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Abstract

Zinc oxide (ZnO) nanoparticles absorb UV light efficiently while remaining transparent in the
visible light spectrum rendering them attractive in cosmetics and polymer films. Their broad use,
however, raises concerns regarding potential environmental health risks and it has been shown that
ZnO nanoparticles can induce significant DNA damage and cytotoxicity. Even though research on
Zn0 nanoparticle synthesis has made great progress, efforts on developing safer ZnO
nanoparticles that maintain their inherent optoelectronic properties while exhibiting minimal
toxicity are limited. Here, a safer-by-design concept was pursued by hermetically encapsulating
Zn0 nanorods in a biologically inert, nanothin amorphous SiO, coating during their gas-phase
synthesis. It is demonstrated that the SiO, nanothin layer hermetically encapsulates the core ZnO
nanorods without altering their optoelectronic properties. Furthermore, the effect of SiO, on the
toxicological profile of the core ZnO nanorods was assessed using the Nano-Cometchip assay by
monitoring DNA damage at a cellular level using human lymphoblastoid cells (TK6). Results
indicate significantly lower DNA damage (>3 times) for the SiO,-coated ZnO nanorods compared
to uncoated ones. Such an industry-relevant, scalable, safer-by-design formulation of
nanostructured materials can liberate their employment in nano-enabled products and minimize
risks to the environment and human health.

INTRODUCTION

Zinc oxide (ZnO) is a wide band-gap semiconductor with optical, piezoelectric, and
dielectric properties that render it useful for a variety of applications, ranging from
transistors,! light emitting diodes,? sensors,3 photocatalysis,* and ultraviolet (UV)-filters,® to
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name a few. When in nanoscale, ZnO exhibits several advantages. For example, the high
electron mobility and diversity of ZnO nanostructures makes it a suitable material for dye-
sensitized solar cells,® while its large surface-to-volume ratio may improve its
bioavailability when employed in food-fortification applications.” Furthermore, ZnO
nanoparticles exhibit luminescence and therefore may be used as novel labels in vitro.8

ZnO absorbs UV wavelengths ranging from 280 to 400 nm®° making it an ideal component
in cosmetic creams and sunscreens that aim to block both UVA (320-400 nm) and UVB
(280-320 nm) radiation.1® Traditional sunscreens use micron-sized ZnO particles that make
them opaque with bright white color that is esthetically undesirable for consumers.11-12 |n
contrast, ZnO nanoparticles are transparent to visible light yielding a less opaque sunscreen.
As a result, ZnO nanoparticle-based sunscreens are favored and their production has
increased dramatically in recent years.11-12 Both wet- and gas-phase synthetic strategies
have been employed to synthesize ZnO nanostructures, including chemical vapor
deposition, 13 hydrolysis,# and flame synthesis'>16 with various morphologies explored.

Because of the wide range of ZnO nanoparticle applications, exposure to humans is
inevitable.11 However, the potential adverse health effects of ZnO nanoparticle exposures
have not been fully determined. In vivo and in vitro toxicological studies have shown that
these particles are acutely toxic to alveolar epithelial cells and macrophages.1’-19
Additionally, ZnO nanoparticles have been reported to induce significant cytotoxicity and
genotoxicity in human neuronal cells.2? ZnO nanoparticles can also generate reactive
oxygen species (ROS)?! within human skin melanoma cells in acute exposures which led to
DNA damage, cell viability reduction, and apoptosis.?2 Exposure via inhalation is of
particular concern as reduced pulmonary function in humans was found 24hoursafter
exposure to ZnO nanoparticles.23 Furthermore, recent work in our group has shown that
ZnO nanoparticles can cause high genotoxicity when compared to various industrially
relevant metal nanomaterials such as silver, iron oxide, and cerium oxide.24 The reported
cytotoxicity and DNA damage associated with ZnO exposures is attributed to the released
ions from its rapid dissolution within aqueous solutions, but also from direct particle
interactions with cells through the induction of oxidative stress.19:25

Therefore, minimizing the ZnO nanoparticle dissolution and direct contact with the cells can
greatly inhibit toxicity.2% Such a safer-by-design formulation concept for the gas-phase
synthesis of metal oxide nanoparticles by a modified flame spray pyrolysis (FSP) reactor?’
has been recently developed by the authors and involves the encapsulation of the core
nanoparticles with a nanothin amorphous silica (SiO,) layer.1” The SiO, nanothin layer is
formed by the swirl injection of Si-precursor vapor within the reactor after the core
nanoparticle growth has ceased, allowing for a precise control over the coating thickness.2”
Such a nanothin amorphous SiO5 coating preserves the functional inherent properties of the
core material 2’

Amorphous fumed nanostructured SiO, is considered biologically inert?® and commonly
used in cosmetic and personal care products and as a negative control in nanoparticle
toxicity screening assays.2? At high doses (> 100 pg/mL), amorphous SiO, may exhibit
some in vitro toxicity3%-31 which is associated with the presence of strained three-membered
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rings and the subsequent free radical formation.31 However,in vivo studies using a rat model
have verified that such a biological response is transient32 and at lower, physiologically
relevant doses, a flame-made SiO, coating has minimal lung injury and inflammation.33
Furthermore, it was also demonstrated that the SiO, coating improves nanoparticle
biocompatibility in vitro on a variety of nanomaterials including Ag,3* Y,03,3% and ZnO
nanoparticles and mammalian cell lines.1”

Here, we explore the gas-phase synthesis of free-standing uncoated and hermetically SiO,-
coated (23 wt% SiO,) ZnO nanorods by the flame spray pyrolysis (FSP) based Harvard
Versatile Engineered Nanomaterial Generation System (VENGES).3¢ Themorphology and
physicochemical characteristics of the as-prepared nanoparticles are investigated using X-
ray diffraction, N, adsorption, thermogravimetric analysis and electron microscopy, while
the hermetic nature of the SiO5 coating is evaluated by X-ray photoelectron spectroscopy,
the inhibition of the photocatalytic methylene blue degradation and by measuring the -
potential across a broad pH range. The effect of the SiO, coating on the optoelectronic
properties (UV-vis transmission and band-gap) of the core ZnO nanorods is also
investigated in detail providing valuable information on the functionality of the SiO,-coated
nanoparticles and their application as efficient UV blockers. Most importantly, the effect of
the SiO5 shell on the genotoxicity of both uncoated and SiO,-coated ZnO nanorods is
evaluated using the Nano-Cometchip2437 bioassay while the cellular viability is also
monitored by the reduction of a tetrazolium dye.

MATERIALS AND METHODS

Synthesis and Characterization

Uncoated and SiO»-coated ZnO particles were synthesized by Flame Spray Pyrolysis (FSP)
of zinc naphthenate (Sigma-Aldrich) dissolved in ethanol (Sigma-Aldrich) at a precursor
molarity of 0.5 M. The precursor solution was fed through a stainless steel capillary at 5 mL/
min, dispersed by 5 L/min O, (Air Gas, purity >99%, pressure drop at nozzle tip: pgrop = 2
bar) and combusted. A premixed methane-oxygen (1.5 L/min, 3.2 L/min) supporting flame
was used to ignite the spray. O, (Air Gas, purity >99%) sheath gas was used at 40 L/min.
Core particles were coated in-flight by the swirl-injection of HMDSO vapor (Sigma
Aldrich) through a torus ring with 16 jets at an injection height of 200 mm above the FSP
burner. The torus ring jet injection angles were 20° in downstream direction, in order to
avoid stagnation flow, and 10° away from the centerline, in order to induce mixing. The
reactor was enclosed by two quartz tubes: below and above the torus ring. A total gas flow
of 16 L/min, consisting of N, carrying HMDSO vapor and pure N5, was injected through the
torus ring jets. HMDSO vapor was obtained by bubbling N5 gas through liquid HMDSO
(500 mL), maintained at a controlled temperature using a water bath. A theoretical coating
thickness of ~5 nm was targeted assuming saturation conditions. After synthesis, particles
were collected on a water-cooled glass fiber filter (What man) located 800 mm above the
reactor with the aid of a vacuum pump.

For the electron microscopy analysis, uncoated and SiO,-coated ZnO nanoparticles were
dispersed in ethanol at a concentration of 1 mg/mL in 50 mL polyethylene conical tubes and
sonicated for 10 minutes with sonication power of 1.75 Watt (Branson Sonifier S-450A).
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The samples were deposited onto lacey carbon TEM grids. All grids were imaged with a
JEOL 2100.

X-ray Diffraction (XRD) patterns for uncoated ZnO and SiO»-coated ZnO nanoparticles
were obtained using a Bruker D8 diffractometer (Cu K, A = 0.154 nm, 40 kV, 40 mA,
stepsize = 0.02°). 100 mg of each sample was placed onto the diffractometer stage and
analyzed from a range of 20 = 20-70°. Major diffraction peaks were identified using the
Inorganic Crystal Structure Database (ICSD) for wurtzite (ZnO) crystal. The crystal size was
determined by applying the Rietveld analysis of the major diffraction peaks. The specific
surface area was obtained according to Brunauer-Emmet-Teller (BET) by five-point N,
adsorption at 77 K (Micrometrics Tristar 3000). Prior to that, samples were degassed in N»
for at least 1 h at 150 °C.

For the X-ray photoelectron spectroscopy analysis, 5 mg of powder was deposited on a
metal sample holder coated with electrical tape and placed on the XPS sample stage (ESCA
SSX-100). Soft X-rays from an Al anode are used to bombard the sample and eject electrons
from the surface (monochromatic Al Ka, 10 kV, 10 mA). The KE of the ejected electrons
was determined by a detector hemispherical electron energy spectrometer (spot size: 600
pum). The samples were scanned (BE range: 0 — 1100 eV, pass energy: 100 eV, step size:
0.65 eV), and the resulting spectra was analyzed with software (CASA XPS) and calibrated
with the C 1s hydrocarbon contamination peak (BE: 284.6 eV). XPS was also used to
determine the ratio of the elemental concentration of the core particle to the total elemental
concentration of the entire nanoparticle.1” This ratio, Xg, is defined as follows (Eq. 1):

X .= ZN O(:ore
‘- Zn Oco'r'e+SZ. (Eq' 1)

where Megore and Si are the elemental concentrations of the core ZnO and Si, respectively.

For the (-potential measurements, uncoated ZnO and SiO»-coated ZnO nanoparticles were
dispersed in deionized water (5 mg/mL) and placed in a 3 in. cup horn and sonicated with a
Branson Sonifier S-450A (Branson Ultrasonics; Danbury, CT) for 10 minutes as described
above. The liquid conical tube was submersed in the DI H,O so that the level of the tube
contents aligned with the surrounding DI H,O. Hydrochloric acid (HCI) and potassium
hydroxide (KOH) (both 0.1 M) were added to the suspensions to vary the pH between 2 and
13 pH, as measured by a SympHony pH meter (VWR International; Radnor, PA). 1 mL
aliquots of each sample were placed in a cuvette analyzed for their zeta potential with a
Malvern Zetasizer Nano ZS (Malvern Instruments; Worcestershire, UK). Zeta potential
measurements were repeated in triplicate.

Methylene blue (Aldrich, MB) was employed as a model dye to evaluate the photocatalytic
activity of the as-prepared nanoparticles. For each condition, 18 mg of particles was
dispersed in 20 mL of 10 ppm MB aqueous solution. The pH during the photocatalytic
activity experiments was ~6.8 + 0.5. The beaker containing the particles and solution was
placed on a magnetic stirrer plate and a stirrer bar placed in the solution ensured full
suspension of the particles throughout the experiment. Prior to this, the suspensions were
sonicated in a water bath (Branson Sonifier S-450A) for 30 s. Before UV-irradiation, the
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suspensions were left for 30 min in the dark to equilibrate any adsorption-desorption effects.
The photocatalytic reaction was conducted at room temperature under UV light from a
single 9 W UV tube at 254 nm (Philips) positioned horizontally above (2 cm) the liquid
surface. Each experiment was conducted for 45 min with 1 mL sample aliquots extracted
after 10, 20, 30 and 45 min and were immediately centrifuged at 10,000 g. The
decomposition of MB was monitored by measuring the absorbance of the supernatant using
a UV-vis spectrophotometer (Agilent Cary 50, at 661 nm) in liquid cuvette configuration
with de-ionized water as reference.

For the UV-vis transmission measurements, nanoparticles were dispersed in DI H,0 (0.5
mg/mL) in 50 mL polyethylene conical tubes. The samples were placed in a 3 in. cup horn
and sonicated for 10 minutes as previously described. The samples were dispersed with a
cup sonicator immediately prior to spectral analysis. 2 mL of the each dispersion was placed
in a quartz cuvette and placed in the UV-vis spectrophotometer (Agilent Cary 50). UV-vis
transmission measurements were performed over a spectrum of 190 to 900 nm with a
reference background for DI H,O. Dynamic light scattering (DLS) of such suspensions was
performed using a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK). Diffuse
reflectance measurements of the dry powders were performed on a Varian Cary 500
spectrophotometer. Samples were placed in a dry powder sample holder (Praying Mantis).

For the dissolution investigation of both uncoated and SiO,-coated ZnO nanorods,
nanoparticles were dispersed in culture media (RPMI-1640 with L-glutamine supplemented
with 10% horse serum and 100 units/mL penicillin and streptomyocin, pH = 7.4, total
concentration of inorganic salts [ionic strength] = 139.1 mM) by sonication3® at a
concentration of 100 mg/L of ZnO. Samples (1 mL) were taken over time for 24 h, and
immediately centrifuged to 10,000 g for 1 h. Then the supernatant was taken and stored for
further analysis. The experiment was conducted in triplicate.

All sample preparation for ICP-MS analysis was conducted in a Class 100 trace metal-free
clean laboratory. For the dissolution fractions, approximately 1.0 mL of each sample was
transferred to the corresponding pre-labeled analytical vials and verified gravimetrically to
+0.002 mg using Perkin EImer AD6 microbalance. Next, the samples were digested in ultra-
pure nitric acid (15.9 mol/L) and concentrated hydrochloric acid (12.4 mol/L) (Thermo
Fisher Scientific, Waltham, MA, USA) and baked at 80°C for 6 hours. After sample
digestion was verified visually, the samples were decanted by baking at 60°C until dry (~12
hours). All samples (and standards) were diluted and prepared for analysis using water
purified to 18.2 M cm resistance using a Milli-Q water purification system (Millipore,
Bedford, MA, USA), acidified using trace metal-free concentrated (15.9 mol/L) ultra-pure
nitric acid (Thermo Fisher Scientific, Waltham, MA, USA), and spiked with internal
standards consisting of known quantities of indium (In) and bismuth (Bi), to monitor
instrumental behavior and sample response similar to methods reported previously.3°

Silicon and zinc were measured using a Perkin EImer DRC Il ICP-MS at Ohio State
University consistent with previous methods.39-40 External calibration standards used to
determine Si, Zn, and other metal concentrations in analytical samples were spiked with
known quantities of each analyte (e.g., Si, Zn, etc.) in a linear range (e.g. from 0.05 to 20.0
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ug/g). All standards were prepared from 1000 mg/L single element standards obtained from
SCP Science, USA. Isobaric corrections were performed on-line using ICP-MS software.
Five duplicate analyses (n=5) were performed for each analyte for all sample solutions.
Average reproducibility based on replicate analysis of known-unknown external calibration
standards was 3.06%. The LOD and LOQ for Si were 0.108 ng/g and 0.213 ng/g,
respectively. The LOD and LOQ for Zn were 0.016 ng/g and 0.034 ng/g, respectively.
Method detection limits were calculated according to the two-step approach using the
t99SLLMV method at 99% CI (t=3.71). The calculated MDL for Si and Zn were 0.890 ng/g
and 0.080 ng/g, respectively. The external precision for all analytes was less than 5% for all
reported analysis.

DNA damage and cytotoxicity evaluation

For the cell culture and treatment, human lymphoblastoid cells, TK-6, were a kind gift of
Bevin Engelward from MIT. Human lymphoblastoid cell line, TK6, was chosen for these
experiments as they are routinely used in using the comet assay method and genotoxicity
assessments.*> Additionally, TK6 cells are p53 proficient and genetically stable, which are
essential attributes in the detection of genotoxic agents.#2 Moreover, the decision to use this
particular cell line was not based on physiological relevance but in the effort to detect
minute differences in the genotoxic response to these similar materials. Cells were
maintained in RPMI-1640 with L-glutamine supplemented with 10% horse serum and 100
units/mL penicillin and streptomyocin (pH = 7.4, total concentration of inorganic salts [ionic
strength] = 139.1 mM) at 37 °C in an atmosphere of 5% CO,/95% air. Cells were seeded for
treatment in a 96-well plate at a density of 2x10° cells/well in 100 pL. Nanoparticle
suspensions were prepared and sonicated as mentioned below in Cohen et al.38 in 3 mg/mL
concentrated stocks in sterile distilled water. The stocks were then diluted in RPMI media
containing 10% horse serum to the appropriate concentration (5, 10, 20 pg/mL). Each
suspension was vortexed prior to adding to the cells at a volume of 100 pL for 4 hours.

DNA damage evaluation were performed as described in Watson et al.,24 in which the
customization of the Cometchip platform37:43 was successfully performed for investigating
the genotoxicity of various metals and metal oxides nanoparticles. For the Nano-Cometchip
preparation and cell loading, negative silicon molds for polydimethylsiloxane (PDMS)
casting of patterned microposts were made. The resulting PDMS mold was allowed to set in
molten 1% normal melting point agarose applied to gel bond film for 20 minutes. After
agarose polymerization, the PDMS stamp was removed revealing a thick gel consisting of
arrayed microwells. The gel was then clamped between a bottomless 96 well plate and a
glass plate. Pre-exposed cells were then added to the microwell array and allowed to load for
30 minutes. After gravitational settling of cells had occurred, excess cells were aspirated and
the gel was rinsed three times with warm phosphate buffered saline. Molten low melting
agarose was used to cover microwell array/cells and allowed to set for 5 minutes at room
temperature and 5 minutes at 4 °C. The gel was then submerged into lysis solution
containing (2.5 M NaCl, 100 mM Nay, EDTA, 10 mM Tris, pH 9.5 with 0.5% Triton X-100)
overnight at 4 °C. After lysis, gels were washed two times in PBS to remove surfactant. Gels
were then adhered to electrophoresis inner tank well with double sided tape (gel side up).
Electrophoresis was then performed using alkaline buffer (90 mM Tris, 90 mM Boric Acid,
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2 mM Nay EDTA, pH 8.5) at 4 °C for 30 min at 25 V and 300 mA. Imaging and data
collection was performed using an automated fluorescent microscope (Axiovert Zeiss) and
proprietary MatL ab software was used to analyze data sets. The median of % DNA in tail
was utilized to obtain the amount of DNA damage within the cell population at each dosage.
The reported values are the average of at least six experiments along with the standard error.
P-values less than 0.05 were considered to be significant.

For the cellular viability evaluation, the MTT assay (Roche) was used to assess the
mitochondrial dehydrogenase activity of intact and injured TK6 cells exposed to
nanoparticles. TK6 cells, a suspension lymphoblastoid cell line, were seeded into 96 well
plates at a density of 1x10% cells/well in RPMI media in 100 pL containing 10% horse
serum. Nanoparticle suspensions were added at 100 uL at twice the concentration needed to
obtain 5, 10, 20 ug/mL for 4hrs at 37 °C in 5% CO,. After exposure, cells were spun down
at 250g and spent media was aspirated. Fresh media was then added and MTT reagent (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (10 uL) was added to each
well for a period of 4 hours at 37 °C. Solubilization reagent (150 L) was added to dissolve
the formazan crystals produced from the reduction of the tetrazolium salt or MTT reagent in
viable cells. Absorbance was measured at 550 nm using a Molecular Devices microplate
reader. A cellular experiments were performed to ensure reagent integrity and to rule out NP
interference. The data obtained revealed no interaction between test nanoparticles and MTT
reagents during the 4 hours exposure time point. Percent cell viability (relative viability
compared to untreated cells) was calculated as mean value + standard error of the mean
(SEM) as a result of three independent experiments performed in triplicate.

RESULTS AND DISCUSSION

Nanoparticle morphology

The morphology of the as-prepared nanoparticles was evaluated qualitatively by electron
microscopy. Figure 1 shows transmission electron microscopy (TEM) images of the
uncoated (a, b) and SiO,-coated (c, d) ZnO nanoparticles. From the TEM images it appears
that the ZnO nanoparticles are not spherical but rather rod-like. Flame-made nanoparticles
typically exhibit a log-normal particle size distribution (og = 1.45),%* while the ZnO nanorod
aspect ratio ranges from 2 to 8 with an average ~3 and this is in agreement with similar
studies reported in the literature.> ZnO nanorods have been made before by flame spray
pyrolysis in the presence of dopants (indium and tin up to 10 at%).46 Such doping, however,
influences their optoelectronic properties,® thus making these nanorods unsuitable for a
number of applications where purity is important. In contrast here, pure ZnO nanorods are
made while their formation is attributed to particle annealing and rearrangement within the
flame, %6 and the long residence time at high temperatures typical for enclosed FSP
reactors.2” Even though the nanorod morphology is not required specifically for their
employment as UV-filters, such nanostructures may find applications in other fields, such as
nanoelectronics.#® Furthermore, for the SiO»-coated sample (c, d) there is a ~4.5 nm thick
homogeneous amorphous layer encapsulating the core crystalline ZnO nanoparticles.}” The
SiO5 coating thickness distribution on the ZnO nanorods is shown in the inset of Figure 1d,
along with the average value + the standard deviation, as well as the total number N of
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coatings counted. Furthermore, there are few, if any, free SiO, nanoparticles further
verifying the coating efficiency of the reactor.’

X-ray diffraction (XRD) was utilized to assess the crystal structure and size of the as-
prepared pristine nanoparticles. Figure 2 shows the diffraction patterns of both uncoated
(black) and SiO»-coated (red) ZnO nanorods. Both patterns have the characteristic peaks
corresponding to the wurtzite crystal structure.18 Furthermore, the diffraction peaks of both
coated and uncoated samples coincide, verifying that the underlying ZnO core particles have
identical crystallinity. The average crystal size for both samples is ~30 nm. This further
indicates that the SiO, coating formation does not influence the ZnQO core nanoparticle
growth that had already stopped before the injection of the SiO, precursor vapor within the
coating reactor.17:27

It is also worth mentioning that there are no diffraction peaks corresponding to Zn-silicates.
Under specific conditions during the nanoparticle synthesis, Zn-silicate formation can occur,
especially when high specific combustion enthalpy solvents are used that can increase the
reactor temperature profile.1”48 However, a low specific combustion enthalpy solvent was
deliberately chosen (please see Materials and Methods section) since the Zn-silicate
formation was undesired. There are also no signs of any highly toxic32 crystalline SiO,
diffraction peaks, further verifying that the SiO, is amorphous.2” This is expected for flame-
made SiO, nanoparticles.*® Furthermore, the specific surface area (SSA) values of the
uncoated, and SiO,-coated ZnO nanorods are similar (Figure 2, inset) indicating that there
are few or no separate SiO, nanoparticles that would lead to larger (>100 m?/g) SSA
values.#”%0 This is also in qualitative agreement with the absence of such free SiO, particles
from the TEM analysis (Figure 1c).

SiO, coating encapsulation efficiency

The hermetic nature of the SiO, coating was evaluated using multiple techniques. First, X-
ray photoelectron spectroscopy (XPS) was employed, a surface sensitive technique that
allows for the coating efficiency quantification on nanostructured materials.1” The XPS
spectra of both uncoated (black) and SiO,-coated (red) ZnO nanorods are shown in Figure
3a. The characteristic peaks corresponding to the Zn (diamonds) and Si (circles) metal
electron transitions are also shown. When both spectra are compared, the Zn peaks are
significantly reduced for the SiO,-coated sample, even though the SiO, mass fraction is 23
wt%. It should be noted that the Zn peaks do not completely disappear. This could be
attributed to two factors; (i) the inelastic mean free path of lower energy Zn electrons that
can penetrate through the nanothin SiO, layer,51(ii) a small fraction of the core particles
escape the coating process and remain partially uncoated.52 This is also evidenced by the
coating efficiency which was found to be 95 % here (Figure 3a, inset), as calculated by the
XPS spectra using the elemental concentration of Zn and Si atoms (please see Materials and
Methods section, Eq. 1).17

Due to the aforementioned limitation of XPS, the hermetic nature of the SiO, coating was
further evaluated by monitoring the {-potential of the uncoated and SiO,-coated
nanoparticles over a range of pH values. Figure 3b shows the {-potential of uncoated
(triangles) and SiO»-coated (circles) nanoparticles for pH = 2.5-8. Pure ZnO nanorods have
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an isoelectric point around pH = 8,53 while the SiO,-coated nanorods retain a negative (-
potential for the same pH range, in agreement with the {-potential of pure SiO5.47 This
indicates that there is no significant ZnO surface exposed, and most importantly, such SiO,-
coated ZnO nanorods behave like SiO, nanoparticles in aqueous solutions and in biological
media. 1754

The photocatalytic activity of the ZnO nanorods was also examined. Upon UV irradiation on
Zn0 nanorods, the electron-hole pairs on the particle surface participate in redox reactions
with organic species, such as methylene blue (MB), that lead to their degradation.>®
Therefore, monitoring the MB degradation over time in aqueous solutions upon UV
irradiation gives a good estimate on the ZnO surface availability and reactivity. Figure 3c
shows the MB degradation as a function of time using the as-prepared uncoated (black line)
and SiO»-coated ZnO nanorods (red line). Photocatalytic TiO, nanoparticles (green line,
P25) were used as a positive control. It can be seen that the uncoated ZnO nanorods are
highly photocatalytic* and they slightly outperform the “gold standard” P25 TiO,
nanoparticles completely decomposing MB after 30 min. In contrast, the SiO»-coated ZnO
nanorods show no photocatalytic activity because of the small uncoated ZnO surface
fraction (<5%). This verifies that the SiO, coating hermetically encapsulates the core ZnO
nanorods.1’

It is noteworthy that gas-phase synthesis results in high purity products®® and that there is no
organic contamination on the SiO» surface. This is further verified here by
thermogravimetric analysis of the SiO»-coated ZnO nanorods. Figure 3d shows the sample
mass percentage as a function of time. The measured mass loss is < 1% for up to 700 °C,
typical for impurity-free flame-made nanoparticles.>’ Furthermore, given that the surface
chemistry of SiO; is very well-understood,58-59 the SiO, shell on the ZnO core can facilitate
further surface (bio) functionalization which can increase the nanorod functionality and
versatility for a variety of bio-applications. It is noteworthy that typical wet-made SiO,
coatings on nanoparticles are porous,59 therefore allowing ion release. However, dry-
coated?”:34 nanoparticles typically yield a dense non-porous nanothin coating completely
isolating the core material from its environment. Figure 4 shows the dissolved Zn fraction
(%) as a function of time for both uncoated and SiO,-coated ZnO nanorods (ZnO
concentration of 100 mg/L) in cell culture medium (pH = 7.4, total concentration of
inorganic salts [ionic strength] = 139.1 mM). The uncoated ZnO nanorods continuously
dissolve up to 24 h without reaching equilibrium. In contrast, the SiO,-coated ZnO nanorods
also exhibit an initial ZnO dissolution, however it appears that after 6 h the system has
reached equilibrium. In the case of the SiO,-coated ZnO nanorods the core dissolution most
probably originates from the small uncoated ZnO surface fraction (<5%). This indicates that
even though the surface coating has a high efficiency (>95%), as soon as there is some core
surface exposed a large fraction of the core ZnO is dissolved, as expected, but it is still lower
than the case on uncoated ZnO nanorods. Furthermore, the SiO, coating is rather stable in
the cell medium as over 24 h as it only dissolves <8% (data not shown). These results are in
agreement with dissolution data of both SiO, and ZnO in culture media published in the
literature.61
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Effect of SiO, coating on optoelectronic properties

A fundamental prerequisite for the successful utilization of these safer-by-design ZnO
nanorods is the preservation of their desired optoelectronic properties. Figure 5a shows the
transmission (%) spectra of aqueous suspensions of uncoated (black line) and SiO,-coated
(red line) ZnO nanorods (0.5 mg/mL of ZnO). Both samples exhibit relatively high
transmittance in the visible range 400 — 700 nm with the SiO,-coated ZnO nanorods
outperforming (>80%) the uncoated ones. This increase in transmittance is attributed to the
lower hydrodynamic size and better dispersibility in aqueous solution of SiO,-coated ZnO
nanorods in comparison to uncoated ones: the coated ones have slightly lower agglomerate
size in pure DI water than the uncoated ones (165 vs 220 nm), while in cell media both
particles have similar agglomeration state (210 vs 220 nm).17 The {-potential of ZnO
nanorods at pH = 6.5 — 8.5 is close to zero that allows the formation of larger agglomerates
(Figure 3b, black line). In contrast, the pH of SiO,-coated ZnO nanorods at this pH range is
highly negative (Figure 3b, red line), resulting in a highly-stable suspension with low
hydrodynamic diameter. The lower hydrodynamic diameter of the SiO,-coated ZnO
nanorods results in less light scattering and high transmittance. However, both samples show
a strong decrease in transmittance for wavelengths below 400 nm indicating the strong UV
absorption of ZnO nanorods.10

The optoelectronic properties of both uncoated and SiO,-coated ZnO nanorods are further
evaluated by measuring their band-gap, E4. Figure 5b shows the diffuse-reflectance spectra
(Kubelka-Munk function F(R)) of both uncoated (black line) and SiO,-coated ZnO nanorods
(red line). The curves for both samples overlap and therefore these two samples have
identical band-gaps (~3.3 eV), in agreement with the theoretical value.19 This is in line with
the identical crystallinity of these samples (Figure 2) and further verifies that the presence of
the SiO, coating does not influence the optoelectronic properties of the core ZnO nanorods,
rendering them highly transparent (in the visible range) UV-filters that may be employed in
sunscreens and polymer nanocomposites.

Effect of SiO, coating on DNA damage and cytotoxicity

The DNA damage in human lymphoblastoid cells (TK-6) exposed to both uncoated and
SiO,-coated ZnO nanorods was evaluated using the Nano-Cometchip cellular
assay.243743Fjgure 6a shows the % DNA tail (damage) of cells incubated for 4 hours with
uncoated and SiO,-coated ZnO nanorods at ZnO concentrations of 5 (blue bars), 10 (green
bars) and 20 pg/mL (red bars). H,O, (100 pM) was used as a positive control, pure SiO»
nanoparticles (SSA = 185 m2/g) and cell culture medium (white bar, no particles) as
negative controls. For all concentrations, pure SiO, nanoparticles do not exhibit strong DNA
damage (£20%), further verifying their relatively inert nature. The SiO, DNA damage is
slightly higher than that of pure medium, which could be attributed to the high SiO, surface
area concentration in solution (1-4 m2/L). The ZnO nanorods are not fully dissolved for the
incubation period here, thus it is expected that both the uncoated and SiO,-coated nanorods
are internalized by the cells. Such SiO,-coated nanoparticles uptake can be qualitatively
detected by TEM analysis. As indicated in a study recently published by the authors, SiO,-
coated ZnO nanorods were indeed internalized by cells.52
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Pure uncoated ZnO nanorods induce a strong dose-dependent DNA damage and at the
highest dose are comparable to the positive control (H,0,), which is in agreement with
published studies.29-2224 |n contrast, SiO,-coated ZnO nanorods exhibit significantly less
DNA damage in comparison to the uncoated ones. For concentrations up to 10 pug/mL, the
SiOy-coated ZnO nanorods do not exhibit any DNA damage at all, similar to pure medium.
At the highest concentration of 20 pg/mL, the DNA damage of the SiO,-coated ZnO
nanorods is slightly higher than that of the control and pure SiO,. However, the DNA
damage induced by the uncoated ZnO nanorods at that concentration (20 pg/mL) is much
higher (~3 times) than that of the SiO,-coated ZnO nanorods. Therefore, the nanothin
amorphous SiO, coating on the ZnO surface clearly exhibits a protective effect and inhibits
the strong DNA damage induced by the core ZnO nanorods.

Figure 6b illustrates the cell viability for pure SiO», uncoated, and SiO,-coated ZnO
nanorods for 5 (blue bars), 10 (green bars) and 20 pg/mL (red bars) as determined by the
MTT assay after 4 hours of incubation. None of the particles exhibited strong cytotoxicity.
Reductions in viability were observed in TK-6 cells exposed to both uncoated and SiO,-
coated ZnO nanorods at the highest dose (20ug/mL). This decrease, however, was less than
the half maximal inhibitory concentration or 1Csgq, as only 25% reductions were found. This
is expected here for all samples because of their limited exposure period (4 hours). For
longer exposures (24 h), a clear protective effect was detected for the SiO,-coated ZnO
nanorods.” This result highlights that even though there is no significant cytotoxicity
observed, DNA damage (Figure 6a) may be present at low, sublethal cellular doses. It is
worth pointing out that in genotoxicity studies, it is important to evaluate cytotoxicity in
correlation with DNA damage, as they are both interrelated. When assessing cytotoxicity
using metabolic function as an endpoint, cellular viability of 50% and above are acceptable
levels of cell death, which do not interfere with genotoxicity evaluations.53 Thus, the
observed results using the MTT analysis suggests that moderate amounts of cytotoxicity
were induced by exposure to the utilized concentrations for both coated and uncoated
nanoparticles and no interference with genotoxicity assessment occurs here.

CONCLUSIONS

The above DNA damage results indicate that a hermetic SiO, shell on ZnO nanorods
minimizes their nanobio interactions significantly reducing their genotoxicity, in agreement
with the biologically inert nature of amorphous SiO». This SiO, shell protective effect might
be attributed to the inhibition of the core ZnO dissolution, as well as the direct contact
minimization of the cells with the ZnO surface. Amorphous SiO5 is quite stable in water and
biological media®? not allowing, therefore, the core ZnO nanorod dissolution. It should be
noted that it is possible to reduce the ZnO nanoparticle dissolution and mitigate the toxicity
of similar flame-made ZnO nanoparticles by iron-doping (1-10 at% Fe) during their
synthesis.26:64 However, such doping changes the electronic configuration, band-gap and
color of the ZnO nanoparticles, reducing their transparency in the visible spectrum. This
effect makes the iron-doped ZnO nanoparticles unsuitable for their employment as
transparent UV-filters in cosmetic products or polymer films. In contrast, by applying a
nanothin amorphous SiO, coating on ZnO nanoparticles, the DNA damage is minimized
while all desired optoelectronic properties are maintained.
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In conclusion, we present here the rational design and engineering of safer functional ZnO
nanorods that fulfill all performance requirements for their broad employment as UV-filters
in cosmetics and personal care products as well as polymers. By hermetically encapsulating
these ZnO nanorods during their synthesis with a nanothin, amorphous SiO, shell, the core
Zn0 nanobio interactions are minimized. Furthermore, the SiO, coating facilitates the
nanoparticle dispersion in solution, improving their transparency in the visible spectrum.
The presence of SiO, does not influence the optoelectronic properties of the core ZnO
nanorods so they retain their desired high transparency in the visible spectrum and UV
absorption rendering them suitable for UV blocking applications. Most importantly, the
SiO,-coating on the ZnO nanorods significantly reduces the strong DNA damage that is
otherwise observed for the pure uncoated ZnO nanorods. Such safer-by-design core-shell
Zn0 nanoparticles can be broadly employed in commodities without any performance loss
and with reduced hazard to the environment and human health.
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Figure 1.
Transmission electron microscopy images of the uncoated (a, b) and SiO,-coated ZnO

nanoparticles. In both cases, the ZnO forms nanorods with aspect ratio ~3:1. Furthermore,
there is a nanothin amorphous SiOs shell encapsulating the core particles for the SiO,-
coated ZnO nanorods. In the inset of (d) the SiO, coating thickness distribution along with
the average coating thickness + standard deviation and the total number N of coatings

counted.
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Figure 2.
X-ray diffraction patterns of the uncoated (black line) and SiO»-coated ZnO nanorods (red

line). Their average crystal size (dxrp) and specific surface area (SSA) values are also
displayed.
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Figure 3.
(a) X-ray photoelectron spectroscopy of uncoated (black line) and SiO,-coated ZnO

nanorods (red line). The Zn (diamonds) and Si (circles) binding energy peaks are also
shown. The SiO, coating efficiency is also displayed. (b) The {-potential of both uncoated
(black line) and SiO»-coated ZnO nanorods. (c) The methylene blue (MB) degradation over
time of the uncoated (black line) and SiO,-coated ZnO nanorods (red line) upon UV
irradiation. The MB degradation of TiO, (green line, P25) is also shown as a positive
control. (d) Thermogravimetric analysis of the SiO,-coated ZnO nanorods. The mass loss is
less than 1% indicating no organic species on the SiO, surface.
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Figure 4.
The dissolution kinetics of uncoated (black circles) and SiO»-coated ZnO nanorods (red

triangles) in RPMI-1640 cell culture medium (pH = 7.4, total concentration of inorganic
salts [ionic strength] = 139.1 mM) for initial ZnO concentration of 100 mg/L.
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Figureb5.
(a) Optical transmission spectra of aqueous suspensions containing the uncoated (black line)

and SiO»-coated ZnO nanorods (red line) at concentration 0.5 mg/mL. The SiO,-coated ZnO
nanorods are more transparent in the visible spectrum because of their smaller agglomerate
size. (b) Diffuse-reflectance measuremnts of dry powders of the uncoated (black line) and
SiOy-coated ZnO nanorods (red line). Both curves are identical and exhibit the same band-

gap energy.
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(a) Single stranded DNA damage in TK6 cells after zinc oxide exposure using the Nano-
Cometchip technology. Cells were treated with (5, 10, 20 pg/mL) of SiO,-coated or
uncoated ZnO nanorods for 4 hours. Positive control was 100 uM of hydrogen peroxide
(H,05,) for 20 minutes. The results are expressed as mean + standard error of three
independent experiments performed in triplicate. Thus, approximately 800 comets were
analyzed for each treatment/dose. Values are significantly different in comparison to each
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treatment SiO»-coated vs. uncoated; **p-value < 0.01, ***p-value < 0.001. (b) Cell viability
was determined by MTT assay after 4 hours.
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