of SEM3F that induces apoptosis and inhibits cell proliferation. Most processes that were highly downregulated upon the treatment were extracellular matrix organization, extracellular structure organization, tissue migration, mesenchyme migration, and regulation of blood pressure (Table 2). NOX1 (1.8-fold downregulated), a gene implicated in the generation of ROSs seems to be involved in most of these processes [29] (Table 2).





4. Discussion


According to the American cancer society, there will be at least 13,800 new cases of cervical cancer, and approximately 4290 women will die from it in 2020 [30]. There is a strong urge to find new alternative treatments to suit all patients. QDs have recently been used in cancer diagnosis and therapies due to their optical and chemical properties. However, there are few studies on the use of QDs as an anticancer drug. In our study, we are trying to understand the cytotoxic effects of CdSe/ZnS QDs on HeLa cancer cells. To our knowledge, we are the first to investigate the transcriptome profile of HeLa cells upon the treatment of CdSe/ZnS QDs. Therefore, our data provides the cornerstone of using CdSe/ZnS QDs as an alternative anticancer drug for cervical cancer.



4.1. Green CdSe/ZnS QDs Are More Effective in Reducing Viability of HeLa Cancer Cells than Yellow CdSe/ZnS QDs


Though quantum dots (QDs) are appealing alternatives for cancer research and treatments, their potential threat to the human cells has not been thoroughly documented. Furthermore, QDs can be coated with a spectrum of charged ligands, which makes it hard to draw a comprehensive conclusion when it comes to assessing the effects of QDs on cellular/tissue systems. Nevertheless, coating QDs with carboxylic acids appears to demonstrate minor toxicity in monocyte-derived dendritic cells (DCs) [31]. In this report the authors revealed that CdSe/ZnS QDs coated with polyethylene glycol (PEG)-COOH are not only safer but also more readily internalized into DCs when compared with QDs coated with PEG alone or with PEG-NH2 [31]. However, there is a contradictory report on the permeability of QDs-coated with COOH, which reports that QDs coated with PEG-COOH did not penetrate the epidermal layer of the skin [15]. Together, these opposing results indicate that cellular uptake rates of QDs coated with the same ligand depend on the cell type. On the cellular level, CdSe/ZnS QDs are reported to enter the cell through the plasma membrane and inhibit macrophage function [32,33]. The degradation of CdSe/ZnS and Cd/Zn happens inside the cell by releasing the harmful Cd2+ ions, which damages proteins and disrupts cellular signaling [34,35,36]. Therefore, it has been reported that functionalized or chemically modified CdSe/ZnS QDs exert less toxic impact on cells. For example, Bradburne and coworkers illustrated that polyethylene glycol (PEG)-conjugated QDs had minimal cytotoxicity in THP-1 cells [37]. In addition, QD-mediated cell toxicity, if any, strongly depends on its size. Most of investigations concluded that smaller QDs induce cellular toxicity more readily than larger QDs. A study conducted by Nagy et al. showed that 3–5 nm CdSe/ZnS tested on normal human bronchial epithelial (NHPE) caused more proliferation inhibition than 10 nm CdSe/ZnS. Another study was conducted on Escherichia coli to compare among green CdTe QDs (543 nm emission peak), yellow CdTe QDs (579 nm), and red CdTe QDs (647 nm) [38,39]. The study revealed that green CdTe QDs were the most toxic, followed by yellow CdTe QDs and Red CdTe QDs. The authors proposed that the green QD-mediated cell defects were most likely attributed to damaged E. coli cell membrane and subsequent nonspecific entry of ions and molecules to the cell. Without controversy, the present study also proved that smaller green CdSe/ZnS QDs are more toxic than their larger counterparts (yellow CdSe/ZnS QDs) based off of the cell viability assay shown in Figure 5.




4.2. Effects of Green CdSe/ZnS QDs on the Production of ROS


Nagy and coworkers have also claimed that ROS production is independent from the toxicity induced by CdSe/ZnS QDs, based on their experiments on NHPE cells testing different sizes of QDs (3–10 nm) and different ligands associated with the QDs [38]. Another study conducted by Horstmann et al. in yeast using yellow CdSe/ZnS QDs showed no significant increase in ROSs [26], and they interpreted that the functionalized QDs with a carboxyl group may stabilize the core CdSe and minimize Cd2+ ion leakage. Moreover, a study showed that ROS production depended on the cell type [40]. The authors from the study compared three different types of cells such as epithelial (BEAS-2B), fibroblast (HFF-1), and lymphoblastoid (TK6). Upon treatment, the three types of cells with CdSe/ZnS (4–10 nm) attached with carboxyl ligand, HFF-1 and BEAS-2B showed no signs of ROS production, while TK6 showed a significant elevation in ROS production [40]. The ROS measurement in the present study with green CdSe/ZnS QDs in HeLa cells reports no alteration of superoxide and peroxynitrite levels, in line with the above-mentioned data from different investigations (Figure 6). However, it is noteworthy to point out that our transcriptome analysis identified a few under-expressed genes responsible for ROS production, including SOD1 and COX17 [41,42]. Therefore, we cannot rule out the possibility that other ROSs might be altered in the presence of this Cd QD in our experiments.




4.3. Green CdSe/ZnS and Its Impact on Apoptosis


Most chemotherapeutic drugs exert their therapeutic efficacy thorough some key mechanisms associated with apoptosis. A study comparing the effects of different Cd compounds (2.2 nm CdSe, 2.2 nm CdTe, and 3.5 nm CdTe) on L929 fibroblasts showed that 2.2 nm CdSe and 2.2 nm CdTe led to highly apoptotic L929 cells [43]. The described apoptosis in L929 cells was due to fragmentation of nuclei and cytoplasmic organelles, but not by plasma membrane damage [43]. Another study by the same researchers testing 2.2 nm CdTe on AML12 cells has shown that there were two main mechanisms responsible for apoptosis induction, which were extrinsic pathways through death receptors and intrinsic pathways via dysregulation of mitochondria [44]. A common feature of apoptosis, regardless of whether it is through an extrinsic or intrinsic pathway, is a cascade of caspase activation for promoting apoptosis. Indeed, a study of C-phycocyanin (C-PC), a potential pro-apoptotic/anticancer drug in HeLa cells, induced activation of caspase 2, 3, 4, 6, 8, 9, and 10 [45].



Likewise, we found from our transcriptome analysis that a few genes (TNFRS9 and RBAK) whose roles are coupled with inducing caspase activities, were overexpressed in HeLa cells with CdSe/ZnS QDs [46,47]. As observed in Figure 7, where late apoptosis levels were induced significantly upon the treatment of green CdSe/ZnS QDs, the upregulation of the proapoptotic genes such as TNFRS9 and RBAK would explain that induction of apoptosis.




4.4. Upregulated Gene Expression and the Subsequent Impacts upon Green CdSe/ZnS QD Treatment


We have provided the potential cellular processes that are differentially regulated in response to CdSe/ZnS QDs (Figure 9A,B). A wide spectrum of gene functions upregulated after CdSe/ZnS QD treatment in HeLa cells include nuclear receptors (RORα), inhibitors of extracellular metalloproteinases (TIMP2), integrins (TRGA1), membrane receptors (PKD1), GTPase activating factors (RASA3), and inflammation (NSMAF) (Figure 9A). Almost all overexpressed mRNA transcripts shown in Figure 9A can be grouped into three categories based on their function: antiapoptotic, antiproliferative, and antitumorigenic. Antiproliferative or tumor suppressive genes from the upregulated gene model (Figure 5A) include RASA3 [48], ITGA1 [49], ZBED6 [50], PTPRO [51], PDK1 [52], RORα [53], and SPRY4 [54]. Of these, ZBED6 is a transcription repressor of IGF2, leading to suppressed proliferation [50]. In addition, RASA3, a negative regulator of RAS GTPase p21, is known to interact with a Gαi subunit to suppress the RAS-ERK1/2 pathway and inhibit proliferation [48]. As such, all of these upregulated antiproliferative genes may collectively create adverse conditions in the presence of CdSe/ZnS QD, leading to suppression of HeLa cell proliferation, as seen in our proliferation assay (Figure 5).



Cancer cells can often avoid or disable an apoptotic event. However, this does not seem to be the cases with CdSe/ZnS QDs in HeLa cells (Figure 7). Our RNAseq analysis (Figure 9A) helped us detect a number of proapoptotic genes overexpressed under this condition, including CYF1P2, NSMAF, PTPRO, and RORα [53,55,56,57]. Interestingly, CYFIP2 gene codes for the cytoplasmic fragile X mental retardation (FMR) 1 interacting protein 2, whose activity is associated with p53-mediated apoptosis [58]. It was found that the CYFIP2 promotor contains a p53-responsive element allowing p53 binding, which leads to the induction of CYFIP2. When overexpressed in DLD1 cells under TET control, CYFIP2 caused nuclear DNA fragmentation, indicative of apoptosis [58].



Lastly, at least two overexpressed genes, RORα (retinoid-related orphan receptor alpha) and TIMP2 (tissue inhibitor of metalloproteinases 2), from the Figure 9A are known to be implicated in suppressing cancer cell invasion or metastasis. One of the recent investigations on RORα-mediated tumor suppression revealed that overexpression of RORα downregulated MMP-9 and upregulated an MMP inhibitor (TIMP3) to inhibit cell migration and invasion [59]. Similarly, TIMP2 is also an anti-metastatic factor [60]. Given elevated levels of expression by these genes, we came to the conclusion that HeLa cell’s invasion ability may be compromised in the presence of CdSe/ZnS QDs.




4.5. Downregulated Cellular Functions Mediated by CdSe/ZnS QDs


We illustrated in Figure 9B the various downregulated processes due to CdSe/ZnS QD treatment in HeLa cells, including pro-proliferation, mitochondrial respiratory chain, detoxification, and receptor-mediated endocytosis. First, under expression of the following five pro-proliferation genes may, in part, account for the observed viability defects in HeLa cell with CdSe/ZnS QDs (Figure 5): RPF1 [61], PRKCB [62], IGF2 [63], NEK10 [64], and CTNNB1 [65]. In particular, the IGF2 (insulin growth factor 2)-mediated signal pathway is a well-established pathway for cell proliferation in a greater diversity of cell types. To promote proliferation, the pathway uses either PI3K/AKT or RAS/RAF/MEK/ERK cascade, and further, the PI3K/AKT is also implicated in inhibiting apoptosis [53]. Taken together, our discovery of the under expression of pro-proliferative genes (IGF2, RFP1, PRKCB, NEK10, and CTNNB1) is congruent with that of overexpression of anti-proliferative genes discussed in the above section, suggesting a clear antiproliferative role of CdSe/ZnS QDs in HeLa cells.



Second, our RNAseq analysis (Figure 9B) revealed significantly downregulated genes implicated in mitochondria-based electron transfer chain (ETC) function including UQCRB (ETC complex III subunit), NDUFB7 (ETC complex 1 subunit), and COX17 (associated with cytochrome C oxidase) [66,67,68]. We speculate that the impact of downregulation of these key ETC proteins would be associated with defects both in establishing the proton gradient across the mitochondrial inner membrane and in efficient production of ATP, which may account both for growth inhibition (Figure 5) and apoptosis (Figure 7) in the presence of CdSe/ZnS QDs. Third, based on under expression of genes for cellular detoxification (GSTK1) [69] and endocytosis (CLTA and AP2M1), we propose that CdSe/ZnS QDs play unfavorable roles in the detoxification of foreign substances and receptor-mediated endocytosis.





5. Conclusions


QDs are gaining fame recently in the cancer treatment world due to their unique properties and availability. CdSe/ZnS is one of the QD alternatives and has been used as a biosensor and nanodrug carrier. Few studies had tested different sizes of CdSe/ZnS on HeLa cancer cells. Through our study, we have compared two sizes of CdSe/ZnS QDs and their effect on HeLa cells. We have found that CdSe/ZnS QDs inhibit proliferation and induce apoptosis. Therefore, we conclude that CdSe/ZnS QDs can be used as a potential anticancer drug.
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Figure 1. STEM images of CdSe/ZnS (Green) and CdSe/ZnS (yellow). (A) Green CdSe/ZnS with low resolution (bar size 100 nm). (B) Green CdSe/ZnS with higher resolution (bar size 10 nm). (C) Yellow CdSe/ZnS with low resolution (bar size 100 nm). (D) Yellow CdSe/ZnS with high resolution (bar size 10 nm). 
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Figure 2. EDAX (Energy Dispersive X-ray Spectrometer) spectra of CdSe/ZnS (green) (top) and CdSe/ZnS (yellow) (bottom) quantum dots (QDs), verifying the elemental composition. 
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Figure 3. Intensity size distribution of CdSe/ZnS QDs (green) and CdSe/ZnS QDs (yellow) obtained by DLS (Dynamic Light Scattering) with hydrodynamic sizes of 56.0 and 61.2 nm, respectively. 
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Figure 4. UV/Vis absorption spectra in the 450–650 nm range of each QD sample with absorption peaks for the green and yellow QDs at 514 and 548 nm, respectively. 
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Figure 5. Cell viability inhibition with CdSe/ZnS QDs in HeLa and mouse-derived fibroblast cells. Varying doses of green or yellow CdSe/ZnS QDs were treated for 24 h in HeLa or mouse-derived fibroblast cells, and the resulting levels of viability at each concentration of QDs were measured using a spectrophotometer as indicated in the Methods section. (A) Reduced cell viability in HeLa cells with green CdSe/ZnS QDs. (B) Reduced cell viability in HeLa cells with yellow CdSe/ZnS QDs (**** p < 0.0001, *** p < 0.0005, ** p < 0.0076). NTC, non-treated control. (C) Cell viability test with green CdSe/ZnS in mouse-derived non-cancerous fibroblast cells. 
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Figure 6. Assessment of reactive oxygen species levels. (A) HeLa cells were treated with 80 μg/mL of CdSe/ZnS QDs for 24 h and measured with DHE (Dihydroethidium) to detect superoxides. (B) HeLa cells were treated with 80 μg/mL of CdSe/ZnS QDs for 24 h and measured with DHR (Dihydrorhodamine 123) to detect peroxynitrites. (C) Superoxide levels were detected by DHE upon the treatment of 80 μg/mL of CdSe/ZnS QDs for 72 h. (D) Peroxynitrite levels were detected by DHR123 upon the treatment of 80 μg/mL of CdSe/ZnS QDs for 72 h. NTC, non-treated control. 
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Figure 7. Increase in apoptosis. HeLa cells were treated with 80 µg/mL green CdSe/ZnS QDs for 24 h, and the resulting apoptosis was measured. (A) Levels of early apoptosis. (B) Levels of late apoptosis. ** p < 0.0094, and *** p < 0.0008. NTC, non-treated control. 
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Figure 8. Gene Ontology terms of variously expressed genes upon the treatment of Cd QDs. A total of 5756 genes were found statistically significant with a q-value below 0.05. (A) 3022 genes were found upregulated among the 5756. (B) 2734 of 5756 genes were found downregulated. 
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Figure 9. A proposed mechanism of physioloical changes with green CdSe/ZnS treatment in HeLa cells. (A) The upregulated genes are responsbile for antiapoptotic, antiproliferative, and antitumorigenic functions (see discussion section). The upregulated genes were color coded based on their log2fold change. A gene’s log2fold change above 1.00 is red, blue is a gene’s log2fold change between 0.50–0.90, green is a log2fold change ranging between 0.30–0.40, and yellow is the lowest log2fold change. (B) Green CdSe/ZnS seemed to downregulate the processes of pro-proliferation, mitochondrial respiratory chain, detoxification, and receptor-mediated endocytosis (see discussion section). Those downregulated genes were also color-coded. 






Figure 9. A proposed mechanism of physioloical changes with green CdSe/ZnS treatment in HeLa cells. (A) The upregulated genes are responsbile for antiapoptotic, antiproliferative, and antitumorigenic functions (see discussion section). The upregulated genes were color coded based on their log2fold change. A gene’s log2fold change above 1.00 is red, blue is a gene’s log2fold change between 0.50–0.90, green is a log2fold change ranging between 0.30–0.40, and yellow is the lowest log2fold change. (B) Green CdSe/ZnS seemed to downregulate the processes of pro-proliferation, mitochondrial respiratory chain, detoxification, and receptor-mediated endocytosis (see discussion section). Those downregulated genes were also color-coded.



[image: Jnt 01 00003 g009]







[image: Table] 





Table 1. GO term analysis with the top 74 upregulated genes. A total of 74 upregulated genes with a log2fold change of 1.5 or higher were analyzed using GoRilla.






Table 1. GO term analysis with the top 74 upregulated genes. A total of 74 upregulated genes with a log2fold change of 1.5 or higher were analyzed using GoRilla.





	Gene Ontology Term
	No. of Genes
	Corresponding Highly Upregulated Genes





	activation of phospholipase C activity
	2
	EGFR, GNA15, alpha 15 (gq class)



	regulation of NIK/NF-kappaB signaling
	4
	EGFR; GPR97; IL1β; MIR30C2



	cellular response to tumor necrosis factor
	4
	KCNJ11; RORA; IL8; MIR30C2



	response to tumor necrosis factor
	4
	KCNJ11; RORA; IL8; MIR30C2



	signaling
	6
	HTR7; EREG; KCNJ4; PKP2; GDF15; IL1β



	astrocyte activation
	2
	EGFR; IL1β



	positive regulation of interleukin-6 biosynthetic process
	2
	EREG; IL1β







EGFR—epidermal growth factor receptor; GNA15—guanine nucleotide binding protein; GPR97—g protein-coupled receptor 97; IL1β—interleukin 1 beta; MIR30C2—microrna 30c-2; KCNJ11—potassium inwardly rectifying channel, subfamily j, member 11; RORA—rar-related orphan receptor a; IL8—interleukin 8; HTR7—5-hydroxytryptamine (serotonin) receptor 7, adenylate cyclase-coupled; EREG—epiregulin; KCNJ4—potassium inwardly rectifying channel, subfamily j, member 4; PKP2—plakophilin 2; GDF15—growth differentiation factor 15.













[image: Table] 





Table 2. GO term analysis with the top 41 downregulated genes. A total of 41 highly downregulated genes with a log2fold change of at least 1.5 were selected and analyzed with GoRilla.






Table 2. GO term analysis with the top 41 downregulated genes. A total of 41 highly downregulated genes with a log2fold change of at least 1.5 were selected and analyzed with GoRilla.





	Gene Ontology Term
	No. of Genes
	Corresponding Highly Downregulated Genes





	mesenchyme migration
	3
	ACTA1, ACTC1, FOXF1



	tissue migration
	3
	ACTA1, ACTC1, FOXF1



	skeletal muscle thin filament assembly
	2
	ACTA1, ACTC1



	epithelial cell differentiation involved in mammary gland alveolus development
	2
	ID2, FOXF1



	regulation of systemic arterial blood pressure by hormone
	2
	EDN2, NOX1



	endocrine process
	2
	EDN2, NOX1



	extracellular matrix organization
	5
	A2M, NOX1, JAM3, EMILIN1, FOXF1



	regulation of systemic arterial blood pressure mediated by a chemical signal
	2
	EDN2, NOX1



	embryonic digestive tract morphogenesis
	2
	ID2, FOXF1



	extracellular structure organization
	5
	A2M, NOX1, JAM3, EMILIN1, FOXF1



	regulation of blood pressure
	3
	ID2, EDN2, NOX1







ACTA1—actin, alpha 1, skeletal muscle; ACTC1—actin, alpha, cardiac muscle 1; FOXF1—forkhead box f1; ID2—inhibitor of DNA binding 2, dominant negative helix-loop-helix protein; EDN2—endothelin 2; NOX1—nadph oxidase 1; A2M—alpha-2-macroglobulin; JAM3—junctional adhesion molecule 3; EMILIN1—elastin microfibril interfacer 1.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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