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Recent studies have shown the wide array of biomedical applications for nanomaterials such as single-walled carbon nanotubes (SWCNTs) and zinc oxide nanowires (ZnO NWs). SWCNTs are non-cytotoxic and have a varying range of mechanical, physical, and electrical properties useful to biomedical research. ZnO NWs are biocompatible, antibacterial, and exhibit piezoelectric properties that could stimulate cell growth. While recent research has been conducted using these nanomaterials independently, our study is focused on testing cell behaviors when seeded on SWCNTs, ZnO NWs and their heterostructure assemblies. ZnO NWs/SWCNTs heterostructures prepared via chemical vapor deposition (CVD) have not been used in biomedical applications to date. Here, we describe fabrication and characterization of the two nanomaterials independently and in a heterostructure formation. The NIH 3T3 fibroblast cells and U87 glioblastoma cells were seeded on all samples, including SiO2/Si control/reference samples, and the cell growth was studied via fluorescence microscopy and scanning electron microscopy. The focus of this study was to evaluate cell spreading, filopodia extensions, and cell viability on these nanomaterial assemblies. Results indicated that cells were able to extend filopodia on all nanostructures, however cell spreading was more pronounced on SWCNTs, and cell viability was compromised on the ZnO NWs and the ZnO NWs/SWCNTs heterostructures. In addition, soluble compounds from the nanomaterials were tested to determine their cytotoxicity towards both NIH 3T3 and U87 cells. Results indicated a significant decrease in filopodia length, cell spreading, and cell viability when cells were exposed to ZnO NWs-conditioned cell media. These findings on cellular behavior involving SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs heterostructure provide valuable information on the suitability of SWCNTs and ZnO NWs for future uses in biomedical applications.
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1 INTRODUCTION
Nanomaterials have been shown useful for a wide range of biomedical applications especially as a component to be integrated into micro- and nano-sized biological systems (Wang et al., 2009; Murali et al., 2021). Among the plethora of nanomaterials, one-dimensional carbon-based materials and zinc oxide (ZnO) nanostructures, such as single-walled carbon nanotubes (SWCNTs) and ZnO nanowires (ZnO NWs), have garnered attention for biomedical applications due to their unique physical properties and relative biocompatibility. SWCNTs exhibit unparalleled mechanical strength, boasting the highest Young’s modulus and tensile strength among all nanomaterials as well as having directional conductivity stemming from a unique hexagonal crystal structure of rolled-up carbon sheets (Zhou et al., 2009). On the other hand, ZnO and ZnO NWs are semiconductive, photosensitive, and biodegradable, with high exciton binding energy and antibacterial properties due to their hexagonal wurtzite crystal structure (Ciofani et al., 2012; Zhang et al., 2012). Not surprisingly, both nanomaterials have been used in a variety of biomedical applications. While concerns with the toxicity of each nanomaterial have been raised, the use of a heterostructure surface coatings combining the two nanomaterials has not been explored in detail.
SWCNTs have been used in targeted cancer therapy, in glucose biosensors, and as substrates for neural growth, owing to their ability to promote cell adhesion and growth (Imaninezhad et al., 2018) or to penetrate cells and tissues and enable drug targeting and accumulation (Dineshkumar et al., 2015; Simon et al., 2019). However, the cytotoxicity of SWCNTs is of question, specifically for powdered nanomaterials that could be endocytosed by cells. A previous study has shown that SWCNTs toxicity to U87 glioblastoma cells is related to its downregulation of CDND2, a gene that promotes cell cycle progression, and upregulation of DUSP1 and DTNA, which are apoptosis regulator genes (Minchenko et al., 2016). Moreover, another study found that while glioblastoma growth was initially inhibited when exposed to CNTs, proliferation significantly increased over time (Imaninezhad et al., 2017; Parikh et al., 2020). On the other hand, studies of CNT-coated surfaces, unlike powered nanomaterials, have shown positive effects on non-cancerous cell behaviors including an increase of filopodia, cell spreading, proliferation and migration, and increased expressions of vinculin and talin (Bacakova et al., 2007), as well as increase in cell adhesion-related gene expressions (Ryoo et al., 2010). On the other hand, low doses of SWCNTs have been shown to affect astrocyte expression of proliferation and apoptosis related genes, thus evidencing SWCNTs possible genotoxic impact (Rudnytska et al., 2021).
ZnO NWs and ZnO nanostructures have been used in various biomedical applications, including sunscreen lotions, antibacterial coatings, biosensors, cancer-targeted drug delivery, and optical imaging (Hong et al., 2011; Sharma et al., 2022). ZnO can be cytotoxic to mammalian cells in a concentration-dependent manner due to direct cellular uptake and ion-shedding upon dissolution in vivo, where Zn2+ ions can affect cellular apoptosis mechanisms (Li et al., 2008; Wahab et al., 2011). It has been suggested that ZnO nanoparticles may be selectively localized in cancer cells from enhanced permeability and retention effect and electrostatic interactions, thus showing that they may selectively target cancer cells (Bisht and Rayamajhi, 2016). However, ZnO NWs appear to be biocompatible when used as coatings and/or presented extracellularly. For example, Cui et al. found that cells grown on ZnO NWs-covered polydimethylsiloxane (PDMS) microchips had better biocompatibility than those grown on hydrophobic PDMS alone (Cui et al., 2020).
One way to diversify functionalities and applications of individual nanomaterials and to achieve improved biocompatibility and enhanced properties is to form heterostructures of such nanomaterials. Various heterostructures have been extensively studied in nanoscience but less work has been done on determining their effect on cells for biomedical applications. One notable example of incorporating heterostructures in vivo has been titanium and strontium nanoparticle-nanotube heterostructures. These were made to use titanium’s osseointegration property with strontium’s ability to decrease osteoresorption and it was suggested that such heterostructures may be used in bone implants in clinical settings (Yin et al., 2017). CNTs and ZnO NWs heterostructures have been used previously in high performance electrodes for superconductor applications (Al-Asadi et al., 2017), as chemical sensors (Shooshtari et al., 2022), and as photocatalysts (Dai et al., 2012), but their effect on cells has not been explored in detail.
When combining ZnO and CNTs, the ZnO/CNTs hybrid materials can provide a new platform for utilizing a spectrum of properties, which can be used simultaneously in multimodal environments in the biomedical field. Still, the development of ZnO/CNTs nanocomposites for biomedical applications is in its infancy, possibly due to toxicity concerns for both ZnO and CNT-nanopowders. In contrast, one-dimensional nanowire heterostructures, such as ZnO NWs/SWCNTs when grown directly on the substrates can offer a new testing environment for the evaluation of cell behaviors. To the best of our knowledge, ZnO NWs/SWCNTs heterostructures in pristine highly crystalline formations grown directly on top of each other have not been used in biological applications, thus further emphasizing the need and the purpose of this study. The preparation of ZnO NWs/SWCNTs heterostructures directly grown on a substrate, a departure from conventional studies utilizing dispersed or powdered forms, was made possible using a novel chemical vapor deposition (CVD) method recently developed by our team (Schaper et al., 2021). This study aims to investigate the impact of the heterostructures on cells by analyzing the morphology, frequency of filopodia, and viability of NIH 3T3 mouse fibroblast and U87 glioblastoma cell lines. We hypothesized that the heterostructure of ZnO NWs/SWCNTs could work in synergy where SWCNTs could promote non-cancerous cell growth, and ZnO NWs could suppress cancerous cell growth, thus utilizing uniqueness of both nanomaterials to interact with cells in a specific and/or selective way. Our studies indicated that cells were able to adhere to the heterostructures as well as to both SWCNTs and ZnO NWs individually but, at the same time, also indicated to the possible toxicity of Zn2+ ions released from the ZnO NWs towards both normal and cancer cell types. Our work did not show selective ZnO NWs toxicity towards cancer cells, when used alone or in the heterostructure, underscoring the need for further research.
2 MATERIALS AND METHODS
2.1 Chemical vapor deposition synthesis of SWCNTs
SWCNTs were synthesized following a protocol previously established by our team (Figure 1A) (Kuljanishvili et al., 2009; Schaper et al., 2021). Briefly, SiO2/Si chips of 5 x 5 mm were cut from SiO2/Si wafers (UniversityWafer, South Boston, MA, P/B, (100), resistivity: 1–5 mΩ.cm, 300 nm of Thermal Oxide) and cleaned in order of acetone, isopropanol, and deionized (DI) water via sonication (BRANSON, Model #2800, 40 kHz) for 3 min in each solvent. Chips were then placed in an ultraviolet (UV) ozone system (Novascan PSD Pro Series Digital UV Ozone System, Boone, IA, United States) for 3 min to render optimal hydrophilicity. Each chip was dipped into custom composite Fe-based (CCFe) precursor ink for 10 s to ensure the entire surface was properly coated. The precursor ink consisted of 6 parts master solution (Iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O) (Sigma-Aldrich, St. Louis, MO, United States, 99.99% purity): 3 parts DI water: 2 parts N,N-dimethylformamide (Sigma-Aldrich, St. Louis, MO, United States, ≥99% purity): 1 part Glycerol (Sigma-Aldrich, St. Louis, MO, United States, ≥99.0% purity). The chips were gently dried with the nitrogen gas and placed onto a quartz holder/boat, which was subsequently inserted into a quartz tube (Technical Glass Products, Painesville, OH, United States) inside a CVD three-zone furnace (Thermo Fisher Scientific Lindberg/Blue M, Waltham, MA, United States). The home-built CVD system is equipped with a mass flow controller (Sierra Instrument, Monterey, CA. United States) to manage the precise gas flow. The CVD growth process involved preconditioning of the catalysts at 365°C under argon (Ar) and hydrogen (H2) gas mixture at a 1:0.5 gas ratio for 67 min followed by the growth at 900°C with methane (CH4) precursor gas for 18 min and allowed to cool down under protection of Ar/H2 gas mix with 1:0.5 gas ratio. During the growth stage the mixture of CH4/H2/Ar gas with the flow rates of 900/60/140 (sccm), respectively, was used in the CVD chamber.
[image: Figure 1]FIGURE 1 | Schematic of CNTs and ZnO NWs and heterostructure synthesis on SiO2/Si and ZnO NWs conditioned media preparation. (A) CVD synthesis of SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs. (B) ZnO NWs are soaked for 48 h in complete cell medium to prepare ZnO NWs conditioned media (Con. Media). Cells cultured on TCP for 24 h were exposed to Con. Media for 48 h.
2.2 CVD synthesis of ZnO NWs and ZnO NWs/SWCNTs
ZnO NWs and ZnO NWs/SWCNTs heterostructures were synthesized following a protocol previously established in our lab (Figure 1A) (Alameri et al., 2017a; Schaper et al., 2021). Briefly, to make ZnO NWs and ZnO NWs/SWCNTs, graphite (Alfa Aesar, Haverhill, MA, United States, 99.999%) and ZnO powder (Alfa Aesar, Haverhill, MA, United States, 99.999% purity) were used as precursors. 35 mg of each reagent mixed and placed into a small quartz boat (Technical Glass Products, Painesville, OH, United States). This boat was further placed into a quartz tube with one closed end, along with SiO2/Si samples placed near the opening on the closed-end tube. ZnO NWs were grown at 930°C under Ar gas protection inside the CVD chamber. The synthesis of ZnO NWs/SWCNTs heterostructures involved growing the SWCNTs on the SiO2/Si chips first, as described above, and subsequently growing the ZnO NWs directly on the SWCNTs, with no additional precursor catalyst thus creating seamless interface between the materials. All samples were used “as-grown” for all experiments without post-processing or surface treatments.
2.3 Nanomaterial characterization
Scanning electron microscopy (SEM; FEI Inspect F50, Lausanne, Switzerland) was used to visualize and evaluate nanomaterials. SWCNTs were imaged at 1.5 kV and ZnO NWs were imaged at 10 kV. Raman spectral measurements and analyses were also performed (Renishaw, InVia, Wotton-under-Edge, Gloucestershire, England) to determine the quality and crystallinity of the synthesized nanomaterials. Atomic force microscope (AFM; Park NX 10, Suwon, South Korea) in non-contact mode was used for carbon nanotube topographic imaging and to determine diameter of SWCNTs. Average length of SWCNTs and ZnO NWs were evaluated using ImageJ software (free download from the NIH at imagej.nih.gov). A home-built system assembled with trinocular stereo microscope equipped with a digital camera was used to take images of the sample surfaces for subsequent contact angle measurements. Briefly, 2 µL of DI water was dispensed on each sample, where samples were in ambient conditions during all measurements (with temperature and humidity maintained at 23°C and 20%, respectively). ImageJ software was used to measure the contact angle from the acquired images.
2.4 Cell maintenance
NIH 3T3 Cells (ATCC-CRL-1658™, ATCC, Manassas, VA) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco ®, Bristol, RI). DMEM was supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich ®, St Louis, MO), 100 units/mL Penicillin and 100 μg/mL Streptomycin (1% pen/strep). Cells were utilized between passages 7 to 18 and kept in a 37 °C and 5% CO2 incubator. U87 MG glioblastoma cells (ATCC-HTB-14™) were maintained in Roswell Park Memorial Institute (RPMI) 1,640 medium supplemented with 10% FBS and 1% pen/strep. For both cell types, medium was refreshed every 2–3 days and cells were passaged when 80% confluence was reached by exposure to 0.05% trypsin/0.02% ethylenediamine triacetic acid (EDTA).
2.5 Cell seeding on nanomaterials
To prevent non-specific cell attachment, 1% bovine serum albumin (BSA, Thermo Fisher Scientific, Waltham, MA) in phosphate buffered saline (PBS) buffer was pipetted onto the wells of 48-well plates (100 µL/well) and incubated for 30 min, then carefully rinsed with PBS. SiO2/Si chips with or without grown nanomaterials were sterilized by a dip in 200 proof ethanol for 1 min, dried completely in a tissue culture hood. And then placed inside the wells of the pre-treated 48-well plates (one chip per well). U87 and NIH 3T3 cells were then seeded on top of the chips at ∼5,000 cells per well with 200 µL of cell medium supplemented with 10% FBS and 1% pen/strep. Cells were cultured for 24 h on top of each chip in a humidified incubator at 37°C and 5% CO2.
2.6 Cell imaging via SEM and analysis of cell filopodia
For SEM imaging, U87 and NIH 3T3 cells on chips with and without nanomaterials were first fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer with 2% sucrose and 2 mM CaCl2 (pH 7.25) and then with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) in 0.1 M sodium cacodylate buffer with 2% sucrose to preserve membrane structures. After fixation, the cells were consecutively dehydrated in 30%, 50%, 75%, 95%, and 100% ethanol. SEM (FEI Inspect F50, Lausanne, Switzerland) images were taken at 1.5 kV high voltage, and ×750 magnification. SEM images were used to observe cell filopodia with respect to nanomaterials to give qualitative data on cell interactions with the nanomaterials.
2.7 Cell imaging via microscopy and analysis of cell viability and morphology
For microscopy imaging, U87 and NIH 3T3 cells on chips with and without nanomaterials were either imaged live or fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer with 2% sucrose and 2 mM CaCl2 (pH 7.25). For fluorescence imaging, live cells were stained with Cell Tracker (CellTracker™ Green CMFDA dye, Thermo Fisher, Scientific) following the manufacturer’s procedure. Microscopy images were taken with a reflected light microscope (Nikon, Optiphot 66, Minato City, Tokyo, Japan) at ×20 magnification. Microscopy images were analyzed in ImageJ and used to measure cell area and calculate cell shape factor (Eq. 1), where a shape factor value of 1 represents cells of a circular shape, while values approaching 0 indicate elongated cells.
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Cell viability was measured with a LIVE/DEAD™ Viability/Cytotoxicity Kit, for mammalian cells (Thermo Fisher Scientific), where live cells were stained green with Calcein AM and dead cells were stained red with ethidium homodimer-1 (EthD-1). The stains were applied at concentrations of 4 µM for EthD-1 and 2 µM Calcein AM added directly to the cell media, and cells were incubated at 37°C for 30 min before imaging. In certain cases, CellTracker was used instead of Calcein AM to allow for better visualization of the whole cell while still staining all cells green. For live/dead staining, care was taken to rinse the cells gently as to cause minimal detachment of dead cells prior to staining. However, it is possible that some dead cells were detached from the substrate and thus, not included in the total cell viability calculation, skewing the results slightly towards higher than actual cell viability. Percent viability was calculated by counting the total cells stained green with CellTracker or the live cells stained green with Calcein AM and the dead cells stained red with EthD-1 as:
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2.8 ZnO NW conditioned media preparation and analysis of cell response
ZnO NWs conditioned media (Con. Media) was prepared by soaking ZnO NW grown on SiO2/Si chips in 200 µL of either DMEM or RPMI 1640 media for 48 h. U87 and NIH 3T3 cells cultured on tissue culture polystyrene (TCP) in complete medium (10% FBS, 1% pen/strep) for 24 h were then exposed to ZnO NWs conditioned media for 48 h and imaged under optical microscope at 0, 24, and 48 h to observe cell spreading (Figure 1B). Additionally, to determine whether the presence of SWCNTs affected cell viability in ZnO NWs conditioned media, and to exclude the possibility that the SWCNTs presence was affecting cell spreading/viability, cells were cultured on SiO2/Si chips for the reference (as control) and SWCNTs grown on SiO2/Si chips and positioned in the wells of multi-well plates. At 24 and 48 h, both the cells that were on the well bottom (in the same well plates as SiO2/Si chips and SWCNTs; labeled as TCP) and the cells on top of the SiO2/Si chips and SWCNTs were imaged. Images of cells on TCP (on the well bottom) were taken through an inverted microscope (Zeiss, Axiovert 200M, Oberkochen, Baden-Württemberg, Germany). Cells on the SiO2/Si chips and SWCNTs were stained with 4 µM of EthD-1 and 2 µM Calcein AM for 30 min at 37 °C and imaged with an upright fluorescent microscope as described above. Cell viability was calculated via Eq. 2.
Dynamic light scattering (DLS; Malvern Panalytical, Zetasizer Nano ZS, Malvern, United Kingdom) analysis was performed for the conditioned media to determine whether ZnO NW particulates were released in the medium during soaking. Particulate size was compared between conditioned and unconditioned media.
2.9 Zn2+ concentration determination in conditioned media
Conditioned media analyses were performed on ZnO NWs and ZnO NWs/SWCNTs samples grown by CVD on SiO2/Si before and after they were soaked in media. A total of 6 samples were tested, 4 of which were ZnO NWs and 2 samples were ZnO NWs/SWCNTs heterostructures. The Zn2+ concentration in the cell media released from the ZnO NWs was approximated as follows: the average number of ZnO NWs were calculated per unit area of the samples/chips such as ZnO NWs/SiO2/Si and ZnO NWs/SWCNTs/SiO2/Si, using SEM imaging. Average length and diameter of the NWs were also determined from SEM images, thus providing us with the unit of measure of an average estimated volume of the ZnO materials to further determine the concentration of Zn2+ ions in each medium. For consistency, SEM images of all samples were processed in the same way: dividing each chip into three-by-three quadrants, thus analyzing nine regions. In accordance with the experimental details above, the nanomaterials were soaked in complete cell media for 48 h before being dried and reimaged in the same quadrants as before. SEM image files were imported into MATLAB and ImageJ software was used to evaluate percent coverage. The amount of material before and after dissolution was compared and from there, the percent dissolution of ZnO was estimated.
2.10 Statistical analysis
Data points are shown as average ± standard deviations from 3 independent experiments with up to 3 samples per experiment. For cell analysis from microscopy images, multiple images were taken per sample and up to 150 cells were analyzed per condition. When testing for statistical difference between experimental conditions, GraphPad Prism software was utilized to conduct two-wailed t-tests between 2 conditions, and a one-way ANOVA with post hoc Tukey test to compare greater than 2 conditions. Significance is reported as p < 0.05.
3 RESULTS
3.1 Nanomaterial characterization
Nanomaterials undergo significant morphological changes upon incorporation into heterostructures, necessitating precise characterization to quantify their quality and morphology alterations. This study employed SEM imaging to verify the morphology of individual nanomaterial components. SWCNTs grew horizontally as monolayers, exhibiting lengths ranging from 2.6 to 17.6 μm (Figure 2A). On the other hand, ZnO NWs grew preferentially in vertical orientations in densely packed arrangements resembling forests. The length and diameter of ZnO NWs ranged from 0.9 to 3.2 μm and 47.3–99.2 nm, respectively (Figure 2B; Supplementary Figure S1A, B). The percentage coverage of SWCNTs on SiO2/Si was observed to trend lower than that of ZnO NWs and the heterostructures. This phenomenon could be attributed to the fact that some catalytic particles (as seen Figures 2D, F) did not participate in SWCNTs growth but would have been reactivated during ZnO NWs to nucleate ZnO NWs. Furthermore, in the fabricated heterostructures, consisting of ZnO NWs grown on SWCNTs, only the ZnO NWs were discernible (Figure 2C), underscoring the successful integration of the two nanomaterial components into a heterostructure configuration. The length and diameter of ZnO NWs grown on SWCNTs ranged from 0.5 to 1.5 and 66.5–133.5 nm, respectively (Supplementary Figures S1C, D).
[image: Figure 2]FIGURE 2 | SEM, AFM, and Raman of SWCNTs, ZnO NWs, and SWCNTs/ZnO NWs heterostructures. SEM images of (A) SWCNTs, (B) ZnO NWs, and (C) SWCNTs/ZnO NWs heterostructures on SiO2/Si substrate demonstrating uniformity and high density. Scale = 3 µm. Insets are high-magnification SEM images of each sample. Scale = 1 µm. (D) AFM image of SWCNTs with (E) line profiles showing the height of the SWCNTs (blue star) at the specified color-coded locations. (F) 3D AFM topographic image (for a 5x5 μm square area) of SWCNTs grown on SiO2/Si substrate with a line profile shown below. (G) Raman spectral plots of representative spots on each sample of each nanomaterial featuring G and D and 2D bands for SWCNTs presence and the E2low and E2high peaks for ZnO NWs presence. RBM modes in the SWCNTs Raman plot can also be seen at the low-frequency range.
The contact angles measurements conducted on the surfaces of the nanomaterials were conducted to evaluate their surface wettability (Supplementary Figure S2). The reported values represent averaged values from six samples. The average contact angles of SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs were determined to be 79.5°, 119.6°, and 128.5°, respectively. Notably, ZnO NWs and ZnO NWs/SWCNTs values can be categorized as hydrophobic, attributed to their high aspect ratio, vertical orientation, and subsequently inherent high surface roughness (Mohammad Karim, 2023). Further, wettability of ZnO NWs is contingent upon the crystallographic orientation of the NWs where the surface of ZnO can be categorized as polar and non-polar (Mardosaitė et al., 2021). The nonpolar facets exhibit low surface energy, thus facilitating the contraction of liquid droplets, while the polar facets exhibit high surface energy and facilitate liquid spreading (Ghannam et al., 2019; Mardosaitė et al., 2021). We have previously characterized our CVD-grown ZnO NWs using X-ray diffraction and showed that they exhibit predominantly non-polar facet termination (Alameri et al., 2017a), thus suggesting that our samples could have tendencies towards hydrophobicity. The observed lower values of the contact angle for the SWCNTs can be attributed to the lower surface coverage and flat surface morphology. Moreover, the areas of the SiO2/Si surface that were not covered by SWCNTs contributed to more hydrophilic manifestations as compared to the densely packed ZnO NWs samples.
The representative AFM image (Figure 2D) obtained on SiO2/Si substrates reveals the diameter distribution of SWCNTs within the 1.7–2.2 nm range, as depicted in three topographic line profiles (Figure 2E). The SWCNTs diameters are denoted by stars in the line profiles, while other discernible peaks correspond to nanocatalyst particles that have aggregated during the growth process. These observations corroborate the predominantly single-walled composition of the SWCNTs. In Figure 2F, a 3D-AFM image acquired from another sample and the line profile shown below showed a sub-nanometer roughness of 0.62 nm root mean square (RMS) value. The diameter distribution also confirms the typical range from 1.2 to 2.25 nm for SWCNTs. Notably, all measured diameters of the SWCNTs remained consistent, affirming the uniformity of SWCNTs across different samples. Note that the AFM analysis also revealed the presence of the aggregated larger nano-catalyst particles on the SWCNTs samples, which were likely participating in a nucleation process of the ZnO NWs in the subsequent heterostructure formation. As a result, the average diameter of ZnO NWs grown on top of the SWCNTs within the heterostructure were larger, as compared to ZnO NWs sample grown directly on SiO2/Si substrates, as seen in the SEM images in Supplementary Figure S1.
The quality of the nanomaterials was assessed by Raman spectroscopy (Figure 2G). SWCNTs have unique Raman signals in the radial breathing mode (RBM) (∼100–350 cm-1), the D-band (∼1,350 cm-1), and the G-band (∼1,580 cm-1). It was found from the RBM Raman shifts that the diameters of the SWCNTs were between 1.7 and 2.3 nm, which also confirms our direct AFM measurement results (Jorio et al., 2001) In addition, Raman data show the full width at half maximum (FWHM) of the G-band, of the SWCNTs was in the range of 18–21 cm-1 for both samples, namely, SWCNTs and ZnO NWs/SWCNTs, indicative of high crystallinity. At the same time the G- and D-band intensity ratio (IG/ID) was found to be in the range of 10–25 (Alameri et al., 2017b). These results are evidentiary of the high quality of the SWCNTs. It also verifies that SWCNTs are not being compromised (no defects were created) during the growth of the ZnO NWs on top of the SWCNTs in the process of the heterostructure formation. ZnO NWs also display characteristic Raman spectra, which respectively allow us to evaluate their quality and crystallinity. ZnO NWs have wurtzite crystal structure (Geng et al., 2004; Zhu et al., 2012; Al-Asadi et al., 2017). The lattice optical phonon with A1, E1, and E2 being most Raman active. E2 mode shows the crystallinity level of as-grown ZnO NWs. Raman spectra of representative positions show high-intensity modes for E2low and E2high (98.7 and 436.9 cm-1), which are associated with Zn and O2 sublattices, respectively. The FWHM of the most intense E2high peak in the Raman spectra of ZnO NWs and ZnO NWs/SWCNTs is ∼7.6 cm-1, indicating a high level of crystallinity in both cases. Raman spectra collected from the heterostructure samples show SWCNTs and ZnO NWs characteristic main peaks and demonstrate preserved integrity of both materials.
3.2 Cell spreading and viability on SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs
To study the effects of SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs on cell area, shape factor, and viability, U87 glioblastoma cells and NIH 3T3 fibroblast cells were used. The cells were chosen as the model cells for a commonly used cancer cell type (U87 cells) and a commonly used normal cell type (NIH 3T3) to capture possible differing effects of the nanomaterials on normal vs. cancer cells. U87 glioblastoma cells were chosen for this study due to previous studies indicating ZnO nanostructure suppression of glioblastoma tumor cell viability (Wahab et al., 2011; Zhu et al., 2012). NIH 3T3 fibroblast cells have also been commonly used for in vitro toxicity studies, due to being the most abundant cell types within all connective tissues (Boncler et al., 2019).
Cell spreading and circularity as a function of nanomaterial composition were similar for both cell types (Figure 3). For both U87 and NIH 3T3 cells, we noted decrease in cell spreading and increase in cell circularity for cells on the ZnO NW and the ZnO NWs/SWCNTs heterostructures compared to all other conditions, possibly indicating ZnO cytotoxicity or inability to support cell spreading. There was no significant difference between cell spreading or circularity on the ZnO NWs or ZnO NWs/SWCNTs, indicating that the effect of ZnO NWs was dominant. This was not surprising, since the ZnO NWs were grown on top of the SWCNTs, so it is possible that cells were only able to sense the ZnO NWs due to direct contact mostly with the ZnO NWs layer. For both cell types seeded on ZnO NWs and ZnO NWs/SWCNTs we observed a significant ∼2-fold decrease in cell area and ∼2-fold increase in circularity as compared to cells on SWCTNs or control samples/chips. For both cell types, spreading area was highest on the SWCNTs, and it was significantly higher than the controls for U87 cells. This was also expected as we and others have previously shown that SWCNTs facilitate cell spreading (Imaninezhad et al., 2018).
[image: Figure 3]FIGURE 3 | NIH 3T3 and U87 cell area and shape factor on TCP, SiO2/Si control/reference samples (Control), SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs at 24 h of culture. (A) Phase contrast microscopy images of NIH 3T3 cells and (B) U87 cells on each nanomaterial as well as SiO2/Si control samples/chips (Control) without nanomaterials and tissue culture polystyrene (TCP). Scale bar = 100 µm. (C) Cell area and (D) Shape factor of NIH 3T3 cells as a function of nanomaterial composition. (E) Cell area and (F) Shape factor for U87 cells as a function of nanomaterial composition. * designates significant differences (n = 6 for NIH 3T3, n = 3 for U87, p < 0.05).
Live/dead staining for U87 and NIH 3T3 showed more live cells with elongated morphologies on SiO2/Sicontrols and SWCNTs compared to ZnO NWs or ZnO NWs/SWCNTs heterostructures (Figure 4). The higher cell viability for cells on control SiO2/Si control samples/chips and SWCNTs, compared to ZnO NWs and ZnO NWs/SWCNTs corroborated the cell spreading data, indicating that decreased cell spreading could be due to decreased cell viability. For both cell types, there was no significant difference between cell viability on SiO2/Si chips and SWCNTs, with viability being >80% for all conditions. On ZnO NWs and ZnO NWs/SWCNTs, U87 cell viability decreased to ∼25%, and for NIH 3T3 cells it decreased even further to ∼6%.
[image: Figure 4]FIGURE 4 | NIH 3T3 and U87 cell viability on SiO2/Si reference/control samples (Control) and nanomaterial; SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs. (A) Fluorescence microscopy images of U87 cells on nanomaterials. (B) Fluorescence microscopy images of NIH 3T3 cells on nanomaterials. Green = Calcein AM (stains live cells), Red = EthD-1 (stains nuclei of dead cells). Scale bar = 200 µm. (C) U87 cell and (D) NIH 3T3 cell viability on each nanomaterial as calculated from live/dead staining. * designates significant differences (n = 3, p < 0.05).
3.3 Cell filopodia on SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs
Upon closer observation of the cells through SEM imaging, we were able to qualitatively observe cell filopodia on each nanostructure, albeit with some pronounced differences between conditions. For U87 cells (Figure 5A), cells extended long and dense filopodia on the SiO2/Si controls and SWCNTs, with an evident decrease in filopodia length and density for cells on ZnO NWs and ZnO NWs/SWCNTs. Similar observations were made for NIH 3T3 cells, where cells on the SWCNTs seemed to have denser and longer filopodia than cells on the control SiO2/Si, and both were higher than the ZnO NWs and ZnO NWs/SWCNTs (Figure 5B). By quantifying the lengths of filopodia from cells for each condition, it was found that cells on SWCNTs generally had longer filopodia than all other conditions. The most noticeable difference was the increase of filopodia lengths of NIH 3T3 cells on SWCNT, compared to the control SiO2/Si (Figure 5C). NIH 3T3 filopodia on SWCNTs were an average of 24.7 µm, which was much larger than filopodia averages of 2.0 and 3.3 µm on ZnO NWs, and ZnO NWs/SWCNTs, respectively. Note that due to vastly divergent dimensions, it was challenging to show high resolution images for both cells and cell filopodia and the underlying SWCNTs; hence, separate images with the focus adjusted to show the underlying SWCNTs is shown in Supplementary Figure S3. Lastly, filopodia lengths were lowest for ZnO NWs and ZnO NWs/SWCNTs for both cell types.
[image: Figure 5]FIGURE 5 | Cell filopodia characterization on SiO2/Si reference/control samples (Control), as well SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs. Cells were cultured for 24 h on each substrate. (A) SEM images of U87 cells on each nanomaterial, with the corresponding zoomed-in insets to observe the filopodia. Scale = 50 µm and 10 μm, respectively. (B) NIH 3T3 cells on top of each nanomaterial, with zoomed in insets to observe the filopodia. Scale = 50 µm. (C) Filopodia lengths for each condition.
Though cell area decreased, and shape factor increased on nanomaterials containing ZnO NWs, for both NIH 3T3 and U87 cells, there was still filopodia extensions on the ZnO NWs. Upon closer inspection, NIH 3T3 cells in areas of varying ZnO NWs density had different filopodia numbers and length. On areas of highest ZnO NWs density, there were short but numerous filopodia extending from the cells. On areas of lesser ZnO NWs density, the cells had fewer filopodia, and decreased cell area. For areas of the least ZnO NWs density, the cells did not seem to extend filopodia and had a round morphology (Supplementary Figure S4). This data suggests that though NIH 3T3 fibroblasts and U87 glioma cells show decreased proliferation and cell area on ZnO NWs, they still can interact with the ZnO NWs, perhaps in a density dependent manner.
3.4 ZnO NWs conditioned media effect on NIH 3T3 and U87 cell spreading and viability
Due to the decreased cell area and increased shape factor, as well as decreased viability for ZnO NWs and heterostructures, we sought to further study ZnO NWs’ toxicity to U87 and NIH 3T3 cells by exposing them to ZnO NW conditioned media. We characterized the conditioned media via DLS and compared it to non-conditioned media. DLS analysis of the ZnO NWs conditioned media showed that particle sizes in the media were similar to the unconditioned media (Supplementary Figure S5), suggesting that there are no agglomerated or nano-or micro-size particles from the ZnO NWs. This data implies that the toxic effect from the ZnO NWs conditioned media should be from soluble/degradation compounds, such as ions, released in the media, rather than NWs structures or particulates being released from the ZnO NWs/SiO2/Si samples.
To test the effect of ZnO NWs releasates on cells, we first cultured cells on TCP and then exposed them to ZnO NWs conditioned or non-conditioned media for 48 h (Figure 6). After exposing U87 cells to ZnO NWs conditioned media, cell area noticeably decreased after 24 and 48 h of exposure (Figures 6A, B). The shape factor of U87 cells at 48 h with non-conditioned growth media was an average of 0.30 ± 0.05, while U87 cells at 48 h exposure to conditioned media was much higher, at 0.70 ± 0.08, indicative of a round morphology (Figure 6C). NIH 3T3 cells also significantly decreased in cell area with exposure to conditioned media after 48 h (Figure 6D). Cells with non-conditioned media on TCP had an average area of 1,100.1 ± 103.2 μm2, while cells on TCP exposed to conditioned media had an average cell area of 379.0 ± 46.9 μm2 (Figure 6E). As seen in Figure 6F, the shape factor had also decreased at 24 and 48 h. At 48 h, the shape factor of NIH 3T3 cells on TCP with growth media was an average of 0.34 ± 0.06, while cells exposed to conditioned media had an increased shape factor to 0.73 ± 0.05 (Figure 6F).
[image: Figure 6]FIGURE 6 | U87 and NIH 3T3 cells cultured on TCP for 24 h, then exposed to conditioned media for 48 h. (A) Phase contrast images of U87 cells on TCP exposed to non-conditioned or conditioned media. Scale bar = 100 μm. U87 cell area (B) and shape factor (C) as a function of media conditioning. (D) Phase contrast images of NIH 3T3 cells on TCP exposed to non-conditioned or conditioned media. Scale bar = 100 µm. NIH 3T3 cell area (E) and shape factor (F) as a function of media conditioning. * designates significant differences (n = 3, p < 0.05).
Overall, both cell types experienced similar changes in spreading and morphology when exposed to ZnO NWs conditioned media for 48 h. Compared to non-conditioned media, we noted a significant decrease in cell spreading area and a significant increase in shape factor for both U87 and NIH 3T3 cells, showing that while cells were well spread and elongated in non-conditioned media, they were round in conditioned media indicating toxicity.
In addition to cultured cells on TCP, we also examined the effect of ZnO NWs conditioned media towards cells cultured on the SiO2/Si control samples and on the SWCNTs samples to determine whether those substrates provided rescue towards cell viability and spreading (Figure 7). Corroborating TCP results at 48 h of exposure, U87 and NIH 3T3 cells showed significantly decreased cell areas and increased shape factor (i.e., round morphology) compared to unconditioned media for both cells on SiO2/Si controls and on SWCNTs (Figures 7A, C). Also, qualitative evaluation showed a substantially decreased cell presence for both cell types when exposed to ZnO NWs conditioned media independent of the growth substrate, indicative of toxicity.
[image: Figure 7]FIGURE 7 | NIH 3T3 and U87 cell viability, area, and shape factor on SiO2/Si control samples (Control) and SWCNTs, when exposed to conditioned media for 48 h. (A) Fluorescence microscopy images of U87 cells on nanomaterials. Green = Calcein AM (stains live cells), Red = EthD-1 (stains nuclei of dead cells). Scale bar = 200 µm. (B) U87 cell viability, area and shape factor when exposed to ZnO NWs conditioned media on Control and SWCNTs. (C) Fluorescence microscopy images of NIH 3T3 cells on nanomaterials. Scale bar = 200 µm. (D) NIH 3T3 cell viability, area and shape factor when exposed to ZnO NWs conditioned media on the SWCNTs and Control samples. * designates significant differences (n = 3, p < 0.05).
We further used live/dead staining of U87 and NIH 3T3 cells to investigate cell viability. U87 cells visually decreased in cell number and had a higher ratio of EthD-1-stained dead cells when exposed to ZnO NW conditioned media (Figures 7A, C). U87 cells on the SiO2/Si controls and on the SWCNTs/SiO2/Si samples had high viability of 88.1% ± 4.1% and 91.4% ± 5.5%, respectively. U87 cells on the controls and on the SWCNTs samples showed decreased cell viability when exposed to conditioned media, by 16.2-fold and 4.3, respectively. The cell viability on the control sample was 81.6% ± 11.6% and on SWCNTs it was 96.6% ± 1.8% (Figure 7B). This pattern was also seen for NIH 3T3 cells, where cell viability on the control conditioned media, cell viability decreased 3.6-fold and 3.2-fold for cells on SiO2/Si controls and SWCNTs samples, respectively (Figure 7D). Similarly to U87 and NIH 3T3 cells cultured on SiO2/Si controls and the SWCNTs samples, cells that were found in the TCP wells next to the substrates with nanomaterials on them, showed reduced viability when exposed to ZnO NWs conditioned media (Supplementary Figure S6). This result indicated that any loss in cell viability was not due to the underlying substrate (the SiO2/Si or the SWCNTs), but only the conditioned media.
Previous studies (Li et al., 2011; Liao et al., 2020) have indicated that the cytotoxicity of ZnO nanomaterials may be attributed to the dissolution of Zn2+ from the materials, potentially leading to adverse effects upon cellular uptake. To investigate this, the Zn2+ concentration in the cell media was estimated using average length/diameter and the surface coverage data provided by high resolution SEM images. Supplementary Table S1 shows the calculated concentration of Zn2+ ions to be in the range of 2.3–10.2 μg/mL for the ZnO NWs samples soaked in RPMI compared to a similar range of 2.8–10.2 μg/mL when soaked in DMEM, hence, there is not a significant difference between the two media types used for cell culture. However, for the ZnO NWs/SWCNTs heterostructure samples soaked in RPMI, concentration of Zn2+ ions ranged from 1.3–4.6 μg/mL, and for the heterostructures soaked in DMEM, Zn2+ ion concentration ranged from 1.5–5.2 μg/mL Although there appears to be no difference in dissolution across the 2 cell medias, there is a clear lower dissolution in the case of ZnO NWs/SWCNTs heterostructure samples as compared to the solely ZnO NWs.
4 DISCUSSION
In this study we used CVD synthesis to fabricate high quality nanomaterials such as SWCNTs, ZnO NWs and the heterostructures ZnO NWs/SWCNTs on SiO2/Si substrates with controlled morphology (Figures 1, 2) to examine behaviors of two different cell lines, namely, U87 glioblastoma and NIH 3T3 fibroblast cells, chosen to represent both a cancerous and a normal cell type. While the 2 cell types are representative, a more comprehensive cell panel could be tested in the future to broaden our understanding of cell-nanomaterial interactions. One-dimensional nanomaterial prepared either in lateral monolayer networks (such as SWCNTs) or vertically oriented forests (such as ZnO NWs) have unique biomedical relevance. Heterostructures made from these one-dimensional nanomaterials can add additional versatility in creating compound platforms with dual purposes in biomedical applications. The goal was to study cell viability, spreading, and morphology on top of the SWCNTs, ZnO NWs, and their heterostructure to gain knowledge on the suitability of the nanomaterials as cell substrates or testbeds. While there are multitude of studies of cell behaviors on SWCNTs including by our team, there have been fewer studies involving highly crystalline ZnO NWs. On the other hand, heterostructures of ZnO NWs/SWCNTs have not been explored. Additionally, there are conflicting reports on the toxicity of ZnO. For example, ZnO NWs have been shown as a promising neuronal substrate (Onesto et al., 2019), while ZnO nanorods have been shown to resist cell adhesion (Lee et al., 2008), and yet others have shown that ZnO in the form of a flat film, nanorods or nanowires is toxic to cells (Ghaffari et al., 2019).
In our study we showed that cells cultured onto ZnO NWs and ZnO NWs/SWCNTs decreased in cell area and became more circular, which also corresponded to a significant decrease in cell viability (Figures 3, 4). Our results corroborate a study that observed that NIH 3T3 cells do not have initial spreading on ZnO NWs, nor filopodia formation, due to the inability of cells to adhere to the nanowire substrates and the effects of substrate surface on cell growth (Lee et al., 2008). Another study found that the presence of ZnO NWs, along with toxic by-products after longer periods of culture, may slow down initial cell adhesion and growth rate (Gaetani et al., 2022).
For cells on SWCNTs, we noted larger cell spreading and smaller shape factors. Cell spreading on the SWCNTs is dependent on cell integrin binding facilitated by adsorption of serum and cell-secreted adhesive proteins onto the SWCNTs, as shown by us previously (Imaninezhad et al., 2018). Furthermore, integrin attachment enhances the signaling of growth factors, to which then FAK acts as a downstream target. FAK plays an important role in cell migration, adhesion and regulation for U87 and NIH 3T3 cells (Riemenschneider et al., 2005). Note that while some literature, where nano-powder SWCNTs were used, suggests that SWCNTs are suppressive towards U87 glioblastoma cells (Minchenko et al., 2016), this was not the case in this study as discussed above. This may be due to the fact that cells were grown on top of the CVD-synthesized SWCNTs networks which are attached to the growth substates, and not in media with dispersed SWCNTs powders, as reported in other studies. Here, the as-grown SWCNTs were attached (prepared directly) onto the SiO2/Si substrate, hence not available for cell endocytosis due to their strong van der Waals attraction to the SiO2/Si growth substrate (Dai et al., 2001).
On further examining cell morphology, we noted that NIH 3T3 filopodia on SWCNTs were an average of 24.7 µm, which was significantly larger than filopodia averages of 2.0 µm and 3.3 µm on ZnO NWs, and ZnO NWs/SWCNTs, respectively (Figure 5). Fibroblasts also favor probing rigid substrates with filopodia extensions before migration (Wong et al., 2014), hence the larger filopodia length on the SWCNTs was indicative of a more favorable substrate for cell adhesion and migration compared to ZnO NWs. This could also be due to a flatter (nanotextured) surface of the SWCNTs networks-bed as compared to a more ‘spiky’ ZnO NWs forest interfaces. While both cell types exhibited longer filopodia on the SWCNTs compared to the other nanomaterials, NIH 3T3 fibroblasts had overall more elongated morphology than the U87 cells, which had a more epithelial-like shape (Supplementary Figure S3).
We then aimed to determine whether the lower cell viability and spreading on the ZnO NWs and ZnO NWs/SWCNTs heterostructure was due to the vertical and ‘spiky’ morphology of the ZnO NWs or due to NWs degradation products. Others have previously shown that cells, specifically neural-like PC12 cells, could extend filopodia, spread and retain high cell viability on vertical collagen-coated ZnO NWs (Ciofani et al., 2012). Beyond ZnO, significant previous research on vertical NW arrays has shown not only that cells can adhere and grow on vertical arrays, but that NW density and diameter can be used to control cell adhesion, morphology, motility, and differentiation (Qi et al., 2009; Persson et al., 2015; Li et al., 2018). For example, breast cancer cells showed an overall lower cell areas and larger focal adhesions at the cell edges for lower diameter NWs compared to higher spreading areas and punctate focal adhesions on larger diameter NWs (Li et al., 2018). Further, increased NW density was shown to increase motility of fibroblasts, but a reduced cell proliferation was noted irrespective of NW density (Persson et al., 2015). Another study of human hepatic and hepatoma cell lines showed that vertical NWs supported cell adhesion and growth and enhanced cell-substrate adhesion force, but restricted cell spreading. The authors attributed the lower cell spreading area on the spiky morphology of the nanowires, where cells were able to extend filopodia and form focal adhesions initially, but were not able to reach out at a distance from their first contact point (Qi et al., 2009).
Hence, we hypothesized that the spiky morphology might be responsible for the lower cell spreading, but it should not be responsible for the lower cell viability. To test for that we used ZnO NW-conditioned media (ZnO NWs soaked in media for up to 48 h) on cells seeded on TCP only or on TCP in the presence of SWCNTs (Figures 6, 7). ZnO NWs have been reported to initiate degradation in ∼30 min, which results in the release Zn2+ ions (Milano et al., 2018). With the released Zn2+ ions, the ZnO NWs may generate reactive oxygen species (ROS). In turn, these compounds may cause cytotoxic cellular effects that include intracellular calcium flux, mitochondrial depolarization, and plasma membrane leakage (George et al., 2010). Therefore, decreased cell area with ZnO NWs conditioned media may be attributed to the cytotoxic effects from soluble compounds present in the media, which is what our data indicated. Another study on ZnO NWs conditioned media found that cytotoxicity was occurring due to accumulation of by-products from ZnO NWs with 3 days of incubation in 1 mL of medium per sample area of 1 cm2. In addition to a decrease in cell survival, cells on ZnO NWs retained round morphology, which pointed towards poor cell adhesion (Gaetani et al., 2022). This may also explain the decrease in cell counts for cells in conditioned media and on structures including ZnO NWs, since cells may have been washed off during handling for fixation and live/dead staining.
From the dissolution analysis, it was determined that regardless of whether the medium was RPMI or DMEM, the medium containing the ZnO NWs samples had an approximate Zn2+ concentration ranging from 2.3 μg/mL to 10.2 μg/mL (as shown in Supplementary Table S1). Our results seem to be in line with the previously reported studies, which state that at similar concentrations the medium showed to be toxic (Liao et al., 2020). Previous studies have also shown that Zn2+ ions released from ZnO structures were responsible for PC12 neural-like cell death, regardless of whether the ZnO were nanorods, nanowires or solid thin films (Ghaffari et al., 2019). The medium containing the ZnO NWs/SWCNTs heterostructures had slightly lower Zn2+ ion concentration ranging from 1.3 μg/mL to 5.2 μg/mL. The lower dissolution could potentially be attributed to the enhanced interaction between the ZnO NWs with the SWCNTs networks due to a direct synthesis of one material on top of another. On the other hand, the presence of the SWCNTs could also effectively increase the hydrophobic surface area, thus decreasing the ZnO -solvent interactions.
Overall, our studies indicated that ZnO NWs were not conducive to cell growth for the cell types and growth conditions tested here. This was not due to the inability of cells to adhere to the ZnO NWs or due to their vertically oriented ‘spiky’ surface topography. In fact, cells were able to extend filopodia on NWs even when they still decreased in spreading area. The filopodia extensions despite the ‘spiky’ morphology were not surprising as other have shown that cells, specifically neuronal cells, were able to form neuronal networks when grown on ZnO NWs over 7 days (Onesto et al., 2019). The decrease in cell area and cell viability was instead attributed to the release of Zn2+ from the nanostructures. While cells were able to spread and retain high viability on SWCNTs as expected, SWCNTs were not able to ‘rescue’ cell growth in the heterostructures as we had hoped despite decreasing the Zn2+ concentration. Note that one limitation to the study was that we used live-dead staining to assess cell viability, so it is possible that some cells were washed off the surface during staining due to weak adhesion (e.g., rounded cells, which might otherwise be alive could not be stained) or due to necrosis (hence dead cells were not stained). Despite that, the decrease in cell spreading and cell presence clearly pointed to the toxic effect of the ZnO NWs on the cells. Despite previous reports on the selective negative effect of ZnO on cancer cells compared to normal cells, we observed similar toxicity for both cell types, possibly because of the high dose of Zn2+ ions released in the media due to the high density and volume of the ZnO NWs on which the cells were seeded. Previous studies have shown that the toxicity of ZnO is concentration dependent. For Zn2+ concentrations of ∼2–10 μg/mL, it was generally being found to be cytotoxic (Liao et al., 2020). Even for the heterostructures which contained a lower Zn2+ concentration of ∼1–5 μg/mL, this was still found to be in the cytotoxic range (Alameri et al., 2017b). Future investigations focusing on varying densities of ZnO NWs and SWCNTs which could be modulated by growth parameters would be interesting to pursue.
It is important to note that we determined the extracellular Zn2+ ions released by ZnO NWs through measuring the ZnO NWs dissolution. Despite finding that the percent dissolution was similar in both DMEM and RPMI media and that the ZnO NWs/SWCNTs samples had less dissolution than ZnO NWs samples, there could be potential interactions with various components in the cell media that could affect cellular uptake of these ions. For example, RPMI has a lower amino acid concentration (∼1,000 mg/L) than DMEM (∼1,600 mg/L) which has been shown to decrease Zn2+ toxicity as the amino acids can complex and effectively remove Zn2+, which would not be detected via our Zn2+ concentration determination method (Li et al., 2011). However, with many competing factors present in cell media, it can be hard to predict what the overall effect would be (Li et al., 2011; Li et al., 2013). In future studies, using a fluorescent sensing method to measure the intracellular labile Zn2+ can be beneficial in discerning more of the cell media effect (Pratt et al., 2021). Furthermore, measuring the rate of cellular uptake of Zn2+ will give more insight into the mechanism behind cell death and whether the morphology of the underlying nanomaterials plays a role in the cellular uptake of these ions.
Altogether, our results have several important implications. They suggest that the surface topography of both SWCNTs (horizontal networks) and ZnO NWs structures (vertically oriented forests) are amenable for use as cell substrates in biomedical applications. The use of SWCNTs and ZnO in biomedical applications needs further investigation and possibly consideration of other nanomaterials such as two-dimensional (2D) graphene (Gr) in combination with patterned 2D ZnO nanostructures which could offer an additional level of local control in preparation of heterostructures and predetermined coverage and amount of ZnO NWs interacting with cells, while as the same time offering an ability to observe selective and localized cell behaviors on patterned vs. unpatented surfaces and substrates. Further investigations should also include a variety of cell types to provide a more comprehensive understanding of nanomaterial-cell interactions as a function of cell type.
Our results indicate that SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs heterostructures could be valuable substrates in future biomedical applications. For example, if SWCNTs are prepared to contain high percentages of CVD grown metallic SWCNTs or multiwalled carbon nanotubes (MWCNTs), which are also predominately metallic, thus having higher thermal and electrical conductivity, then biomedical uses of such systems in heterostructure form could expand its further scope. In particular, the applications could involve effective thermal stimulation of cells or embedding heterostructures into hydrogel matrices or other types of biomaterials used as drug delivery vehicles. Our study indicated that the presence of carbon nanotubes in the heterostructures affected the rate of dissolution of ZnO, therefore further studies using other forms of carbon, such as 2D graphene or nanodiamond films in the heterostructure assemblies could provide new insights into the nature of carbon - zinc oxide interaction in the cell media environments.
5 CONCLUSION
Here we used chemical vapor deposition to fabricate substrates with coatings of semiconducting SWCNTs, ZnO NWs and ZnO NWs/SWCNTs heterostructures and investigated their effect on cell viability and spreading for representative normal and cancer cells seeded on top of the nanomaterials. We first confirmed the high quality of the grown nanomaterials by several different methods, including SEM, AFM and Raman spectroscopy. We found that the nanomaterials containing ZnO NWs decreased viability and cell spreading for both U87 and NIH 3T3 fibroblast cell types, even though cells were able to extend filopodia on the ZnO NWs. Further studies of cell viability in ZnO NWs conditioned media, showed that the apparent ZnO NWs toxicity was due to dissolution by-products, such as Zn2+ ions released from the nanomaterials, rather than the ZnO NWs surface topography. Our results may inform future uses of SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs heterostructures in biomedical applications.
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