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EVALUATION OF THE TOXICITY ASSOCIATED WITH COMPLEX
ENGINEERED NANOMATERIALS UTILIZING IN VIVO AND IN VITRO MODELS
Sharlee Mahoney, PhD

University of Pittsburgh, 2016

Nanomaterials are about to fundamentally alter how we exploit the chemical and physical
properties of materials. Due to their unique properties, they are being rapidly incorporated into
products and industrial applications. However, there is growing concern that these materials will
display unexpected nano-specific toxicity that will occur through mechanisms that cannot be
extrapolated from the analogous bulk material. Consequently, there is a critical need to develop
toxicity screening methods that are able to detect toxicity at the nano-scale. Furthermore, it is
imperative to derive structure-toxicity correlations that can be used to design safer nanomaterials
a priori.

Industry rarely uses individually structured nanoparticles (NPs) due to their instability.
To overcome NP deactivation and promote stability, nano-enabled materials are often designed
as multi-component materials which embed active NPs within a protective matrix, referred to as
complex engineered nanomaterials (CENs). However, most nanotoxicity studies to-date focus on
individually structured NPs, rather than CEN structures. Moreover, these structures offer a
unique opportunity to systematically study how nano-structuring influences the NPs
physicochemical properties, which in turn, affects toxicity. By correlating the physicochemical
properties of these complex structures with the toxicity of the CENSs, it is possible to derive
structure-toxicity correlations. These correlations can help identify structures that minimize
properties that cause toxicity, while still providing NP functionality.
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In this work, we systematically study the toxicity associated with CENs. We investigate
three structures that allow us to systematically study the effect nano-embedding has on toxicity:
i.) metal NPs deposited on a silica support ii.) metal NPs embedded throughout a porous silica
NP and iii.) metal NPs encapsulated in a hollow core surrounded by a silica shell. These CENs
underwent rigorous characterization including analyzing the CENSs’ size, surface area, ion
dissolution, aggregation and settling. Both in vitro (3T3 fibroblasts) and in vivo (zebrafish;
Danio rerio) toxicity tests were conducted. The physicochemical characterization was correlated
with toxicity studies to determine structure-toxicity correlations. Overall, we showed that
embedding the NP, and reducing ion dissolution, led to a reduction in toxicity. Our results
suggest that CENs offer a relatively straightforward stepping stone towards the rational design of

safer nanomaterials.
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1.0 INTRODUCTION

11 NANOMATERIALS

Nanomaterials are defined as materials with at least one dimension smaller than 100 nm. At this
size, nanomaterials have enhanced properties compared to their correlating bulk counterparts.
This is due to an increased surface area:volume ratio (Figure 1)%. A significant portion of the
atoms, contributing to the makeup of nanomaterials, lay near or at the surface'2. This dominance
of surface atoms leads to more reactive properties. The correlating micro-size structure, is
dominated by atoms present in the bulk state. For example, the commonly known bulk gold is
yellow and inert. However, at the nano scale, gold nanoparticles (NPs) range in color from
purple to pink, depending on the NP size. Furthermore, gold NPs have found use in multiple
industries and products including biomedical, catalytic, sensors, solar cell, and fuel cell
applications®*3, Overall, these unique properties associated with nanosize materials have led to
an use in over 1,300 consumer products and industrial processes®*. This includes applications in
the semiconductor, catalysis, and pharmaceutical industries and is projected to be a $1 trillion

market in the US alone by 2020,
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Figure 1. Surface area : Volume ratio for radius from 0.5 -300 nm. As radius decreases, the SA:V ratio increases.

1.2 NANOTOXICITY

Due to these unique properties, nanomaterials toxicities are expected to differ from their
corresponding bulk structure>®®. This toxicity differences is related to either 1. the different
properties that emerge due to the small size or 2. the ability of these materials to be transported
in a way that the micro size material cannot be e.g. crossing the blood-brain barrier or blood-
placenta barrier'®. For example, previous studies showed that TiO, NPs crossed the blood-brain
barrier in mice studies!”*°, Also, inhaled CeO2 NPs by mice were transported from the lungs, to
the blood stream, and to other organs including the liver and kidneys?®2!. Despite growing
evidence that nanomaterials exhibit different toxicities compared to the bulk structure, there are
no specific guidelines from the EPA on handling the disposal of these nanomaterials. However,

EPA has realized the potential risk and hazard these nanomaterials pose and are currently



working with many universities and companies to understand the risk of these materials and
establish proper guidelines for the use and disposal of nanomaterials?>23,

Many nanotoxicity studies focus on studying the toxicity of a specific NP. This will often
including studying the effect properties, like size or surface chemistry, affects toxicity. In
addition, these studies may test the toxicity associated with 1-3 in vivo or in vitro models. While
these studies are crucial with providing us with important information on the toxicity of specific
nanomaterials, the results are limited and rely on extrapolating the studied toxicity to different
NP materials, doping, sizes, coatings and environments. At the rapid rate that nanomaterials are
being incorporated into products, it is insurmountable to be expected to study the toxicity of
every nanomaterial, in every product, on all possible avenues of toxicity. Hence, a viable
solution is needed to aid in ensuring safety when these NPs are incorporated into products and
industrial applications.

Following the current protocols for screening the toxicity of new chemicals, it is crucial
to determine appropriate test models and standards. There are protocols in place by the
Organisation for Economic Co-operation and Development (OECD), National Institute of
Standards and Technology (NIST) and ASTM to examine the toxicity of chemicals. These
protocols are not necessary suitable for nanomaterial toxicity screening. However, there is
current work on re-designing these standards to be suitable for nanotoxicity screenings®*%. One
example of this, Hanna et al., at NIST determined that positively charged polystyrene NPs
impacted the growth of Caenorhabditis elegans. This was linked to interactions between the NPs
and the food source (E. coli). They found that other positively charged NPs (independent of
material) caused similar toxicity. However, when an alternate C. elegans study was conducted,

that did not require E. coli as a food source, there was no toxicity determined (as was the



expected outcome)?’. Thus, it was concluded that this assay, as currently designed for chemicals,
is unreliable for positively charged NPs. Thus, adaptations must be made to ensure reliable
toxicity results.

Since nanomaterials offer many advantages compared to the micro-size materials, they
will continue to be incorporated into products. Thus, a possible avenue to aid in reducing toxicity
IS to provide structure-toxicity correlations that can be used a priori to ensure design of safer
nanomaterials. These correlations can be determined by utilizing model nanomaterials that
systematically study the influence physicochemical properties, like surface area, size,
dissolution, aggregation, settling and NP coatings, have on toxicity?®. These correlations can give
rise to insights into toxicity mechanisms, and can be used to design safer nanomaterials that

minimize these properties?®-3,

1.3 METAL OXIDE NANOPARTICLE TOXICITY

Metal NPs are finding widespread use in a range of consumer products and industrial
applications. Silica NPs are the most highly produced NP in terms of volume. In contrast, Ag
NPs are used in the most consumer application due to their antimicrobial properties®*=®. They are
found in a range of applications from clothing®"* to coatings for surgical implants®. TiO, and
ZnO NPs are used in sunscreen to increase opaqueness of the sunscreen while still providing
protection from the harmful sun rays*®4. CuO NPs are used in many applications including
pesticides**’, pressurized lumber®>, and drug delivery®®%. Ni NPs find use in synthesizing
carbon nanotubes®’%°, as industrial catalysts®®®® and use in electronics®®°. In turn, this wide

spread use of nanomaterials has led to extensive toxicity screening of metal NPs.
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Metal NPs have been rapidly screened for toxicity, including studying how NP size,
shape, and surface coatings influence toxicity®®®°. In addition, toxicity mechanisms have been
identified, including shedding of ions into the media which passively diffuse into the cell and
cause toxicity or a Trojan horse mechanism (Figure 2). Passive diffusion of dissolved ions into
the cells/organisms tend to be present for toxicity studies utilizing bacteria. The bacteria have
limited capability of engulfing the NPs and thus the toxicity associated with these materials are
often associated with the dissolved ions in the media’"®. In contrast, Trojan horse mechanisms
are nano-specific toxicity mechanism. They rely on the NP acting as vehicle for delivery into the
cell/organism. The subsequent ion dissolution into the cell causes toxicity. Thus, the toxicity is
not from interaction with the NP itself, but from the metal ions (which have a known toxicity).
This Trojan horse mechanism relies on the NPs’ small size which leads to 1. Rapid dissolution
due to the increased surface areas and 2. Ability for the NP to cross barriers and enter
cells/organisms that the micro-structure cannot?393334 Qverall, there is strong evidence that the
ions dissolved from metal NPs greatly influence toxicity. It is important to take into

consideration the metal ion dissolution when studying the toxicity associated with metal NPs.
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Figure 2. Passive diffusion of metal ions vs Trojan horse mechanism. While metal ions are limited to areas that they
can passively diffuse in, nanomaterials may enter through different mechanisms and these areas then can facilitate

dissolution and hence release of metal ions within a different area.

1.4  COMPLEX ENGINEERED NANOMATERIAL TOXICITY

Complex engineered nanomaterials (CENSs) are a rapidly increasing class of nanomaterials that
are used to overcome aggregation and sintering that is observed with individually structured NPs.
These CENs are designed as multi-component materials designed in hierarchal nanostructures.
They usually are made up of an active NP with an inert stable support NP’>">, These CENs are
excellent model structures to determine structure-toxicity correlations that can be used to design
safer nanomaterials. By systematically altering the hierarchal structure or composition, it is

possible to determine how physicochemical properties are altered and, hence, toxicity.



While complex engineered nanomaterials are not widely studied, there are some
important studies that have occurred. ZnO NPs have been shown to be toxic via a Trojan horse
mechanism337®77 To eliminate this toxicity, Sotiriou et al., surrounded the photo chemical active
NP with a nonporous silica shell. This shell reduced Zn?* dissolution and direct exposure to the
NP, while still maintaining the ZnO NP functionality’®. As another example, nickel manganese
colbalt (NMC) nanomaterials have emerged as a class of battery materials with the potential to
be used in electric cars due to their high performance at a reduced cost’®8, These materials offer
the advantage of redesigning the chemical composition to optimize functionality, while reducing
toxicity. However, based on the model used, different optimal NMC compositions were
determined to reduce toxicity. When the toxicity was studied with Shewanella oneidensis, it was
determined that the Ni and Co materials contributed the most to toxicity’®. In contrast, the Mn
contributed the greatest to toxicity associated with zebrafish®2. Thus, when determining the safest
composition, care and thought must be taken into the expected exposure routes to determine the
highest at risk species. Overall, these initial studies suggest that by redesigning the active metal
NP with another material, it could provide a possible pathway to mitigating toxicity. These CEN
structures maintain functionality while minimizing properties associated with toxicity (like ion

dissolution).



20 TROJAN HORSE MECHANISM AND LOCALIZATION EXPLAIN TOXICITY

OF NI/S102 COMPLEX ENGINEERED NANOMATERIALS

2.1 INTRODUCTION

Nanotechnology is leading to revolutionary advances in consumer products, medicine, and
engineering. It is projected to become a $1 trillion market in the US alone by 2020%*. However,
there is evidence that these nanomaterials pose potential health risks due to their unique
properties as a consequence of their small sizel™®. Yet, the drastic improvements that they
promise to make to our quality of life are too significant to eliminate nanomaterials from
industrial and consumer products in order to prevent potential health concerns. Thus, there is an
urgent need to understand these materials’ toxicities and provide structure-toxicity correlations
that can be used a priori to design safer nanomaterials.

In order to evaluate the toxicity of nanomaterials, in vivo toxicity models, as opposed to
in vitro models, may provide more physiology-relevant insight. However, the cost, time, and
effort required, make it impractical to run animal toxicity studies on the vast number of
nanomaterials being developed®. As a result, in vitro models are being used more frequently to
quickly and economically screen nanomaterials for potential toxicity3+.

While the toxicity of (bare) metal nanoparticles (NPs) are being widely studied, very few

studies to-date have focused on an emerging class of nanomaterials, so-called “complex



engineered nanomaterials” (CENs)®®7. These multicomponent materials consist of at least two
constituent materials, usually with a hierarchal structure (e.g. core@shell nanomaterials’#7°88),
CENs are used in a wide range of technologies, such as in catalysis, medical treatments and
advanced electronics®®.

Importantly, the toxicity of embedded metal NPs is expected to differ from that of bare
metal NPs due to the CEN structure and altered interactions of the metal NPs with the support
matrix. For example, Sotiriou et al. demonstrated that by surrounding a ZnO NP with a
nonporous silica shell (ZnO@SiO, CENSs), the toxicity of the ZnO NP was eliminated’. The
dense silica shell removed any interaction of the ZnO NP with the environment, while still
maintaining their optoelectronic properties. However, complete encapsulation of NPs will result
in a loss of functionality in many other applications, such as catalysis, where it is necessary for
the NP to interact with the surroundings. For CENs, this can be achieved via porous
encapsulations, which may still be advantageous in mitigating toxicity by modifying the
interactions between the embedded NPs and their surroundings. Specifically, one could expect
that a porous shell with sufficiently small pore size might mitigate direct interactions of the
embedded NP with the cell. Furthermore, as the properties of embedded NP can change based on
the nature of the embedding matrix, due to NP-matrix interactions, it can be expected that
toxicity will vary with the CEN structure as well.

By systematically varying the nanoconfiguration of CENs with a defined composition, it
has become possible to study how structural properties affect toxicity, and hence, to develop
structure-toxicity correlations that offer insight into the design of safer nanomaterials®®®:.

However, in order to derive these structure-toxicity correlations, it is crucial to study the CEN’s



physicochemical properties that influence toxicity, including size, shape, surface area, surface
chemistry, aggregation, settling, and dissolution?®,

The present Chapter aims to establish the toxicity of Ni/SiO2 CENs. These CENs are
finding widespread applications in industrial catalysis, where embedding the nickel nanoparticles
(Ni NPs) enhances reactivity while simultaneously stabilizing the Ni NPs within the SiO>
support matrix®-6392-9% and hence pose a risk for occupational exposure in the chemical and fuel
processing industry®>%. Previous in vitro studies of (bare) Ni NP agree qualitatively on their
toxicity; however, the toxic concentration range varies strongly with NP size and tested cell and
organ phenotype®-1%2, Furthermore, Pietruska et al. and Ke et al., both suggest that the toxicity
of Ni NPs is mediated through a Trojan horse mechanism, i.e. that toxicity is based on Ni?*
dissolved from the Ni NPs engulfed by the cell rather than direct interaction with the NP
surface!®3104,

In this Chapter, we will examine the toxicity of Ni/SiO> CENs using an in vitro NIH 3T3
fibroblast model. This model was chosen to reduce complexity associated with in vivo models
and determine the influence of other properties on toxicity (including Ni?* dissolution from the
Ni NPs). Three CEN morphologies were studied that represent prototypical complex engineered
nanomaterials: (i) Ni NPs deposited on the external surface of a porous amorphous silica NP (Ni-
SiO2), (ii) Ni NPs embedded within a porous silica shell (nhNi@SiOz), and (iii) Ni NPs
encapsulated in a hollow core within a porous silica shell (hNi@SiO). The three CENs were
subjected to thorough physicochemical characterization, including dissolution and settling
properties. These properties were then correlated with 24 hour cytotoxicity assays to determine

structure-toxicity correlations.
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2.2 METHODS

2.2.1 Nanomaterial synthesis and characterization

Ni/SiO> CENs were made using a one-pot, multi-step reverse microemulsion synthesis
previously developed in our laboratory. The three nanomaterials utilized variations of the same
synthesis protocol, assuring close structure similarity. Hollow Ni@SiO> (hNi@SiO2) materials
were synthesized using a one-pot reverse microemulsion synthesis previously developed in our
laboratory. First, 50 mL of cyclohexane (>99%) and 10.5 g surfactant Brij 58 (>99%
polyethylene glycol hexadecyl ether, Mn ~1124, Sigma-Aldrich) were refluxed at 50°C until the
surfactant was fully dissolved. 1.5 mL of 1 M Ni(NO3)26H20 (99.999%) was then added drop-
wise, followed by 1.5 mL hydrazine hydrate (Sigma-Aldrich) to form a nickel hydrazine
complex. Next, 5 g of tetracthylorthosilicate (TEOS, >99%) was added, followed by 3 mL of
ammonium hydroxide (30%). After 2 hours of aging for silica growth, particles were precipitated
with 2-propanol, collected via centrifugation, washed three times with 2-propanol, and dried in
air. The crushed powder was then calcined in a Thermolyne 79300 tube furnace for 2 hours at
500°C in air.

Non-hollow Ni@SiO2 (nhNi@SiO2) CENs were made by a simple modification of the
hNi@SiO2 synthesis method, omitting the hydrazine addition step. Absence of the micelle-
stabilizing Ni-hydrazine complex results in the formation of a solid (but porous) silica particle
with embedded Ni NPs throughout the silica matrix. The precipitated material was dried and
calcined as described above. To remove external nickel from the materials, calcined particles

were reduced and etched in nitric acid by dispersing 0.20 g of material in agueous nitric acid (35
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vol%) for 30 min. The etched materials were washed twice in water to neutral pH, dried, and
calcined.

For surface-deposited Ni-SiO., nickel-free spherical silica spheres were first synthesized
using the microemulsion nhNi@SiO2 procedure above but replacing aqueous Ni salt with 1.5 mL
deionized (DI) water. Following calcination of the Ni-free silica, a deposition-precipitation
method, modified from Deng et al.1%, was used to deposit very small and near-monodisperse
nickel NPs on the surface of the calcined silica spheres. 0.6 g of silica NPs were dispersed in 15
mL of DI water by sonication, Ni salt solution was added (0.55 g NiCl. in 10 mL DI water), and
the mixture was again sonicated for 20 min. Ammonium hydroxide (30%) was then added drop-
wise (~5 mL, 52 drops, slowly over 20 min) until the pH of the solution was ~9.5. The resulting
material was mixed for 20 min, centrifuged, dried, calcined at 300°C in air, rinsed twice in DI
water, dried, and calcined again at 300°C in air.

CEN size and morphology were characterized with transition electron microscopy (TEM,
JEOL-2000FX electron microscope). Particle measurements of TEM images were done using
ImageJ software (http://rsb.info.nih.gov/ij/). Scanning Electron Microscopy (SEM) equipped
with EDX was used at beam voltage of 15kV to determine elemental composition. Surface area
and porosity were determined by Brunauer Emmett Teller (BET) analysis using a Micromeritics
ASAP 2020 surface area and porosity analyzer. Pre-treatment consisted of 2-3 hour degassing at
200°C under vacuum. Typically, a 6-point BET analysis was used for total surface area
measurement and an 84-point N» Barrett-Joyner-Halenda (BJH) analysis with Halsey thickness

curve correction and Kruk-Jaroniec-Sayari correction for pore size and volume determination.

12


http://rsb.info.nih.gov/ij/

2.2.2 Dissolved trace metal ion concentration

Ni?* dissolution from the CENs was measured under radial detection by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Thermo Electron Corporation iCAP6500 Duo
Series ICP-OES Spectrometer). Standards were formulated from a stock standard solution
(Fischer Scientific) with 3 wt% HNOs in deionized water to generate a standard curve. The
degree of nickel ion dissolution from the CENs in 3T3 media was determined at specific time
points. 10 mL dispersions (200 mg Ni/L) were prepared in 3T3 media. CENs were removed from
the dispersions by centrifugation followed by filtration (Amicon 10,000 molecular weight cut-off
filters, ~3.1 nm). HNOz (Sigma, 70%) was added dropwise to the filtrate to a concentration of 3

wit%.

2.2.3 CEN settling

Ni/SiO2 CEN settling in 3T3 media was measured by UV-Visible spectroscopy (Beckman
Coulter DU720). Path length was 1 cm and wavelength was 287 nm. CENs were dispersed in

3T3 media and deposited in a cuvette to a liquid height of 1.27 cm.

2.2.4 3T3 fibroblast cell culture

NIH 3T3 fibroblasts were used to evaluate the toxicity associated with the Ni materials. Cells
were cultured in Dulbecco's Modified Eagle Medium (DMEM, Life Technologies) supplemented
with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 1% penicillin streptomycin (P/S,

Life technologies), referred to as 3T3 media. The cells were cultured at 37°C in 5% CO:
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environment. Cells were passaged at 70% confluency (every 2-4 days). For LIVE/DEAD
analysis, the cells were plated in 6-well plates at 500,000 cells/well. For all other assays, cells

were plated at 100,000 cells/well in 24-well plates.

2.2.5 CEN media preparation

CEN media solutions were made by exposing the dry CENs to a UV environment for one hour
for sterilization. Initial 300 mg Ni/L concentration was made by adding CENs to 3T3 media
supplemented with 20 mM HEPES buffer and sonicated for 15 minutes. Next, the CENs were

serially diluted to the necessary concentrations and added immediately to the wells.

2.2.6 MTS cell metabolism

CellTiter 96® AQueous One Solution Cell Proliferation Assay MTS assay (Promega) was used
to assess the cell metabolism, according to manufactures instructions. Briefly, 24 hours after
seeding the cells, 0-300 mg Ni/L NiCl, or CEN media was added to the wells. The cells were
exposed for 24 hours, after which the media was aspirated and 3T3 media (without CENs or
NiCl,) with 20% (v/v) MTS was added. The cells were incubated for 1 hour, and the absorbance

at 490 nm was measured with a Synergy 2 multimode Microplate Reader.

2.2.7 Cell number quantification

Li-Cor IRDye Cell Tag 700 dye was used to stain and quantify cell number. After a 24 hour

propagation time, cells were exposed to 0-300 mg Ni/L NiClz or Ni/SiO2 CENs for 24 hours.
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Next, the cells were fixed with 4% formaldehyde (Thermo Scientific) in for 25 minutes. The
cells were permeabilized with 0.5% Triton-X in phosphate-buffer saline (PBS) for five minutes
and then blocked with 10% donkey serum in 1% bovine serum albumin/PBS for 45 minutes at
room temperature (RT). The cells were then rinsed with PBS and incubated with IRDye cell tag
700 dye (Li-Cor) for one hour at RT. The cells were rinsed with PBS twice, then with DI water

once, prior to imaging the cells with the LI-COR Odyssey CLx.

2.2.8 Cell viability

Cell viability after CEN exposure was analyzed by the LIVE/DEAD assay (Life Technologies),
according to the manufacturer’s instructions. Briefly, cells were exposed to 0-200 mg Ni/L NiCl;
or Ni/SiO2 CENs for 24 hours. Next, cells were incubated with 2 uM ethidium homodimer-1 and
1 uM calcein-AM in 3T3 media for 25 minutes at RT. Cells were washed three times with PBS

before fluorescent imaging.

2.2.9 Newport green and side scatter

Newport Green™ DCF indicator (NPG, Life Technologies) was used to analyze the intracellular
Ni2* concentration 1%. After a 24 hour propagation period, the cells were exposed to 0-300 mg
Ni/L NiClz or Ni/SiO2 CEN for 24 hours. Next, 10 uM NPG was incubated with the cells for 20
minutes at RT. Immediately following incubation, the cells were dissociated using trypsin,
centrifuged, rinsed, and resuspended in PBS. Finally, an Accuri C6 flow cytometer was used to

quantify the fluorescent intensity (488 nm). At least 10,000 events were collected per sample to
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obtain a viable histogram. In parallel, the side scatter was also quantified using the Accuri C6

flow cytometer.

2.2.10 BCA protein assay

Pierce BCA protein assay kit (Thermo Scientific) was performed according to the manufacturer’s
instructions. Briefly, 300 mg Ni/L CENs were dispersed in 3T3 media and incubated for 2 or 24
hours. After the incubation period, the CENs were separated and re-dispersed in PBS. A 10 uL
sample was mixed with 200 pL working reagent and incubated at 37°C for 30 minutes. Next, the

samples were cooled to RT and the absorbance was read at 562 nm.

2.2.11 Confocal microscopy

50,000 cells/well were plated in a 24-well MatTek dish with glass bottom (No. 1.5 coverslip; 13
mm glass diameter). After 24 hour exposure to 0-200 mg Ni/L NiClz or Ni/SiO2 CEN, the toxic
media was aspirated and replaced with 3T3 media supplemented with 100 nM Lysotracker Red
(Thermo Fisher Scientific) and 10 uM NPG. The cells were then incubated for one hour. Finally

the cells were rinsed multiple times and observed with Nikon Al Spectral Confocal microscope.

2.2.12 Statistics

All experiments were carried out in triplicate replicates, and three independent trials were

completed for each assay. Error bars indicate standard deviation. *indicates p>0.05 for
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significance compared to the unexposed control after one-way ANOVA followed by Dunnett’s

test’,

2.3  RESULTS

2.3.1 CEN physicochemical characterization

Three Ni/SiO2 complex engineered nanomaterials (CENs) were synthesized: Ni NPs deposited
on the external surface of SiO2 NPs (Ni-SiO2), Ni NPs embedded throughout a porous SiO2 NP
(nhNi@SiO2), and Ni NP embedded in a hollow core surrounded by a porous SiO shell
(hNi@SIiO>). Figure 3 shows the transmission electron microscopy (TEM) images of the three
Ni/SiO2 CENs, and Table 1 shows the CENSs size, weight loading and surface area. Overall, all
three CENs had near-identical chemical compositions and dimensions, and differ in
nanostructure configuration only. The Ni NPs were ~2 nm in diameter, while the composite
CENs were ~40-50 nm. The silica matrix was amorphous in all three cases. All three CENs had
similar silica pore structures with average silica pore diameters of ~0.7 nm and surface areas of

~200+20 m?/g (OFigure 52).
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Figure 3. TEM images of Ni/SiO, CENs. A. Ni-free SiO, NPs B. Ni-SiO, C. nhNi@SiO; and D. hNi@SiO.. Black

scale bars are 100 nm and white inset scale bars are 50 nm.

Table 1. Ni loading, Ni particle size, CEN particle size and surface area for all three CENs.

CEN Ni loading Ni particle size | Primary particle Surface area
(W% Ni) (nm) size (nm) (m?/g)
Ni-SiO, 120124 20+£0.2 50.8+5.3 212
nhNi@SiO; 73+1.0 21+£03 43.2+ 3.6 186
hNi@SiO; 8.0+ 0.6 <2 41.0+41 216

2.3.2 Ni?* dissolution depends on CEN structure

lon dissolution from the NP has been shown to be an important toxicity mechanism for metal

NPs30108-110 “including nickel®10%104111 It js hence critical to characterize the metal dissolution

from the CENs. The Ni/SiO2 CENs were dispersed in 3T3 media (DMEM supplemented with

1% P/S and 10% FBS) and removed at specific time points using centrifugal ultrafiltration. The
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dissolved Ni?* concentration in the solution was then determined via ICP-AES. Figure 4 shows
the Ni?* dissolution at three time points over 24 hours: Ni-SiO2 showed the lowest dissolution
(~4 mg Ni?*/L) of all three CENSs. Interestingly, the dissolution occurred during the first hour
with no additional dissolution over the next 24-hour period. In contrast, nhNi@SiO2 showed the
highest dissolution (~20 mg Ni%*/L) with continuous dissolution over the 24 hour period.
hNi@SiO: exhibited a similar dissolution trend to nhNiSiO2, albeit at a lower rate and hence a

lower final Ni?* concentration of ~15 mg Ni?*/L.

25 -
—= Ni-SiO, aTéa
o0 | —* nhNIi@SiO, s
—= hNi@SiIO
3 e .
S 15 -
£
& 10
=
whe
S pm === === =ATE R

0 6 12 18 24
Time (hr)

Figure 4. Ni?* dissolution for 200 mg Ni/L CEN in 3T3 media over 24 hours.
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2.3.3 CENSs settling behavior is independent of structure

Settling of NPs can modify the effective cell exposure and is hence of critical importance for
nanotoxicity studies in aqueous media 213, UV-visible spectroscopy was used to measure
settling for 200 mg Ni/L CEN dispersed in 3T3 media, Figure 5. While Ni-SiO- initially seems to
settle slightly faster than the other CENSs, all three CENs exhibited similar settling rates after one
hour. Hence, significant differences in effective exposure due to settling behavior of the three

materials can be excluded for the present study.

! —e Ni-SiO,
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Figure 5. 200 mg Ni/L CEN settling behavior in 3T3 media over five hours. The absorbance at each time point was

normalized by the initial absorbance at time zero.
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2.3.4 Toxicity testing

3T3 fibroblasts are used as an FDA standard test model for evaluating biomaterials!**'®. They
are furthermore a robust, inexpensive cell line that is finding increasing use in nanotoxicity
studies®® 116117 A 24 hour exposure time was selected to study toxic effects associated with an
acute exposure, in addition to reducing complications associated with multiple cell-division
cycles. Seven concentrations between 0-300 mg Ni/L were chosen to thoroughly study the Ni
materials’ effects on cell viability. NiCl, was used as a control to mimic the toxicity associated

with ionic Ni%* dissolved from the CENs.

2.3.5 Cell metabolism decreased after exposure to Ni materials

After 24 h exposure, the metabolism of the cell population was analyzed using MTS, which
monitors the bioreduction of a tetrazolium compound into a red formazan product. As further
reference, cell metabolism was also analyzed after exposure to (Ni-free) amorphous silica which
showed no change in metabolism for concentrations from 0-2700 mg SiO2/L, corresponding to
the highest SiO2 exposure in the CEN tests (Figure 54). Figure 6 presents the cell metabolism
normalized to the control cell metabolism (with no CEN or NiCl, exposure), after 24 hour
exposure. Exposure to NiCl, and hNi@SiO; resulted in a continuous decrease of the cell
metabolism with increasing concentration. In contrast, exposure to Ni-SiO2 and nhNi@SiO>
showed a similar initial decrease in metabolism which, however, was followed by a plateau for
concentrations above ~150 mg Ni/L. A 50% reduction in metabolism of the cell population was
caused by ~200 mg Ni/L NiClz, ~85 mg Ni/L Ni-SiO2, 200 mg Ni/L nhNi@SiO», and 125 mg

Ni/L hNi@SiOg, i.e. the CEN’s toxicity ranked Ni-SiO2 > hNi@SiO2 > nhNi@SiO2 = NiCl,.
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Figure 6. Cell metabolism by MTS, normalized to the control cells, after 24 hour exposure to 0-300 mg Ni/L A.

NiCl; B. Ni-SiO; C. nhNi@SiO- and D. hNi@SiO,. *p>0.05 Dunnett’s test, compared to control.

2.3.6 3T3 fibroblast viability depends on CEN structure

The reduction in metabolism observed above can be due to either a reduction in cell
viability/number (while maintaining the cell metabolism of surviving cells), or a reduction in the
metabolic activity (while maintaining the number of live cells). Hence, to explain the observed
reduction in metabolism, we next determined cell viability by quantifying the cell number using
a Li-Cor IRDye Cell Tag 700, imaged on the Li-Cor platform. Figure 7 presents the cell number
after exposure to Ni/SiO, CENSs, with NiCl, again serving as reference point for pure ionic Ni?*
exposure. The fluorescent intensity of exposed cells was normalized to the fluorescent intensity
of control cells (without any exposure to NiCl, or CENs). Again the toxic effect of (Ni-free)
SiO2 NPs were first evaluated to determine if any observed toxicity could result from the silica

shells of the CENSs. In agreement with the MTS data discussed above, the amorphous SiO2 NPs
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showed no toxicity (Figure 55). After exposure to NiCly, the cell fluorescent intensity, and hence

cell viability, continuously decreased with increasing Ni?* concentration (50-300 mg Ni/L).

Interestingly, after exposure to all three CENSs, the cell viability initially decreased for low

exposure dose (~10 — 50 mg Ni/L), but then plateaued as Ni concentrations further increased.

The cell viability stabilized at ~27% after exposure to Ni-SiO2, ~88% after exposure to

nhNi@SiO, and ~68% after exposure to hNi@SiO>. This trend was further corroborated

qualitatively by LIVE/DEAD staining (, Figure 56).
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Figure 7. Cell count after 24 hour exposure to 0-300 mg Ni/L A. NiCl; B. Ni-SiO, C. nhNi@SiO and D.

hNi@SiO,. *indicates p<0.05 for Dunnett’s test.

The close correspondence between metabolism and cell viability for NiCl, and Ni-SiO>

indicates that the reduction in metabolism can be attributed primarily to cell death. However,

such correspondence was lacking for nhNi@SiO. and hNi@SiO2 CENSs, where cell metabolism

was lowered considerably by CEN exposure, even though cell viability was not strongly
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affected. This suggests that the two CENs with nanoconfined Ni NP, hNi@SiO; and

nhNi@SiO2, decreased cell metabolism while not causing cell death.

2.3.7 Toxicity mechanism

Thus far, the toxicity tests show a clear correlation between structure and toxicity: The Ni-SiO-
CEN caused significant cell death while the nhNi@SiO2 and hNi@SiO> CENs decreased cell
metabolism while maintaining cell viability. Previous studies have suggested that bare Ni NPs
are toxic via a Trojan horse mechanism in which the Ni NP acts as a delivery vehicle, i.e. NP is
taken up by the cell and subsequent Ni?* dissolution inside the cell causes toxicity'%1%, To
determine if the toxicity of the present CENSs is also mediated via a Trojan horse mechanism, the

NP uptake was quantified, followed by evaluation of intracellular Ni?* concentration.

2.3.8 CEN uptake depends on the CEN surface

To evaluate if the CEN toxicity can be directly attributed to CEN uptake into the cells, we
determined the CEN uptake by analyzing the side scatter (SSC) with flow cytometry!!811° SSC
is correlated with cell density and will hence increase with increasing CEN concentration in the
cell. Figure 8 shows changes in SSC after exposure to the CEN materials by normalizing the
SSC to that of unexposed control cells. As expected, cells exposed to NiCl, showed minimal
increase in SSC. Cells exposed to all three CENs experienced a rapid increase in uptake (at low
concentrations 5-50 mg Ni/L), followed by a plateau. However, uptake of nhNi@SiO, and
hNi@SiO2 CENs occurred at similar rates, while Ni-SiO, was taken up at a significantly higher

rate. Since settling of CENs occurred at similar rates and effective exposure is hence equal, these
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uptake difference must be associated with differences in CEN morphology. Both core@shell
materials (hNi@SiO2 and nhNi@SiO2) have a silica terminated external surface, while the
external surface of Ni-SiO: is largely covered by Ni NP. This suggests that the surface chemistry
(i.e. surface termination) has significant impact on the CEN’s interactions with the cell
membrane and thus affects the uptake rate. To further study this, we determined the protein
concentration on each CEN after being dispersed in 3T3 media for two or 24 hours by BCA,
Table 2. As hypothesized, the Ni-terminated surfaces had a much higher concentration of
protein, per CEN, compared to the silica-terminated surfaces. There were minimal differences in
protein concentration between the 2 and 24 hour time points. Overall, this suggests that the
surfaces play a crucial role in formation of a protein corona which influences the CEN uptake
into the cell. The uptake rates correlate closely with the toxicity ranking of the CENSs:
nhNi@SiO2 and hNi@SiO, CENSs, which do not elicit high cell death, are taken up at a slower

rate than the more toxic Ni-SiO2 CEN (which caused cell death).
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Table 2. Protein concentration normalized by CEN number to determine ng protein/CEN.

ng protein/CEN

Ni-SiO; NhNi@SiO: hNi@SiO;
2 hour 3.21E-04 9.11E-04 8.36E-05
24 hour 3.00E-04 1.02E-04 8.28E-05

2.3.9 Intracellular Ni%* concentration depends on structure

While the above observed differences in CENs uptake correlate well with the toxicity of the
CENSs, they do not confirm a Trojan horse mechanism as being responsible for this toxicity. We

therefore evaluated the intracellular Ni?* concentration using Newport Green, a fluorescent dye
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whose fluorescence is enhanced in the presence of Ni%* but not bulk Ni'%1%, Newport Green can
be used to determine the presence of high concentrations of zinc ions. However, the dye is not as
sensitive to change in zinc concentration as to Ni?*. Zhao et al., showed that when 20 pM of Zn
was added to cells exposed to 100 pM Ni?*, the NPG fluorescent intensity was changed by less
than 10% compared to the cells exposed to just Ni%*. Hence, the changes in NPG fluorescent
intensity is dominated by changes in Ni?* concentration and not changes in zinc ion
concentration that may result from the Ni toxicity'%. Cells were exposed to 0-200 mg Ni/L CEN
or NiCl, for 24 hours, followed by addition of the Newport Green dye. The cells were then
collected and the intracellular Ni?* concentration was analyzed using flow cytometry. The 200
mg Ni/L Ni-SiO2 could not be analyzed due to its high toxicity, making it impossible to collect
enough cells to obtain a viable histogram in flow cytometry.

Figure 9 presents the fluorescent intensity measured by flow cytometry, normalized to the
control cells, thus yielding a measurement of relative signal enhancement that quantifies the
intracellular Ni%* concentration. Cells exposed to Ni-SiO, showed the highest intracellular Ni%*
concentration, followed by hNi@SiO,, nhNi@SiO,, and lastly NiCl.. The intracellular Ni?*
concentration increased in a dose-dependent near-linear manner for cells exposed to NiCly. Cells
exposed to low concentrations (5-50 mg Ni/L) of all three Ni/SiO2, CENs experienced a rapid
dose-dependent increase in intracellular Ni%*. However, at higher concentrations (>50 mg Ni/L),
the intracellular Ni?* concentration stabilized for exposure to Ni-SiO2 and nhNi@SiO2 CEN. The
intracellular Ni?* concentration for cells exposed to hNi@SiO: slightly increased from 50-150
mg Ni/L, though much more gradually than for the lower concentration range. The intracellular

Ni?* concentration agree well with the CEN uptake and toxicity rankings: The most toxic CEN,
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Ni-SiO2, showed the highest uptake into the cell and, consistent with this, also shows the highest

intracellular Ni%* concentration.
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Figure 9. NPG fluorescent intensity, normalized to control cells, after 24 hour exposure to 0-200 mg Ni/L NiCl, and

Ni/SiO2 CENSs.

2.3.10 Ni?* dissolved from CENSs localizes in lysosomes

Interestingly, unlike for the CENSs, where toxicity, uptake, and intracellular concentrations
showed a clear correlation, NiCl, was more toxic than nhNi@SiO; and hNi@SiO, yet showed
the lowest intracellular Ni?* concentration. However, toxicity is not necessarily just a result of
intracellular concentrations, but can also be affected by intracellular localization of the toxin.
Hence, we determined the intracellular localization of Ni?* using confocal microscopy. Cells

were exposed to 50 mg Ni/L concentrations of NiCl, and Ni/SiO> CENSs, respectively, for 24
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hours. After exposure, Lysotracker Red was used to stain the lysosomes, and NPG was added to
determine the Ni?* location, allowing determination of localization of Ni?* in the lysosomes.
Confocal images, Figure 10, showed strong co-localization, which differed significantly between
the four samples. In order to quantify the degree of co-localization, the fraction of free Ni?* vs
co-localized in the lysosome was determined via the pixel count and intensity for green (free

Ni2*) and yellow (colocalization of Ni?* and lysosome) pixels, Figure 11.
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Figure 10. Maximum projected confocal images of 3T3 fibroblasts after exposure to 50 mg Ni/L NiCl, or Ni/SiO;
CENs for 24 hours. Cells are stained with Lysotracker Red (second column) and Newport Green (third column).

White scale bars are 50 um and yellow inset scale bars are 150 pm.
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Figure 11. % of Ni?* presented as free Ni?* throughout the cell and Ni?* colocalized with lysosomes in the cell after

24 hour exposure to 50 mg Ni/L NiCl, or Ni/SiO, CENs.

From the confocal images it was evident that Ni>* from NiCl, exposure was present
throughout the cell, including the nucleus, and ~35% of the intracellular Ni?* was co-localized
with the lysosomes. Cells exposed to Ni-SiO showed unhealthy morphology and were rounding
up, reflecting the high toxicity associated with the CEN. 42% of intracellular Ni?* after exposure
to Ni-SiO, was contained in the lysosome. On the other hand, 68% of the intracellular Ni%* after
exposure to nhNi@SiO, and 84% of the intracellular Ni?* after exposure to hNi@SiO, was
located within the lysosomes. Both core@shell CENs showed a very high co-localization of Ni%*
with lysosomes, while the Ni-SiO, and NiCl, showed a wider distribution of Ni?* throughout the

cell. As additional internal consistency check, the pixel intensity was measured and agreed with
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the rankings in the above discussed NPG analysis using flow cytometry. Ni-SiO. showed the
highest integral intensity, i.e. highest total intracellular Ni?* concentration, followed by
hNi@SiO2 which was closely followed by nhNi@SiO», with NiCl, finally showing the lowest

integral pixel intensity.

24  DISCUSSION

Complex engineered nanomaterials (CENSs) are expected to dominate the next generation of
nano-enabled products. It is hence imperative to assess and understand the toxicity associated
with these nanomaterials in order to inform *“safe-by-design” materials design. The present set of
carefully designed CENSs represent common CEN morphologies that differ only in their
nanostructure (i.e. embedding of Ni NPs) without altering NP size and surface area. Thus we are
provided with the unique opportunity to derive structure-toxicity correlations that can be utilized

to design safer nanomaterials for future applications.

2.4.1 Structure influences toxicity

Overall, our results reveal clear and strong correlations between structure and toxicity of the
studied CENs. 3T3 fibroblasts exposed to the core@shell nanomaterials (nhNi@SiO, and
hNi@SiO2) exhibited a decrease in individual cell metabolism without significant cell death,
while cells exposed to NiCl, and Ni-SiO2 caused widespread cell death. This observation is
noteworthy from at least two vantage points: First, it indicates that surface termination (silica vs

Ni) has strong impact on toxicity of the CENs, i.e. size and composition (which are virtually
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identical among all three materials) alone do not suffice to characterize or predict toxicity. We
observe that the surface termination results in differences in protein concentrations, suggesting
the Ni surface is likely to adsorb different proteins than a silica surface and form different protein
coronas (Table 2). This is also in agreement with the reduced Ni dissolution from the Ni-SiO>
compared to the core@shell materials (Figure 4), again likely due to a “protein protection” of the
Ni clusters on the external surface of Ni-SiOs.

Second, the observed difference in CEN toxicity highlights the need to combine multiple
complementary toxicity assays in order to capture structure-toxicity correlations in a robust and
reliable way. Based on cell metabolism alone (Figure 6), one would deduce that all three CENs
have similar toxicity which in turn is similar to the toxicity of NiCl». In contrast to that, while the
cell viability results agree better with the toxicity rankings, based on those assays alone the
nhNi@SiO2 CEN would appear to be virtually non-toxic (Figure 7). The combination of multiple
assays not only allows deeper understanding of the cells response to a toxin, but also helps to

avoid spurious conclusions.

2.4.2 Ni/SiO2 CENSs toxicity is induced through a Trojan horse mechanism

The Ni-SiO2 CENs emerged as the most toxic CEN in the present study by causing considerable
cell death, followed by hNi@SiO2, and lastly nhNi@SiO2 which inhibit cell metabolism without
inducing cell death. This toxicity ranking is in close agreement with the intracellular Ni
concentration: Ni-SiO, resulted in the highest intracellular Ni?* concentrations, followed by
hNi@SiO,, and lastly nhNi@SiO2. This close correlation hence suggests that the observed
toxicity results from Ni?* dissolved from the CENSs rather than from direct interactions of cellular
functions with the Ni NPs themselves. This indicates the presence of a Trojan horse mechanism,
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as previously suggested by Pietruska et al. and Ke et al. for (bare) Ni NPs3%103104120 "jn \which
the main role of the CEN is to facilitate transport of the Ni NPs into the cells, while the observed
toxicity then results from intracellular dissolution of the NP. This is further supported by the
observation that exposure to Ni-SiO resulted in the highest intracellular Ni?* concentration
despite showing the lowest Ni?* dissolution in the extra-cellular media. This suggests that the
intracellular Ni?* concentration results predominantly from dissolution inside the cell (due to the
acidic pH in the lysosomes) rather than from transportation of dissolved Ni?* from the media into
the cell. Hence, the relative stability of Ni-SiO. against dissolution in the media, leads to
increased Ni uptake (in NP form) as compared to the other two CENSs, resulting in more Ni to be
dissolved and kill the cell. In contrast, the other two CENSs show faster extracellular dissolution
and hence “lose” some of their Ni in the media before uptake into the cell and thus have less
available to dissolve in the cell (see Figure 4).

The Trojan horse mechanism is further corroborated by comparing the intracellular Ni*
concentrations after exposure of the cells to CENs, and to an equivalent dose of NiCly. For
example, 200 mg Ni/L nhNi@SiO; dissolved in the 3T3 media to a concentration of ~25 mg
Ni2*/L and resulted in a NPG signal enhanced 8-fold. However, the cell exposed to 25 mg Ni?*/L
from NiCly, resulted in a 2.5-fold increase in NPG signal. Thus, one can conclude from this
observation that at least 68% of the intracellular Ni?* is from CEN dissolution inside the cell. A
similar increase in signal, compared to the corresponding dissolved Ni?* exposure from NiCly, is
present after exposure to all three CENs. Thus, we conclude that the intracellular Ni?*
concentration is dominated by CEN dissolution inside the cell rather than by diffusion of Ni?*

from the media into the cells.
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2.4.3 Localization of Ni?* explains toxicity difference between NiCl2 and CENs

Interestingly, exposure to NiCl, resulted in the lowest intracellular Ni?* concentrations, despite
showing among the highest toxicity in this study. This can be traced back to the location of the
Ni2* ions. While Ni?* ions are able to passively diffuse from the media into the cell and interact
with many cell organelles, including the nucleus'?, nanomaterials are taken up via endocytosis-
mediated pathways and are hence contained in lysosomes!??12¢, This containment in the
lysosomes results in a decrease in toxicity over the tested period, despite the higher intracellular
Ni2* concentration. However, it is possible that the Ni?* inside the lysosome could eventually be
released into the cellular environment, causing a delayed toxic response (such a long term
exposure was beyond in the scope of the present study). Finally, it seems noteworthy that uptake
of the CENSs through a lysosome-mediated pathway, which has an acidic pH, will cause the Ni
NPs to dissolve rapidly'?*1%, This suggests that for the characterization or design of
nanomaterials, characterizing the dissolution in the cell media, while necessary, may not be
sufficient. It is equally critical to take into consideration the intracellular dissolution upon CEN

uptake.

2.4.4 CEN properties are dependent on test environment

Finally, it is instructive to compare the results from the present study with those in which we
evaluated the same set of CENs using zebrafish models (Chapter 4.0 ). Remarkably, we found
quite different dissolution and settling behavior for the three nanomaterials, and hence also
different toxicity rankings. Surprisingly, the present Ni?* dissolution studies (Figure 4) showed

Ni-SiO2 to be the most resistant to dissolution. Intuitively, one might expect Ni-SiO- to show the
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highest dissolution, since the Ni NPs in this configuration have direct exposure to the media
solution. This is in fact what we had observed when investigating the toxicity of the same three
CENSs using zebrafish models (Figure 19). In those studies, Ni-SiO2 CENSs indeed showed higher
Ni2* dissolution in E3 zebrafish media than the other two CENs. The primary difference between
the zebrafish media and the current media is the absence of proteins (specifically FBS) in the
former. Hence, we speculate that these CENs form a protein corona that caps the surface of the
Ni NPs on the Ni-SiO, CEN, thus stabilizing the NPs and limiting dissolution!?°. In contrast, the
Ni NPs in the other two CENSs are embedded within the silica matrix in which the silica pores are
sufficiently small (<1 nm) to block proteins from penetrating and accessing the Ni NPs. Thus,
the Ni NPs are shielded by the silica support against protein capping, leaving the Ni NPs exposed
to the media and hence prone to dissolution. This suggests that the presence of proteins in the
media greatly impacts the extracellular dissolution and can influence the toxic response elicited
by the CENs. Hence, media composition needs to be considered as a critical parameter in

evaluating nanomaterial toxicity in laboratory studies.

2.5 CONCLUSION

Complex engineered nanomaterials constitute a rapidly emerging group of nanomaterials that has
to-date found relatively little attention in nanotoxicity studies. Our Chapter aimed at contributing
towards closing this gap by investigating the toxicity associated with three Ni/SiO2. CENs. The
materials were chosen to combine a non-toxic matrix (SiO2) with a metal with well-known high
toxicity, and then carefully designed to utilize the nanostructure to control the exposure of the

biological cell environment to the supported or embedded metal NP. Our results confirm that
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such nanostructuring can indeed strongly affect the toxicity of the resulting CEN and may hence
offer a promising path towards rational design of nanomaterials with lowered toxicity.

Interestingly, our results do not indicate that the altered toxicity can be correlated with
changes in the (direct) interactions of the metal NPs with the cellular environment, such as the
spatial barrier between the Ni NPs that are embedded into the silica matrix and hence have no
path of direct interaction with the cell. Instead, the differences between the CEN toxicities could
be traced back to differences in both cellular uptake and dissolution, presumably due to
formation of different protein coronas between those CEN that showed a silica-terminated
external surface vs those that were decorated with Ni NPs.

Remarkably, all three CENs were less toxic than a corresponding dose of NiCl; salt (i.e.
purely ionic Ni?*), despite the fact that cell exposure to the CENSs resulted in higher intracellular
Ni2* concentrations. This strongly suggests that the CEN serve as a “Trojan horse” that facilitates
uptake of Ni into the cell: While ionic Ni?* in solution (from the Ni salt) passively diffuse into
the cell and interacts with many cell organelles including the nucleus, Ni?* from the CENSs is
highly localized in the lysosomes, suggesting dissolution from the CEN in the acidic
environment. This shelters the cell at least temporarily from a higher dose of toxic exposure.
Overall, we were hence able to correlate the CEN structure with toxicity and propose as key
conclusion from the present study that the safest Ni/SiO> CEN configuration is one that limits
dissolution inside the cell. Since this conclusions is largely based on the physicochemical
properties of the CEN (i.e. dissolution and uptake, rather than the specific, complex interactions
and toxic pathways of the metal ions inside the cell), we propose that these conclusions are likely
to hold for a wide range of similar core@shell CENs in which metal NPs are embedded in a non-

toxic oxide shell.
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3.0 MITIGATING TOXICITY BY SLOWING DISSOLUTION OF NI?* WITH

THICKER SILICA SHELL

3.1 INTRODUCTION

Complex engineered nanomaterials (CENSs) are a rapidly emerging class of nanomaterials. They
combine two or more materials, usually within a hierarchal structure, to prevent NP deactivation
or sintering. These materials are not as readily studied for toxicity compared to individual (bare)
NPs. However, these CENs offer many advantages in systematically varying the structure
(altering NP embedding, composition, or shell thickness) to allow structure-toxicity correlations
to be determined. In Chapter 2.0 , we studied the toxicity on 3T3 fibroblasts associated with
three Ni/SiO2 CENSs that systematically varied the embedding of Ni NPs in a SiO> support. By
embedding the Ni NPs in the SiO2 support (compared to deposited externally on the support), we
were able to reduce the toxicity. These CENs were toxic via a Trojan horse mechanism: the
CENs were taken up into the cells and the Ni?* dissolution inside the cell led to the observed
toxicity. By embedding the Ni NP embedding we reduced the intracellular Ni?* dissolution.
Therefore, we hypothesize that by altering the silica shell thickness, we will be able to slow the
Ni2* dissolution even more. This slowed dissolution will cause a decrease in toxicity.

In this current Chapter we synthesized Ni NPs embedded in a hollow core surrounded by

a porous silica shell. We systematically varied the silica shell thickness from 8-15 nm. These
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CENs were characterized for physicochemical properties including settling and Ni?* dissolution.
The CENSs toxicity was determined by evaluating their effect on cell metabolism. We also
determined intracellular Ni?* concentration and the CEN uptake into the cell using fluorescently

tagged CENSs. This provided insight into the changes in intracellular Ni?* dissolution.

3.2 METHODS

3.2.1 hNi@SiO2 CEN with varying shell thickness synthesis

The hNi@SiO> CENs were synthesized using a one pot reverse microemsulsion sol-gel
procedure. First, 50 mL of cyclohexane (>99%) and 10.5 g surfactant Brij 58 (>99%
polyethylene glycol hexadecyl ether, My ~1124, Sigma-Aldrich) were refluxed at 50°C until the
surfactant was fully dissolved. 1.5 mL of 1 M NiCly in water was then added drop-wise. After 15
minutes, 1.5 mL of hydrazine hydrate (Sigma Aldrich) was added and allowed to stir for one
hour. Next, tetraethylorthosilicate (TEOS, >99%) was added, followed by ammonium hydroxide
(30%). After aging for silica growth, particles were precipitated with 2-propanol, collected via
centrifugation, washed three times with 2-propanol, and dried in air. The crushed powder was
then calcined in a Thermolyne 79300 tube furnace for 2 hrs at 500°C in air. To obtain the
different shell thicknesses, different amounts of TEOS and ammonium hydroxide were added
and the aging time was altered. For the 8 nm shell, 10 g of TEOS and 3 mL of ammonium
hydroxide were added. The solution was aged for 2 hours before the CENs were separated. For
the 11.5 nm shell 20 g of TEOS and 3 mL of ammonium hydroxide were added. The solution

was aged for 24 hours before the CENs were separated. For the 15 nm shell, 40 g of TEOS was
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added and 3 mL of ammonium hydroxide was added. After 2 hours of aging, an extra 4.5 mL
ammonium hydroxide was added. The solution was aged for 48 hours before the CENs were
separated.

The CENs were fluorescently tagged with an Alexa Fluor 488 NHS ester dye (Thermo
Fisher Scientific). 0.2 g CEN was dispersed in 1:1 H)O:HCI. 50 pL (3-
Aminopropyl)trimethoxysilane, and 50 pL 0.0155 M Alexa Fluor 488 NHS Ester were added
and the mixture was allowed to stir for 2 hours. The CENs were separated using centrifugation

and washed three times in DI water.

3.2.2 CEN size, morphology and surface area characterization

Particle measurements of TEM images were done wusing ImageJ software
(http://rsh.info.nih.gov/ij/). Scanning Electron Microscopy (SEM) equipped with EDX was used
at beam voltage of 15kV to determine elemental composition. Surface area and porosity were
determined by Brunauer Emmett Teller (BET) analysis using a Micromeritics ASAP 2020
surface area and porosity analyzer. Pre-treatment consisted of 2-3 hour degassing at 200°C under
vacuum. Typically, a 6-point BET analysis was used for total surface area measurement and an
84-point N2 Barrett-Joyner-Halenda (BJH) analysis with Halsey thickness curve correction and

Kruk-Jaroniec-Sayari correction for pore size and volume determination.

3.2.3 Ni?* dissolution

The degree of Ni?* dissolution from the CENs in E3 medium was determined at specific time

points. Six mL dispersions (100 mg Ni/L) were prepared in 3T3 media. CENs were removed
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from the dispersions by centrifugation followed by filtration (Amicon 10,000 molecular weight
cut-off filters, ~3.1 nm). HNO3z (Sigma, 70%) was added dropwise to the filtrate to a
concentration of 3 wt%. Dissolved Ni?* was measured under radial detection by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Thermo Electron Corporation
ICAP6500 Duo Series ICP-OES Spectrometer). Standards were formulated from a stock standard

solution (Fischer Scientific) with 3 wt% HNO3 in deionized water to generate a standard curve.

3.2.4 Nanomaterial suspension preparation

CEN media solutions were made by exposing the dry CENs to an UV environment for one hour
to sterilize the materials. Initial 300 mg Ni/L concentration was made by adding CENs to 3T3
media supplemented with 20 mM HEPES buffer and sonicated for 15 minutes. Next, the CENs

were serially diluted to the necessary concentrations and added immediately to the wells.

3.2.5 Cell culture

Mouse-derived NIH 3T3 fibroblasts were used to evaluate the toxicity associated with the Ni
materials. Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Life
Technologies) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 1%
penicillin streptomycin (P/S, Life technologies), referred to as 3T3 media. The cells were
cultured at 37°C in 5% COz environment. Cells were passaged at 70% confluency (every 2-4
days). For LIVE/DEAD analysis, the cells were plated in 6-well plates at 500,000 cells/well. For

all other assays, cells were plated at 100,000 cells/well in 24-well plates.
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3.2.6 MTS metabolism

CellTiter 96® AQueous One Solution Cell Proliferation Assay MTS assay (Promega) was used
to assess the cell metabolism, according to manufactures instructions. Briefly, twenty-four hours
after seeding the cells, 0-300 mg Ni/L NiCl> or CEN media was added to the wells. The cells
were exposed for 24 hours, after which the media was aspirated out and 3T3 media (without
CENs or NiCly) with 20% MTS was added. The cells were incubated for 1 hour, and the

absorbance at 490 nm was measured with a Synergy 2 multimode Microplate Reader.

3.2.7 Newport green

Newport Green™ DCF indicator (NPG, Life Technologies) was used to analyze the intracellular
Ni?* concentration 1%. After a 24 hour propagation, the cells were exposed to 0-300 mg Ni/L
NiClz2 or Ni/SiO2 CEN for 24 hours. Next, 10 uM NPG was incubated with the cells for 20
minutes at RT. Immediately following incubation, the cells were dissociated using trypsin,
centrifuged, rinsed, and resuspended in PBS. Finally, an Accuri C6 flow cytometer was used to
quantify the fluorescent intensity (488 nm). At least 10,000 events were collected per sample to

obtain a viable histogram.

3.2.8 CEN uptake

CEN uptake was determined using fluorescently tagged CENs. After a 24 hour propagation, the
cells were exposed to 0-300 mg Ni/L Ni/SiO2 CENs for 24 hours. After exposure, the cells were

dissociated using trypsin, centrifuged, rinsed, and resuspended in PBS. An Accuri C6 flow
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cytometer was used to quantify the FL1 fluorescent intensity. At least 10,000 events were

collected per sample to obtain a viable histogram.

3.2.9 Statistics

Data for each of the assays were parametrically distributed. To compare the effects of multiple
different concentrations of each nanomaterial with embryo buffer in the same experiment, we
employed one-way ANOVA followed by Dunnett’s test!?”. * indicates p<0.05. Three

independent experiments were conducted for each endpoint with three replicates per condition.

3.3 RESULTS AND DISCUSSION

3.3.1 Characterization of Ni/SiO2 CENs

Ni NPs embedded in a hollow core with a porous silica shell (hNi@SiO2) were synthesized with
multiple shell thicknesses (8 nm, 11nm, 15 nm; hNi@SiO2®*"™, hNi@SiO.!"™, hNi@SiO,°™,
respectively) using a reverse microemulsion sol-gel synthesis. Transition electron microscopy
(TEM) images of the Ni/SiO, CENs are shown in Figure 12, and material characteristics are
summarized in Table 3. The Ni NPs are similar in size (<2 nm). As the shell thickness increased,

the Ni weight loading decreased. Additionally, as the shell thickened, the surface area increased.
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C. hNi@SiO, 5™

Figure 12. TEM images of typical (a.) hNi@SiO2®"™, (b.) hNi@SiO;**"™ and C. hNi@SiO,'*"™. Scale bar is 100 nm.

Table 3. Ni loading (from EDX), CEN particle size (from TEM), SiO- shell thickness (from TEM), and surface area

for hNi@SiO- with shell thickness from 8-15 nm, shown in Figure 12.

CEN Ni Dp, primary SiO2 shell Surface area
loading | particle (nm) | thickness (nm) (m?/g)
(Wt% Ni)
hNi@SiOz8™ 8.1 28.3+35 8+0.8 114
hNi@SiOyMm™ 6.5 32.7+51 115+11 175
hNi@SiO,™ 4.3 413+7.7 15+21 229

3.3.2 Ni?* dissolution slows as shell thickness increases

lon dissolution from the NP has been shown to be an important toxicity mechanism for metal
NPs30108-110 - including nickel®103104111 = Additionally, our previous study indicated that the

intracellular Ni?* dissolution from the Ni NP was responsible for the observed toxicity (Chapter
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2.0). Thus, we hypothesize that by thickening the silica shell, we will slow the dissolution of the
Ni NP by elongating the diffusion pathway. The metal dissolution from the CENs was
characterized by dispersing the CENs in 3T3 media (DMEM supplemented with 1% P/S and
10% FBS) and removed at specific time points using centrifugal ultrafiltration. The dissolved
Ni2* concentration in the solution was then determined via ICP-AES. Figure 13 shows the Ni?
dissolution at three time points over 24 hours. As we hypothesized, as the shell thickness
increased, the dissolved Ni?* concentration reduced (hNi@SiO*®"™ dissolved 2.3 mg Ni/L;

hNi@SiO2"™ dissolved 3.6 mg Ni/L; hNi@SiO28"™ dissolved 7.7 mg Ni/L).

s _w hNi@Si0,8
— hNi@SiO,™
—& e hNI@Si0,"5 "™

0 4 8 12 16 20 24
Time (hr)

Figure 13. Dissolved Ni?* concentration from hNi@SiO, CENSs with different SiO; shell thicknesses in 3T3 media

at room temperature for 24 hours with a starting concentration of 200 mg Ni/L.
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This reduction in dissolved Ni?* concentration is likely due to a slowing of the Ni%*
dissolution. Using Einstein’s equation for diffusion, Equation 1, we were able to find the time
necessary for the Ni?* to diffuse through the pores'®. However, this equation assumes that only
inter-particle collisions are relevant and does not account for interactions between the pore and
the molecule. Since the size of the pore (8 A) and the size of the Ni?* (6 A) are similar, we would
expect interactions between the pore wall and the Ni?*. As an initial step to account for this, the
diffusion coefficient was corrected using the Renkin equation which corrects for the

hydrodynamic hindrance factor!,

(o]

H—l’?"

Equation 1. D is diffusion coefficient'®2. L is pore length. t is time.

We are interested in the relative acceleration/slow-down caused by the pore elongation.
To achieve this ratio, the calculated time for each shell thickness was normalized to the
calculated time for the Ni%* to diffuse through the hNi@SiO2®"™. As expected, as the pore shell
thickness increases, the relative time to diffuse throughout the pore increases. Ni%* diffusing
through the 11 nm pore would be expected to take 1.89X as long as the 8 nm. This would result
in a 52% reduction in Ni?* media concentration. The Ni?* diffusing through the 15 nm pore
would be expected to take 3.5X as long. This would reduce the Ni?* concentration in the solution
by 28%. This calculated reduction in Ni?* concentration agrees with the observed experimental

reduction in Ni%* concentration (47% for the hNi@SiO2'"™ and 30% for the hNi@SiO,!°"™).
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This suggests that the reduction in the Ni?* concentration in the media indeed might be due to the

elongated pathway for Ni?* diffusion through the silica shell.

3.3.3 CEN settling increases as shell thickness increases

CEN settling can modify the effective cell exposure and is hence of critical importance for
nanotoxicity studies in aqueous medial'?!!3, UV-visible spectroscopy was used to measure
settling for 200 mg Ni/L CEN dispersed in 3T3 media, Figure 14. As the shell thickness
increased, the settling rate increased. This could lead to a higher dosing of hNi@SiO2 with

thicker shells and must be considered when comparing toxicity results and rankings.

1 »
0.75 4
f 05 —— hNi@SiQ,m
< —— hNi@SiO," nm
0.25 | —— hNi@SiO,'5
O T T T 1
0 50 120 180 240

Time (min)

Figure 14. 200 mg Ni/L CEN settling behavior in 3T3 media over four hours. The absorbance at each time point

was normalized by the initial absorbance at time zero.
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3.3.4 Toxicity of hNi@SiO2 CENs

3T3 fibroblasts are used as an FDA standard test model for evaluating biomaterials!**'®. They
are a robust, inexpensive cell line that is finding increasing use in nanotoxicity studies®®16:117, A
24 hour exposure time was selected to study toxic effects associated with an acute exposure, in
addition to reducing complications associated with multiple cell-division cycles. Seven
concentrations between 0-300 mg Ni/L were chosen to thoroughly study the Ni materials’ effects
on cell viability. NiCl, was previously studied and reported as a control to mimic the toxicity

associated with ionic Ni?* dissolved from the CENs (Chapter 2.0 ).

3.3.5 Cell metabolism decreased as shell thickness decreased

After 24 hour exposure, the metabolism of the cell population was analyzed using MTS, which
monitors the bioreduction of a tetrazolium compound into a red formazan product. Figure 15
presents the cell metabolism normalized to the control cell metabolism (with no CEN exposure),
after a 24 hour exposure. The hNi@SiO,%"™ was the most toxic material in which ~75 mg Ni/L
caused a 50% reduction in cell population metabolism. Interestingly, the hNi@SiOz*"™ and
hNi@SiO2®"™ caused no significant change in metabolism compared to the control cells.
Additionally, there was no distinguishable difference in toxicity between these two materials,

suggesting the presence of a critical shell thickness.
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Figure 15. Cell metabolism, normalized to the control cells, after 24 hour exposure to 0-300 mg Ni/L hNi@SiOz%™

or hNi@SiO2!"™ or hNi@Si02*". *indicates p>0.05 Dunnett’s test, compared to control'%’.

3.3.6 Toxicity mechanism

Thus far, there is a clear correlation between the shell thickness and the corresponding toxicity:
As the SiO> shell thickness increased, the toxicity initially decreased but reached a plateau for
thicker shells. Our previous studies indicate that our Ni/SiO> CENSs are toxic via a Trojan horse
mechanism. Thus, the Ni NP acts as a delivery vehicle and are taken up by the cell. The
subsequent Ni?* dissolution inside the cell causes toxicity (Chapter 2.0 )1%1%4 Thus, we
hypothesize the thickening of the silica shell is slowing the intracellular dissolution (as well as

the extracellular media dissolution). This would reduce the Ni?* concentration in the cell, and
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thus cause the observed reduced toxicity. To determine if this hypothesis holds, the intracellular

Ni2* concentration was evaluated and followed by the quantification of the CEN uptake.

3.3.7 Intracellular Ni?* concentration decreases as shell thickness increases

Since Ni?* (and not the Ni NP itself) are expected to be the toxic source, we evaluated the
intracellular Ni?* concentration using Newport Green, a fluorescent dye whose fluorescence is
enhanced in the presence of Ni?* but not bulk Ni'%1%,_ Cells were exposed to 0-200 mg Ni/L
CEN for 24 hours, followed by addition of the Newport Green dye. The cells were then collected
and the intracellular Ni?* concentration was analyzed using flow cytometry. The fluorescent
intensity was normalized to the control cells, Figure 16. The intracellular Ni?* concentration
decreased with increasing shell thickness. There was a large decrease in intracellular Ni?*
concentration from 8 to 11 nm. As the shell thickened from 11 to 15 nm, there was a slight
decrease in intracellular Ni** concentration. However the decrease in intracellular Ni?*

concentration was not as large as the drop from 8-11nm.
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Figure 16. NPG fluorescent intensity, normalized to control cells, after 24 hour exposure to 0-200 mg Ni/L

hNi@SiO, CENs with different shell thicknesses.

Further, we wanted to determine if the intracellular Ni* concertation was solely from the
Ni?* that was dissolved in the media. To do this, we compared the fluorescent enhancement
observed after exposure to the CENs with the correlating fluorescent enhancement from the
NiCl. salt concentration (i.e. the Ni?* concentration expected from the dissolution experiment)
(Figure 13). For example, 100 mg Ni/L hNi@SiO,'!"™ dissolved 3.65 mg Ni/L over 24 hours.
This correlating NiCl> concentration had no presence of fluorescent enhancement. However, the
cells exposed to 100 mg Ni/L hNi@SiO2''"™ indicated a 2.3X increase in NPG fluorescent
enhancement. Therefore, this suggests that the intracellular Ni?* concentration is dominated by
the intracellular dissolution. However the dissolution in the media which passively diffuses into

the cell does play a slight role. This trend was evident for all the tested materials. Therefore,
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there was evidence for a nano-specific effect that requires the uptake of the CEN to cause
toxicity (a Trojan horse mechanism).

The intracellular Ni?* concentration agrees well with the toxicity ranking and supports a
Trojan horse mechanism. However, it still needs to be determined if the reduction in intracellular
Ni%* concentration was due to the reduction in CEN dissolution, or due to a reduction in CEN
uptake due to changes in the materials size. Next, we determined the uptake of the CEN using

fluorescently tagged CENS.

3.3.8 hNi@SiO2 with different shell thickness is taken up similarly

There is clear correlation between the reduction in cell metabolism and the intracellular Ni?*
concentration. However, this reduction in intracellular Ni?* concentration can be due to either a
reduction in CEN uptake or a reduction in dissolution. Hence, we determined the CEN uptake
into the cell. CENs were tagged with an Alexa Fluor dye and the fluorescently tagged CENs
were exposed to the cells for 24 hours. After the exposure, the cells were collected and analyzed
for fluorescent intensity using flow cytometry. The fluorescent intensity was normalized to the
control cells natural fluorescent, Figure 17. Due to the change in CEN size (from the thicker
silica shell), the surface area increased. This led to an increase in Alexa Fluor dye concentration
per CEN. Hence, the hNi@SiO,"™ CEN would seem to have a higher uptake than the other
CENSs due to the increase in fluorescence per CEN. To correct for this, the average fluorescent
intensity per CEN was determined by analyzing the fluorescently tagged CENs in flow
cytometry (no cells present). The fluorescent intensity of each CEN was then normalized to the
fluorescent intensity of the hNi@SiO-®"™. Thus, the changes in fluorescence intensity was
weighted based on the CEN fluorescence intensity. hNi@SiO2®"™ was taken up at a slightly
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faster rate (~7-10% increase) than the hNi@SiO.''"™ and hNi@SiO,*"™. This suggests that even
though the CEN size increased (from 28 to 41 nm) and there was an increase in settling, and
hence possible dosing, for the thicker shell CENs (Figure 14) there was no drastic changes in
CEN uptake. The cell was able to efficiently take up all three CENs at similar rates. Moreover,
the hNi@SiO "™ and hNi@SiO,™®"™ were shown to be non-toxic due to the reduction in
intracellular Ni?* concentration. Thus, as hypothesized, the thicker shell caused the Ni?*

dissolution from the embedded Ni NP to be slowed, which led to a reduction in toxicity.
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Figure 17. Cell fluorescent intensity, normalized to control, after exposure to 0-200 mg Ni/L fluorescently tagged

hNi@SiO, CENs with different shell thickness for 24 hours.
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3.4  CONCLUSION

Based on our previous work, we determined that our Ni/SiO2 CENs were toxic due to a Trojan
horse mechanism and the degree of toxicity was reliant on the intracellular Ni?* dissolution.
Hence, we took this observation and designed a safer nanomaterial by thickening the SiO> shell
and slowing the Ni?* dissolution while maintaining Ni NP accessibility and functionality. We
systematically studied the effect the silica shell thickness had on toxicity and determined that as
the shell thickness increased, there was a decrease in toxicity. This change in toxicity was linked
to the reduction in dissolution, both in 3T3 media and intracellular Ni?* dissolution. Interestingly,
there was a rapid decrease in toxicity, and Ni?* dissolution, as the shell increased from 8 to 11
nm. However, there was no benefits to increasing the shell thickness past 11 nm in terms of
reducing toxicity. The cell is capable of protecting itself from a certain Ni®* concertation. By
continuing to increase the shell, and hence decreasing the ion dissolution, the cells were not
relieved from a stress it cannot handle itself. However, it is important to note that this critical
Ni?* concentration is dependent on the model used. Therefore, it may be crucial to use a
materials with a 15 nm silica shell (or even thicker) to eliminate the toxicity.

Our results demonstrate that safer nanomaterials can be designed utilizing a thicker silica
shell and is likely applicable to other metals. By increasing the shell thickness, the ionic
dissolution can be designed to be below the no observed effect level (NOEL) while still
providing accessibility and functionality of the embedded NPs.

While the 3T3 fibroblasts are a well-suited model for determining the toxicity
mechanisms associated with CENSs, it lacks physiological relevancy. Therefore, the next

Chapters investigate the CENs toxicity using an in vivo zebrafish (Danio rerio) model.
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40 THE DEVELOPMENTAL TOXICITY OF COMPLEX SILICA-EMBEDDED
NICKEL NANOPARTICLES IS DETERMINED BY THEIR PHYSICOCHEMICAL

PROPERTIES

4.1 INTRODUCTION

Nanomaterials are about to fundamentally alter how we exploit the chemical and physical
properties of materials. This raises the possibility that unexpected nano-specific toxicity will
occur through mechanisms that cannot be extrapolated from the analogous bulk material
properties!®13313° The size range over which reported nanotoxicity is greatest (d < 20 nm)®
correlates with the range in which most of the unique and desirable properties of nanomaterials
appear’®®, and development and production of materials in this size range is rapidly
accelerating®*. Consequently, there is an urgent need to develop methods that allow for sensitive
and high-throughput evaluation of nanomaterial toxicity.

In practice, nanoparticles (NPs) are rarely used as independent structures because they
tend to aggregate and/or sinter, resulting in deactivation and loss of their desired nano-specific
properties. To overcome deactivation, nano-enabled materials are often designed as multi-
component materials which embed active NPs within a protective matrix’2”. When these

multicomponent nanomaterials are rationally designed in hierarchical nanostructures, they are
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often referred to as complex engineered nanomaterials (CENs). CENs are expected to dominate
future nanomaterials. However, to date, few studies have been conducted on CENSs, despite the
observations that, compared to single component nanostructures, the toxicity of CENs can be
enhanced®"*® or attenuated®,

In order to guide the design of safer nanomaterials, a thorough characterization of the
materials’ physicochemical properties is critical in order to identify robust structure-toxicity
correlations. Size, shape, surface area, surface chemistry, aggregation, agglomeration, settling,
and dissolution have all been identified as key material properties that can be indicators for
nanotoxicity?®. These material attributes are often difficult to characterize for CENs due to their
increased structural and compositional complexity compared to single-component materials. A
systematic variation of the nanoconfiguration of a CEN with defined composition, combined
with a thorough physicochemical characterization, allows to break down this complexity and can
hence offer a novel approach towards studying how structural properties affect toxicity. This can
offer insights into the design of safer nanomaterials through specific nano-configurations that
minimize toxic properties, and allows prioritizing high risk materials for further evaluation®%:,

Zebrafish (Danio rerio) provide a rapid, inexpensive, and well-characterized model to
evaluate the toxicity of chemical structures in a vertebrate organism in vivol%13%140 They are
prolific breeders, producing between 50-100 offspring with each mating. Zebrafish embryos and
larvae are small and can be housed in 96-well plates'*!. This provides a convenient and powerful
format for high-throughput assays to evaluate the toxicity of different compounds rapidly and
over a range of concentrations®. As a vertebrate, the zebrafish shares a common basic body plan
with other vertebrates, including mammals, and many molecular mechanisms governing early

embryogenesis are also shared!#2-144, Consequently, zebrafish assays may provide insights into
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the teratogenic potential of test compounds in humans'#>!4¢. Furthermore, zebrafish develop
rapidly and externally, allowing direct observation of survival and morphology, which can be
employed as simple assay end-points in parallel with sensitive physiological measurements such
as assays of neurological function':145, Zebrafish are also uniquely placed as a model to provide
insights into the harmful effects of industrial discharges on aquatic life. In view of these
advantages, zebrafish are already used to test the toxicity of chemicals and drugs!4t47-149,
including early life stage toxicity tests of ToxCast Phase | chemicals using high throughput
assays such as survival and malformations'®. More recently, zebrafish embryos and larvae have
been used for nanotoxicological research, using simple and robust end points, such as
mortality®®-111151-153 - hatching34110.140.154-159 * malformation®®16t, Significantly, zebrafish larval
motility has now been employed as an endpoint in several developmental nanotoxicity studies,
and validated as a separate index of neurodevelopmental outcome®®162-164 |n comparison with
other vertebrate models, zebrafish studies are characterized by low cost'®®, and high throughput,
due to the prolific breeding potential of adult zebrafish and the ability to study a large number of
animals in parallel with limited space requirements. Additionally, automated assays measuring
neurobehavioral parameters can be carried out in samples of 96 animals simultaneously,
substantially increasing the throughput in comparison with mammalian models. Zebrafish studies
typically focus on the first five days post fertilization, during which there is rapid development
from the single-cell stage to a free-swimming vertebrate with all major organogenesis complete
and a repertoire of simple and complex behaviors. Together, these properties of the zebrafish
model allow multiple concentrations of different toxicants to be evaluated quickly and in

parallel, with functional and morphological end points relevant to vertebrate embryogenesis and

physiology.
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In the present study, we investigated the toxicity of well-defined nanostructured nickel-
silica CENs. Nickel NPs are finding widespread applications in industrial catalysis®®®® and are
often supported on silica®*®* to enhance reactivity and stability. However, nickel NPs have been
shown to be toxic®% in both in vivo and in vitro models, while amorphous silica is generally
reported to be non-toxict®1%7 Workers in chemical plants and the fuel processing industry are at
risk for occupational exposure to nickel and silica CENs. It is therefore important to fully
understand the toxicity associated with these materials®>%.

We selected three morphologies representing prototypical complex engineered
nanomaterials: (i) materials in which nickel NPs are deposited on the external surface of a silica
particle (Ni-SiO), and (ii) hollow and (iii) non-hollow core-shell materials (hNi@SiO2 and
nhNi@SIiO», respectively), which consist of nickel NPs embedded into (porous) silica shells.
These materials are thus compositionally complex and rationally designed to have a well-
controlled hierarchical structure and hence constitute prototypical CENs. We hypothesize that
the structure and embedding of the nickel NPs in the amorphous silica will alter the CENs
physicochemical properties and thus affect their toxicity. In order to test this hypothesis, these
CENSs were subjected to thorough physicochemical characterization, including the determination
of dissolution, settling and aggregation properties. The toxicity of these materials was then
evaluated in zebrafish larvae, using three complementary endpoints: survival, developmental
morphology and motor function. The first two are considered robust, established assays in
nanotoxicology, whereas motor function is a novel and recently emerging assay for evaluating

nanotoxicity.
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4.2 METHODS

4.2.1 Ni/SiO2 CEN synthesis

Ni/SiO> CENs were made using a one-pot, multi-step reverse microemulsion synthesis
previously developed in our laboratory. The three nanomaterials utilized variations of the same
synthesis protocol, assuring close structure similarity. Hollow Ni@SiO> (hNi@SiO2) materials
were synthesized using a one-pot reverse microemulsion synthesis previously developed in our
laboratory. First, 50 mL of cyclohexane (>99%) and 10.5 g surfactant Brij 58 (=99%
polyethylene glycol hexadecyl ether, Mn ~1124, Sigma-Aldrich) were refluxed at 50°C until the
surfactant was fully dissolved. 1.5 mL of 1 M Ni(NO3)26H20 (99.999%) was then added drop-
wise, followed by 1.5 mL hydrazine hydrate (Sigma-Aldrich) to form a nickel hydrazine
complex. Next, 5 g of tetraethylorthosilicate (TEOS, >99%) was added, followed by 3 mL of
ammonium hydroxide (30%). After 2 hours of aging for silica growth, particles were precipitated
with 2-propanol, collected via centrifugation, washed three times with 2-propanol, and dried in
air. The crushed powder was then calcined in a Thermolyne 79300 tube furnace for 2 hours at
500°C in air.

Non-hollow Ni@SiO2 (nhNi@SiO2) CENs were made by a simple modification of the
hNi@SiO2 synthesis method, omitting the hydrazine addition step. Absence of the micelle-
stabilizing Ni-hydrazine complex results in the formation of a solid (but porous) silica particle
with embedded Ni NPs throughout the silica matrix. The precipitated material was dried and
calcined as described above. To remove external nickel from the materials, calcined particles

were reduced and etched in nitric acid by dispersing 0.20 g of material in agueous nitric acid (35
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vol%) for 30 min. The etched materials were washed twice in water to neutral pH, dried, and
calcined.

For surface-deposited Ni-SiO., nickel-free spherical silica spheres were first synthesized
using the microemulsion nhNi@SiO2 procedure above but replacing aqueous Ni salt with 1.5 mL
deionized (DI) water. Following calcination of the Ni-free silica, a deposition-precipitation
method, modified from Deng et al.1%, was used to deposit very small and near-monodisperse
nickel NPs on the surface of the calcined silica spheres. 0.6 g of silica NPs were dispersed in 15
mL of DI water by sonication, Ni salt solution was added (0.55 g NiCl. in 10 mL DI water), and
the mixture was again sonicated for 20 min. Ammonium hydroxide (30%) was then added drop-
wise (~5 mL, 52 drops, slowly over 20 min) until the pH of the solution was ~9.5. The resulting
material was mixed for 20 min, centrifuged, dried, calcined at 300°C in air, rinsed twice in DI

water, dried, and calcined again at 300°C in air.

4.2.2 CEN size and surface area characterization

CEN size and morphology were characterized with transition electron microscopy (TEM, JEOL-
2000FX electron microscope). Particle measurements of TEM images were done using ImageJ
software (http://rsh.info.nih.gov/ij/). Scanning Electron Microscopy (SEM) equipped with EDX
was used at beam voltage of 15kV to determine elemental composition. Surface area and
porosity were determined by Brunauer Emmett Teller (BET) analysis using a Micromeritics
ASAP 2020 surface area and porosity analyzer. Pre-treatment consisted of 2-3 hr degassing at
200°C under vacuum. Typically, a 6-point BET analysis was used for total surface area
measurement and an 84-point N. Barrett-Joyner-Halenda (BJH) analysis with Halsey thickness
curve correction and Kruk-Jaroniec-Sayari correction for pore size and volume determination.
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4.2.3 CEN aggregation size characterization

CEN dispersions were tested by dynamic light scattering (DLS, Zetasizer Series Nano-ZS) to
estimate the hydrodynamic diameter of the CEN in E3 medium (49 mM NaCl, 1.6 mM KCI, 3.3
mM CaCly, 3.3 mM MgSOs, pH 7.4). E3 medium was chosen as it is the zebrafish medium used
for the toxicity studies. The samples were first dispersed by sonication and then ~1 mL of
dispersed solution was added to a cuvette. The refractive index of silica was used for all

measurements.

4.2.4 CEN settling

CEN Settling was measured by UV-Visible spectroscopy (Beckman Coulter DU720). Path
length was 1 cm and wavelength was 287 nm. CENs were dispersed in E3 medium and deposited

in a cuvette to a liquid height of 1.27 cm.

4.2.5 CEN Ni?* dissolution

Dissolved trace metal ion concentration was measured under radial detection by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Thermo Electron Corporation
ICAP6500 Duo Series ICP-OES Spectrometer). Standards were formulated from a stock standard
solution (Fischer Scientific) with 3 wt% HNO3 in deionized water to generate a standard curve.
The degree of nickel ion dissolution from the CENs in E3 medium was determined at specific
time points. 10 mL dispersions (200 mg Ni/L) were prepared in E3 media. CENs were removed

from the dispersions by centrifugation followed by filtration (Amicon 10,000 molecular weight
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cut-off filters, ~3.1 nm). HNO3z (Sigma, 70%) was added dropwise to the filtrate to a

concentration of 3 wt%.

426 CEN SiO2dissolution

Dissolved silica concentration was measured using the ASTM D859-00 standard test method for
silica in water'®®, Briefly, 10 mL dispersions (200 mg Ni/L) were prepared in E3 media. At
specific time points the CENs were removed by centrifugation followed by filtration. 0.2 mL of
HCI (1:1 water:acid) and 0.4 mL of ammonium molybdate (75 g/L, Sigma-Aldrich) was added in
succession to the collected sample. After five minutes, 0.3 mL of oxalic acid (100 g/L, Sigma-
Aldrich) was added. 0.4 mL of amino-naphthol-sulfonic acid (0.5 g 1-amino-2-naphthol-4-
sulfonic acid + 150mL DI water + 1 g Na,SO3z + 30 g NaHSO3) was added after 1 minute. After
ten minutes the absorbance was read at 815 nm using UV-Visible spectroscopy. A blank was

prepared using E3 medium without CENSs.

4.2.7 Zebrafish studies

Zebrafish studies were carried out in compliance with all federal and local regulations, in
accordance with NIH guidelines for animal care and use and with full approval from the
University of Pittsburgh Institutional Animal Care and Use Committee. Embryos for experiments
were generated by crossing healthy adult WT strain AB zebrafish of 4 — 12 months of age. The
afternoon before mating, zebrafish were placed in breeding tanks with false bottoms, and
dividers to separate males and females. On the morning of mating the divider was removed at

08:00 when the zebrafish facility lights are illuminated to allow breeding. Timed embryos were
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collected within the first hour of breeding. The embryos were washed in system water and then
E3 buffer and transferred to 10cm plates containing E3 buffer with methylene blue (0.0001%
w/v). A maximum of 30 embryos were housed in each dish. Plates were kept at 28.5°C in an
incubator with white light illumination (color temperature 4900K; brightness 200 Lux) on a
light-dark cycle (14 hours light:10 hours dark, light starts at 08:00). At 24 hours post-fertilization
(hpf) embryos that showed developmentally appropriate morphology, Prim-5 as defined by
Kimmel et. al.}*4, and a visible heart beat were mechanically dechorionated and transferred to
fresh E3 without methylene blue at 28.5°C. After two further rinses in E3 without methylene
blue, animals were randomly split into separate experimental groups and one healthy embryo
was transferred to each well of a 24-well plate. Dried CEN powder was weighed, added to E3
media, and sonicated 20 min. Serial dilutions were then prepared volumetrically. The solutions
were re-dispersed by sonication for 1-2 minutes immediately prior to addition to the well. The
bulk of the E3 buffer was removed from the well prior to adding the nanoparticle suspension, so
that any dilution of the nanoparticle from E3 carryover was minimal quantitatively insignificant.
In accordance with standard zebrafish rearing procedure no external source of nutrients was
added during the 4 days exposure while zebrafish naturally depleted their yolk!®. Zebrafish
embryos were mechanically dechorionated and incubated for four days at 28.5°C and analyzed
visually each day for survival and developmental malformations. Solutions were not changed
over the course of the experiment to eliminate a buildup of NP concentration during the multi-
day exposures. The excess volume of buffer in each well was adequate to ensure that the control
groups developed normal morphology and motor function. 12-18 embryos were tested at each

concentration of toxicant per experiment.
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4.2.8 Zebrafish larval motility behavior

Zebrafish embryos were exposed to CENs at 24hpf as detailed above; surviving larvae were
collected on day 4, zebrafish larvae displaying morphological abnormalities were excluded from
the motor assays. The zebrafish larvae were washed three times in E3 medium to remove
residual particles by being gently transferred in E3 using a Pasteur pipette. The washed zebrafish
were then transferred to a 96-well plate. Motor function was then analyzed as described in detail
in our previous work!’%1"t Briefly, a video stream of zebrafish moving in the wells of a 96-well
plate was captured at two frames/s. Video recordings were analyzed using the open source
LSRtrack and LSRanalyze MATLAB scripts that we reported and extensively validated

previously!’®172 All video recordings were taken at the same time of the day (between 2-5 pm).

4.2.9 Zebrafish nickel uptake

Nickel uptake was determined by collecting surviving embryos and larvae upon termination of
the experiment to measure cumulative metal uptake. Briefly, larvae were transferred to clean 12-
well plates in groupings by dose, rinsed 5 times in fresh E3 medium to rinse residual external
particles from surface of the zebrafish, euthanized using 10% sodium hypochlorite and rinsed 5
times with E3 media. Residual medium was then removed and zebrafish were dried in air. A
dissolving procedure by Borgmann et al.1” was used beginning with addition of nitric acid (12.5
pL/fish, 70%, Fischer Scientific) followed by at least one week digestion followed by addition of
hydrogen peroxide (10 pL/fish, 30%, JTBaker) and 24 hours digestion. Resulting solutions were
diluted up to 8 mL and the Ni concentration was measured via ICP-AES. The number of rinse

cycles was determined by repeating washes until the nickel uptake measurement became
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independent of the number of washes. Furthermore, an independent experiment was conducted
with fluorescent CENSs, confirming the absence of detectable CENs attached to the zebrafish

larvae exterior after five washes.

4.2.10 Statistics

Data for each of the assays were parametrically distributed. To compare the effects of multiple
different concentrations of each nanomaterial with embryo buffer in the same experiment, we
employed one-way ANOVA followed by Dunnett’s test!%”. * indicates p<0.05 and *** indicates
p<0.001. Three independent experiments were conducted for each zebrafish endpoint with 12-18

fish per condition.

43 RESULTS

4.3.1 Characterization of Ni/SiO2 CENs

Transition electron microscopy (TEM) images of the Ni-containing CENs are shown in Figure
18, and material characteristics are summarized in Table 4. For all three CENSs, the nickel NPs
are similar in size (~1- 2 nm) and nickel content is ~9-12 wt%. The composite NPs are spherical
and ~40-55 nm. The silica porosity and surface area are also similar, with surface areas of ~200-
300 m?/g and average silica pore diameters of ~0.7 nm (OFigure 52). The silica microstructure is
amorphous and the embedded nickel particles are crystalline (OFigure 53). All three materials

share common chemical compositions and have similar dimensions, and differ in nanostructure
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alone. Occasional necking between adjacent particles in TEM indicates the presence of some
aggregation in the synthesized material (likely due to formation of oxygen bridges during
thermal treatment). To assess agglomeration in the zebrafish E3 medium (49 mM NacCl, 1.6 mM
KCI, 3.3 mM CaCly, 3.3 mM MgSOg4, pH 7.4), CENs were dispersed in E3 medium solution by
sonication, and agglomerate sizes were measured using dynamic light scattering (DLS, Table 4).

After dispersion in E3 media, all three CENs agglomerate to similar sizes.

Figure 18. TEM images of typical (a.) metal-free SiO2, (b.) Ni-SiO, (c.) nhNi@SiO; and (d.) hNi@SiO; samples.

Scale bars are 200 nm for larger images (black) and 50 nm for smaller pictures (white).
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Table 4. Ni loading (from EDX), Ni particle size (from TEM)(dry) CEN particle size (from TEM), and CEN

agglomerate size suspended in E3 medium (from DLS) for hNi@SiO2, nhNi@SiO2, and Ni-SiO2 CENs shown in

Figure 18.
CEN Ni loading | Dy, Ni particle Dp, primary particle Mean size in E3
(Wt% Ni) (nm), n=# (nm), n=# particles medium suspension,
particles counted (nm)
counted
hNi@SiO> 9.0+0.9 <2 43.26 £ 7.2,n=105 301 + 22
nhNi@SiO, | 9.6+04 | 25+0.4,n=55 41.2 + 8.5, n=102 292 + 27
Ni-SiO2 119+32 | 21+0.4,n=73 54.5+8.2,n=112 322+ 77

4.3.2 Ni?* dissolution

Dissolution of metal ions from metal NPs is an important mechanism mediating the toxicity of
metals3%109110.164 “including nickel®®!!, Therefore we asked if purely metal dissolution from the
CENSs into the medium correlated directly with toxicity to suggest a mechanistic link!™. Nickel
dissolution was determined by dispersing 200 mg Ni/L of CEN in E3 zebrafish embryo medium
for five days. 200 mg Ni/L was chosen as it was the highest concentration used to analyze
zebrafish larvae malformations and motility toxicity. This concentration also provides the
maximum nickel ion dissolution expected over the course of the study. At specific time points,
the CENs were separated using centrifugal ultrafiltration, and inductively coupled plasma atom

emission spectroscopy (ICP-AES) was used to determine the amount of ionic nickel. For all

67



materials, the rate of dissolution was initially rapid (one and four hour time point), but gradually
slowed after the first 24 hours (Figure 19). Ni-SiO2 CENs showed the highest Ni ion dissolution
(16.1 mg Ni/L) while hNi@SiO> (5.04 mg Ni/L) and nhNi@SiO> (4.3 mg Ni/L) CENs exhibited
similar Ni ion concentrations at day five. However, the initial dissolution rate of hNi@SiO was
almost double the nhNi@SiO; dissolution rate. To furthermore assess potential differences in
dissolution of the particles after uptake by the zebrafish embryos and larvae, i.e. to mimic the
acidic conditions that the CEN will experience during endocytosis (i.e. in a lysosome), we also
studied dissolution in a low pH environment (pH=4.5). Dissolution was determined as described
previously, but the E3 medium pH was adjusted to 4.5 by adding 0.1 M HCI dropwise over 15
minutes (~1-2 mL) until the monitored pH reached 4.5. While this cannot perfectly mimic the
lysosome environment, these experiments yield insight into differences in dissolution due to pH
differences alone, which is expected to be the main factor impacting dissolution behavior. As
expected, all three CENs experienced significant enhanced nickel ion dissolution (over 75% total
nickel) compared to the experiments at neutral pHs (Figure 20)°. However, the qualitative
behavior and relative ranking of the dissolution rates between the three CEN remained

unchanged.
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Figure 19. Nickel amount dissolved and percent dissolution of Ni-containing CEN in E3 medium at room

temperature for 5 days with a starting concentration of 200 mg Ni/L. Ni-SiO; had the highest Ni?* dissolution.

Figure 20. A. Quantitative 200 mg Ni/L CEN nickel ion dissolution in E3 with a pH=4.5 over 120 hours.

Representative TEM images B. Ni-SiO, C. nhNi@SiO and D. Ni-SiOs.
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4.3.3 SiO2dissolution

Silica dissolution could compromise the nanomaterial stability in the aqueous media, alter the
size and shape of the CEN, and ultimately cause the metal NPs to be released from the protective
silica matrix into the medium or the zebrafish larvae, affecting the CEN’s toxicity. Therefore,
silica dissolution was studied over five days by dispersing 200 mg Ni/L CENs in E3 media. TEM
images were taken after the full five day exposure of the CENSs, and silica dissolution was
quantified at numerous time points using a colorimetric assay (Figure 21)'%. hNi@SiO, showed
the highest dissolution (114 mg SiO2/L, ~6.7% total SiO>), followed by nhNi@SiO2 (55.9 mg
SiO2/L, 3.3% total SiO2), and Ni-SiO2 (19.2 mg SiO2/L, 1.9% total SiO>). In agreement with the
overall low dissolution, TEM shows only minor change in particle morphology. There is no
discernible change in the decoration of the surface of Ni-SiO, CENs with nickel NPs, and while
some change in sphericity of the nhNi@SiO2 CEN and a slight thinning of the silica shell of the
hNi@SiO, CENs indicates some SiO> dissolution, these changes remain minor and do not appear
to affect the Ni NPs overall. An acidic environment, such as in the lysosome during

nanomaterials uptake by the fish, further reduces silica dissolution to < 0.2% (Figure 22)76,
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Figure 21. A. % total SiO; dissolution from CENSs dispersed in E3 medium for five days at room temperature with a
starting concentration of 200 mg Ni/L. TEM images on day five of B. Ni-SiO2, C. nhNi@SiO, and D. hNi@SiO».
Scale bars are 200 nm for larger images (black) and 50 nm for smaller pictures (white). All three CENs exhibited

minimal silica dissolution.
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Figure 22. Relative dissolution of silica (shown as percentage of total initial silica amount) for 200 mg Ni/L CENs

dispersed in E3 media with pH adjusted to 4.5 to mimic the lysosome environment.
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4.3.4 Ni/SiO2 CEN settling

Settling modifies the effective concentration in solution adjacent to the zebrafish, which at early
developmental time points lie at the bottom of the wells!'2. 200 mg Ni/L CENs were dispersed in
E3 medium and UV-visible spectroscopy was used to measure settling directly over five days
(Figure 23). nhNi@SiO2 (68.5% decrease in absorbance over five days) settled significantly less

than hNi@SiO; and Ni-SiO2 (> 90% decrease in absorbance over five days).

----- nhNI@SI0,
— hNiI@5i0,
- = Ni-SiO,

0 T T
0 2,000 4,000 &,000

Time (min)

Figure 23. CEN Settling behavior measured via UV-vis spectroscopy over five days, shown as time-dependent
absorbance (at A- 287 cm, normalized to the initial absorbance A for each material). Initial concentration was 200

mg Ni/L. nhNi@SiO; settled the least out of the three CENSs.
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4.3.5 Toxicity of Ni/SiO2 CENs in zebrafish

To evaluate the toxicity of different Ni/SiO> NP configurations, we exposed developing
zebrafish embryos to 10 — 400mg Ni/L of CENSs dispersed in E3 embryo medium, from 24 hours
(Prim-5 stage)!** to 5 days post-fertilization. It has been reported previously that the chorion can
act as a barrier for uptake of metal nanoparticles!’”1’8, Consequently, in order to eliminate
differences in chorionic penetration of nanoparticles as a variable from our studies, zebrafish
embryos were dechorionated mechanically at 24 hours post-fertilization (hpf). Dechorionation is
a standard method widely used in multiple labs worldwide for microscopy in live zebrafish. It is
well-established that dechorionation does not itself adversely affect zebrafish development or

health!®,

4.3.6 Zebrafish survival

Survival (defined as a visible heart beat) was monitored daily until five days post-fertilization
(dpf) (Figure 24). E3 medium containing NiCl, was used as a positive control for toxicity related
to dissolved Ni?*; E3 medium without additives was used as a negative control. Pure (nickel-
free) silica NPs dispersed in E3 medium was used as a control to distinguish toxic effects of the
silica support. In all experiments, we compared CEN, Ni?*, silica-only and E3-only exposures in
identical dechorionated zebrafish embryos assigned to each group randomly, so that any
differences between experimental groups are attributable unequivocally to the chemical
exposure. 99% zebrafish embryos survived to 5dpf in E3 medium alone, or in E3 medium
containing silica NPs at a concentration up to 2,700 mg SiO>/L. This corresponds to the amount

of silica present at the highest concentration of CEN tested. As expected, NiCl> was toxic in a
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concentration-dependent manner; the calculated LCso for Ni?* in this assay was 235 mg/L. In

contrast, 95% embryos survived to 5dpf during exposure to all concentrations of CENSs,

including similar or higher total amounts of total (metallic + ionic) nickel to the NiCl> group.
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Figure 24. Zebrafish larvae survival (%) after exposure to 5-400 mg Ni/L for A. NiCl, B. Ni-SiO, C. nhNi@SiO,

and D. hNi@SiO; on 5dpf. Error bars are error of sum squares (SSE). More than 95% zebrafish embryo survived

following exposure to CENSs at all concentrations tested.

4.3.7 Zebrafish larvae malformations

Malformations were evaluated as an indicator of developmental toxicity. Metal NPs have

previously been reported to cause a range of developmental defects in zebrafish larvae including

abnormal spinal curvature, pericardial and abdominal edemal®®16!, Zebrafish embryos were

mechanically dechorionated at 24hpf and exposed to 10-200 mg Ni/L of CENSs dispersed in E3

media. The embryos were monitored for the appearance of malformations over the next four

days (Figure 25), including abnormal curvature of the spine and body (lordosis, kyphosis and
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scoliosis), pericardial and abdominal edema, and failure of swim bladder inflation (representative
images and quantification of the frequency of different malformations is detailed in Figure 57

and

Table 7). One or more malformations were seen in a high proportion of zebrafish embryos
exposed to NiCl, (200 mg Ni/L: 88.3% + 6.1%), whereas the malformation rate for embryos
exposed to CENs containing a similar amount of Ni did not differ significantly from E3-only
control (200 mg Ni/L nhNi@SiOz: 10.4% + 11.2%; 200 mg Ni/L hNi@SiO2: 5.7% + 6.1%; 200
mg Ni/L Ni-SiO2: 0.0% * 0.0%; E3 medium only: 2.5% + 2.0%; p<0.001 NiCl> versus E3-only

control, one-way ANOVA with Dunnett’s post hoc test).
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Figure 25. Malformations observed in surviving zebrafish larvae for NiCl, and CENs on 5dpf. Malformation rate
for unexposed control zebrafish larvae was 2.5% (indicated by the dashed line). Note that no malformations were
observed for Ni-SiO; at higher concentrations. ***p>0.001 for one way ANOVA followed by Dunnett’s t-test, error

bars are SSE. No significant development of malformations after exposure to Ni/SiO, CENSs.
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4.3.8 Zebrafish larval motor function

The absence of detectable differences in toxicity between the CENSs in survival or malformation
assays prompted us to measure a functional endpoint that is sensitive to disruptions in
neurological development. Previous reports indicate that nickel can act as a neurotoxin which
would be expected to adversely affect motor function in developing zebrafish larvae!®®182,
Zebrafish larval motor behavior can be quantified in multiple larvae simultaneously, thereby
allowing statistically robust determination of how toxicants alter motor physiology*’0172183,
Three patterns of altered larvae locomotor behavior with increasing toxicant concentration have
been reported previously: (i) a monotonic decrease in total larval displacement/time with
increasing toxicant concentration®®*%3: (ii) a monotonic increase in displacement/time with
increasing toxicant concentration®; and (iii) a biphasic relationship in which locomotor activity
first increases at lower concentrations and after reaching a maximum, decreases at higher
concentrations®®®.

Embryos were mechanically dechorinated at 24hpf and exposed to Ni CENs for three
days. Before the onset of exposure at the Prim-5 developmental stage (24hpf)!*4, zebrafish
embryos do not show spontaneous movement, which is first seen at Prim-30 (36hpf). By 5dpf,
zebrafish larvae show rapid and regular spontaneous swimming behavior'’>. We therefore
measured spontaneous propulsive movements at 5dpf, to evaluate the development of swimming
behavior during CEN exposure. At 4dpf surviving zebrafish larvae were collected and
transferred to E3 medium with no additives. All zebrafish larvae with morphological
abnormalities (compared with normal healthy zebrafish larvae under light microscopy) were
excluded from the motor assays. Consequently, the motor assays are informative about the

development of locomotor function, rather than mechanical consequences or morphological
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malformation involving the body shape, trunk muscles or fins. Using our previously reported
methods, we quantified zebrafish larval motor function at 5dpf in 96-well plates for one hour in
bright white light (200 Lux brightness, 4900K color temperature) (Figure 26)'7%12 and
determined their mean velocity (Vwm = total displacement of the larval centroid over the course of
the recording/ time period of observation). CEN-exposed animals were compared with controls
derived from the same pool of dechorionated embryos, so that differences between the treatment
groups were attributable unequivocally to chemical exposures rather than any baseline difference
between animals. Compared with E3-only controls, pure nickel free SiO> NPs, did not affect
larval motility at any concentration tested (Figure 27). Ni?* salt provoked an increase in Vwm at
concentrations up to 100 mg Ni/L (Figure 26A). At higher concentrations (100-300 mg Ni/L) Vm
declined below baseline measurements (detailed Vm = SE and p-values for all materials and
concentrations can be found in 0). Ni-SiO> CEN caused a monotonic increase in Vwm with
increasing concentration through the concentration range measured (Figure 26B). Zebrafish
embryos exposed to nhNi@SiO: exhibited no change in larval Vv over the concentration range
tested (Figure 26C). hNi@SiO2 provoked similar changes in motility to NiCl. (Figure 26D); Vm
increased from baseline up to a concentration of 100 mg Ni/L and then decreased again at higher
concentrations. Together, these data show that developmental exposure to silica alone or
nhNi@SiO2 did not provoke abnormalities in this assay. In contrast, hNi@SiO2 and NiCl,
provoked similar abnormalities to one another and Ni-SiO, showed an intermediate phenotype.
These data consequently allow us assign the following ranking to the toxicity of Ni CENSs in the

development of zebrafish larval motor function: hNi@SiO2 > Ni-SiO2 > nhNi@SiO2.
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Figure 26. Zebrafish larval mean velocity (mm/s) after exposure to 0-200 mg Ni/L A.) NiCl, analogous salt and, B.)
Ni-SiOz, C.) nhNi@SiO and D.) hNi@SiO2 CENs. * indicates p>0.05 for one-way ANOVA followed by Dunnett
test, error bars SSE compared to E3 control. NiClz, hNi@SiO; and Ni-SiO, caused a change in zebrafish larval mean

velocity over the tested concentrations.
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Figure 27. Zebrafish mean velocity (mm/s) after exposure to 0-2700 mg SiO/L. * indicates p>0.05 for one-way

ANOVA followed by Dunnett test, error bars SSE.
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4.3.9 Zebrafish nickel uptake

To determine how toxicity was correlated with nickel uptake, we measured tissue Ni
concentrations in zebrafish embryos and larvae exposed to one of the three CENs or Ni%".
Zebrafish embryos were exposed to 50 mg Ni/L of either CEN or Ni?* for 24-120 hours. After
exposure, the zebrafish embryos and larvae were thoroughly washed five times and digested to
allow measurement of tissue Ni content by ICP-AES. An “uptake efficiency’ was calculated after
48 or 96 hours of exposure as the measured nickel content per fish divided by the calculated
available nickel ion concentration from NP dissolution (Figure 19). If only ionic Ni was taken up
into the zebrafish larvae, the CEN uptake efficiency would be similar to the nickel salt.

The uptake efficiency was significantly higher for CENs than for Ni salt at both time
points (Figure 28). This increased uptake indicates that the total Ni tissue content was derived
from both uptake of ion and uptake of metal, indicating that CENs were likely taken up into the
zebrafish larvae. Overall, the zebrafish embryos exposed to NiCl, had a higher internal nickel
content than the zebrafish embryos exposed to Ni CENs (Figure 29). After exposure to NiCly, the
zebrafish Ni content increased over the first 24 hour exposure, but then reached a plateau and
was steady over the next 72 hours. When comparing the three CENSs, over the first 48 hour
exposure, the zebrafish embryos exposed to Ni-SiO2 and hNi@SiO. showed a higher nickel
content than zebrafish embryos exposed to nhNi@SiO2. From 72-96 hour exposure, the total
nickel content after exposure to Ni-SiO2 and hNi@SiO, CENs decreased, pointing towards a
nickel elimination mechanism*®. In contrast, the internal nickel present after exposure to
nhNi@SiO2 showed an increase from 48 to 96 hour exposure. The zebrafish embryos exposed to
nhNi@SiO; exhibited a continuous increase in internal nickel over the full 96 hour exposure and

by 120 hpf had the highest nickel content out of all three CENSs.
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Figure 28. Zebrafish uptake efficiency of NiCl, and CENs after 50 mg Ni/L exposure for 48 hours and 96 hrs.
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Figure 29. Zebrafish nickel uptake at 48, 72, 96, 120 hpf after exposure to 50 mg Ni/L NiClz, Ni-SiO2, nhNi@SiO;

and hNi@SiO,.
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44  DISCUSSION

The present study aimed to utilize high-throughput zebrafish assays to study the toxicity of
Ni/SiO2 CENs and understand structure-toxicity correlations that emerge from differing
nanoconfigurations. Although they are simple and robust assays, we did not detect differences in
survival or morphology between that were dependent on NP configuration, since all three CENs
showed no difference from controls in either mortality or the presence of developmental
malformations. In comparison, previous studies by Ispas et al. reported an LD50 of 200-300 mg
Ni/L for 30-100 nm bare (i.e. unsupported) nickel NPs in similar 5-day zebrafish experiments®®.
The much smaller size of the Ni NPs in our study (~1-2 nm vs 30-100 nm) might be predicted to
enhance toxicity as a consequence of the higher reactivity of smaller nanoparticles due to more
under-coordinated, reactive surface sites, larger surface area, faster dissolution, etc. The absence
of detectable mortality attributable to CEN in the present study strongly suggests that the silica
embedding/deposition mitigates toxicity. Unfortunately, synthesizing 1-2 nm Ni nanoparticles
free from residual synthesis chemicals—such as polymers®®’, surfactants!®® and other
chemicals!®® which would alter uptake and dissolution behavior and hence toxicity—without
significant agglomeration and sintering of the particles is non-trivial. A direct comparison of the
toxicity of bare Ni NPs as a function of size down into the sub-10 nm range has consequently not
yet been achieved. However, our results provide initial support for the idea that embedding Ni
NPs in a silica core significantly reduces their toxicity. This strategy potentially could be
exploited in order to mitigate the toxicity of metal nanoparticles without impeding their
functionality and thus has great potential to provide safer nanomaterials, for example, for use in

chemical plants and in the fuel processing industry. These industries utilize metal NPs as

81



catalysts and rely on supports to provide catalyst stability and thus could utilize these embedding
strategies to reduce occupational hazard due to metal NP exposure.

In contrast to survival and morphology endpoints, the development of zebrafish larval
motor function during CEN exposure provided an assay that distinguished the effects of the three
different CENs. In this assay, hNi@SiO. and Ni-SiO> exhibited evidence of developmental
toxicity while nhNi@SiO> exposure throughout the concentration range tested did not alter
development of motor function. The mechanism underlying the biphasic nature of the
relationship between toxicants and the complex composite endpoint of whole organism motor
function is not understood, though there has been at least one prior report of similar zebrafish
motility behavior after exposure to alcohol®®. However, it is clear that ‘toxicity’ is not a simple
linear measurement in this assay and care must be taken to evaluate a sufficient concentration
range of test compound to establish the nature of the relationship between concentration of
toxicant and motor performance. Our study also suggests that it may be necessary to use multiple
morphological and physiological endpoints in parallel to detect abnormalities provoked by novel
putative toxicants, since evaluation of only morphology or survival in this study would have
missed potentially significant abnormalities triggered by CENSs.

Our physicochemical characterization of the CENs allowed us to identify properties that
affect the toxicity of nanomaterials. First, the observed differences in nickel dissolution behavior
can be traced back to the structural differences between the three CENs: For Ni-SiO2, the
external nickel NPs are directly exposed to the bulk medium and are therefore subject to fast
dissolution. In contrast, the nickel NPs in hNi@SiO; (which can be considered an “inverted”
configuration of the Ni-SiO) are exposed only to the solution inside the cavity of the silica shell.

The small liquid volume contained in the central cavity likely develops a rapid increase in Ni?*
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concentration from Ni NP dissolution, which slows further dissolution. Exchange of the liquid
volume in the central cavity with the bulk solution surrounding the CEN through the
microporous silica walls assures continued, but slow, dissolution. Finally, the Ni NPs in
nhNi@SiO; are tightly embedded into the porous silica matrix, reducing not only the liquid
volume into which Ni dissolves but also the surface area of the Ni NPs directly exposed to the
solution. Furthermore, compared with hNi@SiO2, the silica pores of nhNi@SiO, are
significantly longer as they extend throughout the silica particle, rather than just through the
walls. These factors likely combine to retard dissolution by reducing the effective solvent
volume, exposed NP surface area and rate of solvent exchange between pores and the
surrounding media. However, if toxicity were entirely dependent on Ni?* dissolution into the
media, these results suggest that Ni-SiO2 should be significantly more toxic than either
hNi@SiO2 or nhNi@SiO», yet we found hNi@SiO- to be more toxic than Ni-SiO». Furthermore,
the maximum Ni?* concentration that resulted from dissolution of Ni from the CENSs into the
medium was 16 mg Ni/L — the corresponding concentration of NiCl> did not provoke
abnormalities, and so toxicity cannot be explained solely by ion dissolution from the CENs into
the media.

Silica dissolution was found to be minor for all three CENs. While silica dissolution may
affect toxicity for longer exposures times (past five days when the silica matrix may show more
substantial dissolution), silica dissolution does not pose a toxicity concern during these subacute
exposures as the silica structures prove to be sufficiently robust.

In contrast, the developmental toxicity associated with hNi@SiO> and Ni-SiO> correlated
with their settling behavior. Rapid settling is predicted to result in a higher effective CEN

concentration towards the bottom of the well. Since zebrafish embryos lie at the bottom of the
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well until they become motile, an elevated concentration of CENs at the bottom of a well could
potentially lead to higher CEN uptake in the zebrafish during early development!#?. After
development of spontaneous motility after 36hpf, larval zebrafish start to spend less time at the
bottom of the well. The more toxic CENs we tested (hNi@SiO2 and Ni-SiO2) showed rapid
settling, consistent with the idea that enhanced exposure earlier during development (24 — 48hpf)
accounted for the detected abnormalities of motor function at 5dpf. Possible explanations for
sensitivity of motor function to disruption during early development might include blood-brain
barrier formation that might exclude metal ions from the CNS at later time points or disruption of
the formation of circuits essential for motor function during a critical window early in
development. Regardless, alterations in effective exposure caused by settling are an important
additional variable in the evaluation of CENSs that settle and should be taken into account in
future studies.

Interestingly, hNi@SiO- proved to be more toxic than the other two CENS, even though
Ni-SiO2 showed faster dissolution in E3 medium and caused zebrafish total nickel concentration
to be higher. Our assay for measuring zebrafish Ni content does not differentiate ionic from
metallic Ni. We predict that Ni dissolution inside a zebrafish will differ significantly from the
external solution because the pH differs and there is a high concentration of proteins within the
zebrafish that could form a corona around the CENs. These corona would be expected to limit
dissolution of Ni from Ni-SiO2 by coating the external nickel NPs, whereas the nickel NPs
embedded inside hNi@SiO> might be protected by the silica matrix from protein capping,
resulting in enhanced dissolution inside the animal. If toxicity were dependent on Ni* inside the
zebrafish, this is a possible mechanism by which hNi@SiO shows enhanced toxicity compared

with the other structures we studied.
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45 CONCLUSION

Our results demonstrate that zebrafish embryos provide a useful screening model for evaluating
CEN toxicity during vertebrate development by combining established (zebrafish larval survival
and malformations) and novel (zebrafish larval locomotor function) methods for detecting
phenotypes. Based on these assays, we found that Ni/SiO> CENs were significantly less toxic
than the corresponding ionic metal and might offer a potential path towards mitigating NP
toxicity (formal proof of the latter awaits the development of suitable techniques for the
synthesis of size-controlled nickel NPs smaller than 10nm without capping agents). Our results
highlight the importance of conducting a thorough physicochemical characterization of
nanomaterials in the biological system of interest as an inherent part of the toxicity assessment.
While ex-situ characterization (i.e., TEM, XRD, BET surface area, etc.) is necessary to evaluate
baseline CEN properties, it is not sufficient to elucidate size- and structure-dependent effects that
occur in the test media, such as settling, agglomeration, and dissolution. Based on these
characterizations of CENs in biological media, our results suggest that modification of the
effective exposure might be more important for determining NP toxicity than “nano-chemistry”
effects. Overall, we propose that CENs may offer a relatively straightforward stepping stone

towards the rational design of safer nanomaterials.
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50 DEVELOPMENTAL TOXICTY OF NI/SIO2 CENS USING ZEBRAFISH

HATHCING ASSAYS

5.1 INTRODUCTION

Due to their small size, nanomaterials show unique properties compared to traditional bulk
materials and hence are rapidly emerging in consumer products and industrial applications®*.
However, these unique properties can also lead to new toxicitiesh!>10%190.191 ‘which motivates an
urgent need to develop in vivo methods that allow for sensitive, high-throughput evaluation of
nanomaterial toxicity®. Zebrafish (Danio rerio) have emerged as a convenient and powerful
model for high-throughput evaluation of nanomaterials toxicity®311%140, Their small size allows
them to be housed in 96-well plates, well-suited for rapid screening. In addition, they are prolific
breeders, laying 50-200 eggs per batch. Furthermore, zebrafish develop rapidly and externally,
allowing direct observation of survival, morphology, and hatching. These can be employed as
simple assay end-points in parallel with sensitive physiological measurements such as
neurological function. Zebrafish are also uniquely placed as a model to provide insights into the
harmful effects of industrial discharges on aquatic life. Consequently, zebrafish have been
employed extensively in nanotoxicology research, using simple and robust end points such as

mortality66'111'151'154'163, hatChin934'110’140'154’155’158‘159’163, malformati0n34,110,140,154,159,160,163 and

motor functiont®4163.164
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Zebrafish hatching in particular has emerged as a facile, quick, and sensitive assay that is
routinely used in  evaluation of developmental toxicity of nanomaterials
34,110.140,154,155.158,159,163.192-1% - T\wo protocols are prevalent in the literature: a high-throughput
method and a high-volume method. The high-throughput method monitors zebrafish hatching in
a 96-well plate in which one zebrafish is placed in 0.1-0.3 mL of medial®%81¥ This
methodology offers many advantages for high-throughput screening by utilizing small well sizes,
thus requiring smaller quantities of nanomaterials, allowing for highly parallelized evaluation,
and lower space requirement compared to a more conventional 24-well plate assays. The high-
volume protocol, in contrast utilizes a 24-well plate with two mL/zebrafish34110.140154,163197 g
is an established protocol extensively used to study toxicity of chemicals!%-2%,

In practice, nanoparticles (NPs) are rarely used as independent structures because they
tend to aggregate and/or sinter, resulting in deactivation and loss of their desired nano-specific
properties. To overcome deactivation, nano-enabled materials are often designed as multi-
component materials in which the nanoparticles are embedded in a support structure’>’>, These
NP/support configurations, often referred to as complex engineered nanomaterials (CENS), are
widely expected to constitute the next generation of nanomaterials. However, there are only few
nanotoxicity studies conducted to date on these CENs’"7887,

In the present chapter, we evaluated three CEN structures to determine how NP
embedding in a support may affect toxicity. In the first CEN structure Ni NPs are deposited on
the external surface of a porous, amorphous silica NP (Ni-SiO), in the second structure Ni NPs
are embedded within the porous amorphous silica NP (nhNi@SiO3), and in the third structure the
Ni NPs are embedded in the central cavity of a hollow, porous, and amorphous silica shell

(hNi@Si0:»). Previously, we studied the toxicity of these nanomaterials utilizing dechorionated
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zebrafish assays, including zebrafish survival, development of malformations and larval motility
behavior. This study showed that the Ni-SiO. and hNi@SiO> CENs were toxic and altered
zebrafish larval motility behavior, while the nhNi@SiO> had no observable toxicity (Chapter 4.0
). In this current Chapter, we aimed to corroborate the previous findings and confirm the

suitability of (much faster and more convenient) hatching assays for CEN toxicity assessment.

5.2 METHODS

5.2.1 CEN synthesis

The Ni/SiO2 CENs synthesis was reported previously (Chapter 4.2.1). For the present study,
some of the CENs were fluorescently tagged with an Alexa Fluor 488 NHS ester dye (Thermo
Fisher Scientific). 0.2 g CEN was dispersed in 1:1 H20:HCI. 50 puL (3-
Aminopropyl)trimethoxysilane, and 50 uL 0.0155 M Alexa Fluor 488 NHS Ester were added
and the mixture was allowed to stir for 2 hours. The CENs were separated using centrifugation

and washed three times in DI water.

5.2.2 CEN characterization

CEN size and morphology were characterized via transition electron microscopy (TEM, JEOL-

2000FX electron microscope). ImageJ software (http://rsb.info.nih.gov/ij/) was used to measure

the particle sizes obtained from TEM. Ni/SiO2 elemental composition was determined using
scanning Electron Microscopy (SEM, JEOL JSM-6510LV/LGS with Oxford Inca) equipped

with EDX at a beam voltage of 15kV. Surface area and porosity were determined by Brunauer
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Emmett Teller (BET) analysis using a Micromeritics ASAP 2020 surface area and porosity
analyzer. Pre-treatment consisted of 2-3 hour degassing at 200°C under vacuum. Typically, a 6-
point BET analysis was used for total surface area measurement and an 84-point N, Barrett-
Joyner-Halenda (BJH) analysis with Halsey thickness curve correction and Kruk-Jaroniec-Sayari

correction for pore size and volume determination.

5.2.3 Zebrafish testing

Zebrafish studies were carried out in accordance with NIH guidelines for animal care and use
and with approval from the University of Pittsburgh Institutional Animal Care and Use
Committee. Strain AB wild-type adult zebrafish were crossed to generate embryos for
experiments. All nanotoxicity experiments were conducted in embryos and larvae up to 5 days
post-fertilization. Zebrafish embryos were raised in E3 medium at 28.5 °C in a 14:10 h light:dark
cycle (white light at 200 Lux). Dried CEN powder was weighed, added to E3 media, and
sonicated 20 min. Serial dilutions were then prepared volumetrically. The solutions were re-
dispersed by sonication for 1-2 minutes immediately prior to addition to the well. To conduct
exposure assays, 4 hours post fertilization (hpf) embryos were left in their chorion and
transferred to a well of a polystyrene multi-well plate. Zebrafish embryos were incubated for 5
days at 28.5°C and analyzed visually each day for survival, developmental malformations and
hatching. Each condition used 12-18 embryos and was repeated in three independent
experiments. For high-throughput hatching tests, one zebrafish embryo was placed per well of a
96-well plate with 0.3 mL CEN solution. For high-volume hatching tests, one zebrafish embryo

was placed per well of a 24-well plate with 2 mL CEN solution.
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5.2.4 NH3 concentration

NHz concentration was determined using a colorimetric assay that formed indophenol using
sodium salicylate?®t. At the determined time point, the zebrafish media was collected and pooled
to obtain a 3 mL sample. The sample was diluted to 35 mL, and 5 mL of a 40% sodium salicylate
solution was added, followed by 3 mL 1.93% NaOCI in 0.1M NaOH solution, followed by 5 mL
of 2% K4Fe(CN)s*3H20 + 10% NasCitrate*2H.0 in 0.1 M NaOH. The solution was vortexed
after each addition and then incubated in the dark for two hours. Absorbance at 660 nm was read
using a DU 720 UV/vis spectrophotometer. A calibration curve was determined using NH3SO4 in

E3 media.

5.2.5 CEN settling

CENSs were dispersed in E3 medium and deposited in a cuvette to a liquid height of either 3.5 cm
or 1.75 cm. CEN absorbance was measured by UV-Visible spectroscopy (Beckman Coulter
DU720). Path length was 1 cm and wavelength was 287 nm. CEN aggregate size was determined
using Stokes’ law'®, Settling velocities were calculated from sedimentation traces as half the

height divided by the specific time point?%,

5.2.6 Microscopy

CEN aggregate location was determined by exposing the zebrafish to fluorescently tagged CENs
using the protocol described above. After exposure, zebrafish were carefully washed twice
before being manually dechorionated. The zebrafish were then imaged. Microscopy was carried
out after tricaine anaesthesia to prevent movement. Anaesthetized larvae were embedded in 3%

low melting point agarose in E3 buffer and imaged using an inverted microscope.
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5.3 RESULTS AND DISCUSSION

5.3.1 Ni/SiO2 CEN characterization

Three Ni/SiO2> complex engineered nanomaterials (CENS) were synthesized using a
reverse microemulsion sol-gel synthesis: Ni NPs deposited on an amorphous silica NP (Ni-SiO2),
Ni NPs embedded throughout a porous silica NP (nhNi@SiO.), and Ni NPs encapsulated in a
hollow core surrounded by a porous silica shell (hNi@SiO2). Figure 30 shows representative

TEM images of the Ni/SiO> CENs; key material characteristics are summarized in

Table 5. The Ni NPs size for all three CENs is ~2- 3 nm, and the size of the composite CENSs is
~40-55 nm. The Ni content is ~9-12 wt%. The CENs also have similar surface areas (~200-300
m?/g), and average silica pore diameters of ~0.7 nm. All three materials hence have near-

identical chemical compositions and similar dimensions but differ in nanostructure only.

Figure 30. TEM images of Ni/SiO, CENs. A. Nickel-free SiO, B. Ni-SiO,, C. nhNi@SiO», D. hNi@SiO.. Black

scale bars are 200 nm. White scale bars are 50 nm.
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Table 5. Ni weight loading, diameter of Ni NP, diameter of CEN.

CEN Ni loading Dp, Ni NP Dy, CEN
[wt% Ni] [nm], [nm],
n=# particle n=# particle
Ni-SiO2 9.0+0.9 <2,n=72 43.26 £ 7.2, n=105
nhNi@SiO> 96+04 25+04,n=55 | 41.2+8.5,n=102
hNi@SiO> 11.9+3.2 21+04,n=73 | 545+8.2,n=112

5.3.2 Toxicity studies

We had previously assessed the toxicity of the same three Ni/SiO, CENs by monitoring the
effect of these CENs on zebrafish larvae survival, development of malformations and larval
motility behavior (Chapter 4.0 ). None of the CENs caused zebrafish larvae death or
development of malformations over a wide concentration range of 0-400 mg Ni/L. However, the
Ni-SiO2 and hNi@SiO, CENs caused changes in the larval motility behavior, while the
nhNi@SiO, CEN did not alter larval motility. The difference in observed toxicity could be
attributed to the different settling behavior of these three nanomaterials. To further corroborate
these findings, we employed the simple, widely used hatching assay to monitor possible

developmental toxicity associated with these Ni/SiO2 CENSs.
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5.3.3 Zebrafish embryo hatching in high-throughput assay depends on CEN structure

Zebrafish embryo hatching has been used widely as a facile, high-throughput screening assay for
evaluating the toxicity of nanomaterials34110.140154.155158,159,163192-19%  T¢ evaluate the
developmental toxicity associated with our Ni/SiO, CENSs, we hence assessed the effect of these
CENs on zebrafish embryo hatching. We utilized a high-throughput protocol in which one four
hours post fertilization (hpf) zebrafish embryo was placed in each well of a 96-well plate loaded
with 300 uL. CEN solution. The zebrafish embryos were monitored over the next five days to
observe hatching (Figure 31). Zebrafish embryos in pure E3 media were used as a control. 70%
of the control zebrafish had hatched on day three, and 100% of the zebrafish had hatched by day
five. After exposure to 200 mg of Ni/L Ni-SiOz or hNi@SiOy, the zebrafish successfully hatched
by day four and displayed a slight acceleration in hatching compared to the control zebrafish.
Zebrafish embryos exposed to 200 mg Ni/L nhNi@SiO2 experienced a strong delay in hatching

(6.6% hatched at 72 hpf and 80% at 120 hpf).
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Figure 31. Zebrafish hatching rate over five days utilizing a high-throughput protocol in which one 4hpf zebrafish
was placed per well in a 96-well plate. Hatching was monitored over five days after exposure to A. E3 media B. 200

mg Ni/L Ni-SiO; C. 200 mg Ni/L nhNi@SiO; and D. 200 mg Ni/L hNi@SiO,. * indicates p<0.05 for Dunnett’s test.

These results suggest toxicity differences based on structure: the Ni-SiO. and hNi@SiO-
CENSs did not alter zebrafish hatching, while the nhNi@SiO> CEN significantly decreased
zebrafish hatching. Interestingly, these results are contradictory to our previous results that
indicated nhNi@SiO> was the least toxic of the three materials with no detectable toxicity in all
tested assays (Chapter 4.3). However, further careful assessment of the present results shows an
unexpected slight delay in hatching for the control zebrafish, which are expected to have fully
hatched by 72hpfl’”®. We hypothesized that this delay could be due to the high-throughput
protocol: The small well volumes in the 96-well plate could lead to a buildup of excreted

metabolites to toxic levels, which could cause a delay in hatching.
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5.3.4 Eliminating toxic waste buildup

To confirm and eliminate the origin of the unexpected hatching delay for the control fish, we
adjusted the media volume per zebrafish systematically from 0.3 mL -2.0 mL and again
monitored hatching over five days (Figure 32). At 48hpf, the zebrafish hatching rate increased
from 0 to 12.5% and finally to 50% as the media volume increased from 0.3 to 0.5 and 0.6
mL/zebrafish. There was no further statistically significant change in hatching rate with further
increase of the media volume from 0.6 — 2 ml/zebrafish. The same trend was observed for
hatching at 72hpf: Hatching rates increased with increase in media volume from 0.3-0.6 mL/fish
with no further change above 0.6 mL/fish. Hence, these results confirm our hypothesis that small
well volumes can result in toxic concentrations of metabolites, and suggest that a minimum of

0.6 mL E3/fish must be used in order to eliminate this effect.

100% - e mEE N

9

= 75%

_E; W 0.3 mL/fish

e M m 0.5 mL/fish
50% 4 &

a0 0.6 mL/fish

5 0 1 mL/fish

)

o 25% 7 02 mU/fish
D% I T T T 1

418 72 96 120

Hours post fertilization

Figure 32. 4hpf zebrafish hatching rate over five days as E3 volume was varied from 0.3 - 2 mL/fish.
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This “self-inhibition” in hatching for the control zebrafish is likely due to the presence of
excreted waste metabolites, including ammonia?®2%, Excess amino acids and proteins are
metabolized and excreted, rather than stored by the animal. While terrestrial animals metabolize
these nitrogenous waste into urea or uric acid, teleost fish excrete up to 90% of their nitrogenous
waste as ammonia®®. Thus, as the experiment progresses, the small media volume per well in the
96-well plate should build up an increasingly high concentration of ammonia. To test this, the
ammonia concentration in the well during zebrafish hatching was determined at 72hpf using a
colorimetric assay?’’. As expected, a significant NHs concentration was detected for the smallest
media volumes, which decreased with increasing volume (Figure 33A). To further corroborate if
this NH3 concentration caused the observed toxicity, we monitored the hatching rate of zebrafish
placed in a 24-well plate with 2 mL of E3 spiked with an ammonia concentration of 0.075 mol/L
(i.e. the NHz concentration detected in 96-well plate). The zebrafish indeed exhibited a
significant decrease in hatching upon NHz addition with a hatching rate similar to that for
zebrafish in the 96-well plate (Figure 33), supporting the hypothesis that the delay in hatching

was indeed due to the build-up of NHs in the well.
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Figure 33. A. NH5 concentration in the well as the media volume was varied from 0.3-2 mL/fish on 72hpf. B.
Hatching rate for 4hpf zebrafish placed in a 24-well plate exposed to E3 media (black) or E3 medium spiked with

0.075 M NHs (grey).

This inherent toxicity could possibly be eliminated, while maintaining use of a high-
throughput methodology, by changing the media every day. However, this is not a feasible
option when conducting nanotoxicity studies. It is difficult, if not impossible, to assure removal
of all nanomaterial when changing media due to nanomaterials settling and strong adhesion to
the chorion and the well walls. This renders exact control of the nanomaterial exposure
impossible as the experiment proceeds over time and multiple media exchanges. Thus, to
eliminate this toxicity, i.e. to eliminate false positives that result from excretion of metabolites
rather than from nanomaterials exposure, we transitioned to a high-volume methodology in order

to assess the true effect of the CENs on hatching.
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5.3.5 Zebrafish hatching in high-volume assays is independent of CEN structure

The effect of the Ni/SiO, CENs on zebrafish hatching was analyzed next utilizing a high-volume
protocol to eliminate the inherent hatching inhibition due to excreted NHs. One zebrafish was
placed in each well of a 24-well plate with two mL CEN media solution (Figure 34). 50% of the
control zebrafish hatched by 48hpf and all zebrafish had hatched by 72hpf, as expected for
healthy control zebrafish. After exposure to 200 mg Ni/L CENs, all three materials induced a
delay in hatching at 48hpf. However, by 72hpf, 100% of the zebrafish had hatched. Contrary to
the previous, high-throughput results, there was hence no toxicity difference based on structure
when this high-volume protocol was used. Furthermore, the Ni-SiO2 and hNi@SiO> CEN
resulted in similar zebrafish hatching rates independent of the protocol used. In contrast, the
nhNi@SiO, CEN caused less severe hatching delay when using the high volume protocol
compared to the high-throughput protocol. This suggests the Ni-SiO, and hNi@SiO2> CENs were

able to counter the NHz toxicity present in the high-throughput protocol.
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Figure 34. Hatching rate for 4hpf zebrafish placed in 2 mL/fish over five days after exposure to A. E3 media B. 200

mg Ni/L Ni-SiO. C. nhNi@SiO- and D. hNi@SiO>. *p<0.05 for Dunnett’s test.

5.3.6 Zebrafish exposure to CENs decreased NH3 concentration

The fact that zebrafish exposed to hNi@SiO2 or Ni-SiO2 CENs showed slightly accelerated
hatching compared to the control, independent of the protocol, i.e. independent of the volume
used suggests that these CENs are able to counter the toxicity associated with the excretion of
NHs. We therefore measured the NHs concentration in the well after zebrafish exposure to 200
mg Ni/L CENs for 72 hours in a 96-well plate. Figure 35 shows the measured concentrations,
normalized to the NHs concentration in the control zebrafish well (0.09M). In all cases, the
ammonia concentration in the well dropped significantly compared to that for the control, but the
reduction was strongly depending on the CEN. The ammonia concentration after zebrafish
exposure to Ni-SiO> CENs was reduced to 11% compared to the control (0.0099M), while that
for zebrafish exposed to hNi@SiO, was ~36% of the control (0.032M), and ammonia

concentration after zebrafish exposure to nhNi@SiO2 was 64% of the control (0.058M). We
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hypothesized that this reduction in NHz concentration may be due to one of three reasons: 1)
Formation of a Ni(NH3)s complex, which reduces the free NHsz concentration; 2) NH3
decomposition, catalyzed by the Ni NPs; and 3) reduction of the zebrafish’s metabolism due to

exposure to the CENs and hence reduced NHs production.
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Figure 35. NH; concentration after 4hpf zebrafish exposure to 200 mg Ni/L CENSs for 72 hours in a 96-well plate.

NH;s concentration is normalized to the NH3 concentration in control zebrafish wells.

Ni2* and NH3 are known to react and form a Ni(NHs)s complex which is often utilized in
the synthesis of Ni NPs?%2%°, Hence, Ni?* ions, dissolved from the CENSs, could interact with the
excreted NHz to form this Ni(NH3)s complex and thus remove free, toxic NHs. However, a quick
examination of the stoichiometry of the complex allows us to discard this hypothesis: The
control zebrafish produced 27 pmol NHs (Figure 33A). Maximum Ni?* dissolution from the
CENSs (15 mg Ni/L for the Ni-SiO2 CEN, shown previously in Figure 20) would yield 0.0766
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pumol Ni%* in a 300 puL well volume. Based on the 1:6 stoichiometric ratio of Ni:NHs in the
Ni(NH3)s complex, this would bind 0.460 mol of NHs, i.e. it would lead to a less than 2%
reduction in NHz concentration. However, the NH3 concentration in the experiments was reduced
by more than 90%. Thus, this effect would be unable to cause the observed reduction in NH3

concentration.

Next, Ni is known to be a catalyst for NHz decomposition 219211, While the reaction rates
tend to be extremely slow at room temperature, even a slow catalytic decomposition might be
significant for the low concentration present in the well. To evaluate the possible decomposition
of NHs, we dispersed the CENs in E3 spiked with 0.075 mol/L NHs (in the absence of zebrafish).
After three days the CENs were separated and the NHsz concentration was determined (Figure
36). No change in NHs concentration was observed. Thus, the CENs were not acting
significantly as catalysts for NH3 decomposition at the experimental conditions. However, this
experiment excludes the interaction between the CENs and the enzymes secreted from the
zebrafish that are used for NHs detoxification?'2, Thus it could be possible that the CENs affect
these enzymes behavior. However, it is likely that the NPs would either bind or reduce the
effectiveness of these enzymes, which would lead to an increase in NHz concentration. Hence, it
is unlikely that the CENSs are interfering and binding the enzymes excreted by the zebrafish that

aid in NHs detoxification.
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Figure 36. NH; concentration after CENs were dispersed in E3 media spiked with 0.075 mol/L NHj3 for three days.

Finally, for our CENSs, the observed reduction in NHs correlates well with the ranking of
the nanomaterials in terms of Ni dissolution (Ni-SiO2 >> hNi@SiO2 > nhNi@SiO>). Previous
studies indeed suggest that Ni NPs cause an inhibition in hatching due to dissolved Ni?*, as
supported by elimination of the toxicity when chelating the dissolved Ni?* 2, Therefore, we
evaluated NHs concentrations in the well after zebrafish were exposed to different NiCl;
concentrations (3, 5, 15 mg Ni/L), corresponding to the Ni?* concentrations expected from CEN
dissolution (Figure 37). A strong decrease in NHz concentration with increasing Ni?*
concentration was observed, and the observed NHz concentrations were in good agreement with
the NHz concentration measured after exposure to CENs (Figure 35). This hence strongly
supports the hypothesis that dissolved Ni?* poisoned the zebrafish, resulting in a reduction in

metabolism and hence a reduction in excreted NHs.
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Figure 37. NH; concentration in well after 4hpf zebrafish were exposed to 0-15 mg Ni/L NiCl, for 72 hour in a 96-

well plate.

Overall, at this point the following picture emerges: The small well volume in the 96-well
plate resulted in the build-up of toxic levels of excreted NH3, even for the control zebrafish.
However, dissolved Ni?* from the CENSs, a second toxin for the CEN-exposed zebrafish, reduced
the zebrafish metabolism and thus caused a reduction in NHz production. This mitigated the self-
poisoning from the excreted NHs. Thus, the Ni-SiO2 and hNi@SiO> CENs falsely appeared non-
toxic in the high-throughput hatching assay since one toxin (Ni?*) compensated the effect of the
other toxin (NHs), while the control fish experienced the unmitigated effect of the “self-
poisoning” from NHz secretion. When the self-poisoning was removed by transitioning to an
increased well volume (in the 24-well plates), the true toxicity of the Ni/SiO> CENs became

apparent in delayed hatching at 72hpf.
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5.3.7 Well height determines aggregate size which influences transport through the

chorion

The explanations so far cannot explain why the nhNi@SiO, CEN was more toxic than the
control zebrafish in the 96-well plate. While this CEN shows the lowest dissolution among the
CENs and hence should result in the least mitigation of the *“self-poisoning”, this cannot explain
an increase in toxicity over the control. Hence, the toxicity associated with this CEN cannot be
due solely to Ni?* dissolution but must be due to another distinguishing characteristic of this
nanomaterial. In chapter 4.0 with these three CENSs, we found aggregation and settling to be a
critical parameter that affected toxicity. Among the three CENs, the nhNi@SiO> CEN was the
most stable in the water column, i.e. it showed the smallest aggregate sizes and lowest settling
rate. Therefore, we hypothesized that the toxicity observed for nhNi@SiO- in the 96-well plate
could be due to differences in aggregate size between the three CEN.

The chorion is known to act as a barrier for NP interactions with the zebrafish
embryol’"17® This barrier will be increasingly effective with increasing particle size. Hence, one
should expect that with increasing aggregate size the CENs will less able to penetrate the
chorion. The CEN with the smallest aggregate sizes (nhNi@SiO-) should be able to interact
much more efficiently with the embryo, resulting in enhanced toxicity. However, this effect
alone cannot explain why the increased toxicity of this material was entirely removed when
transitioning from the 96-well plate to the 24-well plate, i.e. with increase in well volume. Note,
however, that with increasing well volume, the media height also increases. This results in an
increase in the number of CENSs in any (differential) water column above the zebrafish, and a
longer settling path for the CEN. These factors can be expected to increase the size of the

aggregates formed in that differential well volume during settling. Thus, the smaller aggregates
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in the 96-well plate would be more likely to penetrate the chorion than the larger aggregates in
the 24-well.

To confirm this hypothesis, we examined the settling rates in CEN solutions with two
different heights and determined the aggregate size using Stokes’ law (Figure 38)!3°. The results
confirm that nhNi@SiO- indeed formed smaller aggregate sizes in the lower water column, with
a majority of the CEN not aggregating at all (i.e. remaining at size <50 nm). In contrast, Ni-SiO>
and hNi@SiO, CENSs settled in similar ways in both water column heights. Ni-SiO. showed a
minor shift to smaller aggregate sizes for the shorter well height, while hNi@SiO> showed
similar aggregate size distribution for both heights, suggesting a critical aggregate size was

formed. The settling behavior and calculated aggregate sizes hence agree with our hypothesis.
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Figure 38. Settling rates (shown as relative UV-vis absorption intensity vs time; left column) and aggregate size
distribution (determined by Stokes’ law; right column) for A. Ni-SiO; B. nhNi@SiO- C. hNi@SiO dispersed in E3

media for two different well volumes.
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To further support the hypothesis that the difference in aggregate size indeed affects the
ability of the CENs to cross the zebrafish chorion, we determined the CEN location by exposing
the zebrafish to fluorescently tagged CENs. After a 72 hour exposure, the chorion was
mechanically removed and the embryo was imaged in fluorescent microscopy (Figure 39). The
zebrafish exposed to the hNi@SiO, and Ni-SiO2 CEN in the 96-well plate shows little evidence
of CENSs, indicating that the large fraction of hNi@SiO> and Ni-SiO> CENs that formed large
aggregates was indeed unable to penetrate the chorion and interact with the fish. In contrast, the
zebrafish exposed to the nhNi@SIO> in the 96-well plate showed a significant coverage with
CEN, indicating that the small aggregates and non-aggregated particles for this CENs were able
to cross the chorion. While these CENs dissolve less Ni?* than the other two CENS, dissolution
will hence occur inside the chorion and thus increase the direct exposure of the embryo. At this
increased exposure, the toxicity of Ni?* appears to overwhelm the compensating effect of the
NHz mitigation and the true Ni toxicity becomes apparent in the observed delay in hatching. In
contrast to this, the zebrafish exposed to nhNi@SiO2 in the 24-well plate showed no CENs
adhering to the zebrafish, again confirming that the increasing aggregate size with increasing
media height results in reduced or even entirely hindered penetration of the chorion, thus

eliminating the severe hatching delay observed in the 96-well plate.
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A. Control

B. 96-well Ni-SiO,

C. 96-well hNi@SiO,

D. 96-well nhNi@SiIQ,

A

E. 24-well nhNi@SiO»

Figure 39. Fluorescent images of zebrafish exposed to 200 mg Ni/L fluorescently tagged CENSs for 72 hours. The
zebrafish were collected in their chorion, washed and then dechorionated manually before imaging. A. Control
zebrafish in a 96-well plate B. Zebrafish exposed to Ni-SiO; in a 96-well plate. C. Zebrafish exposed to nhNi@SiO;
in a 96-well plate. D. Zebrafish exposed to hNi@SiO; in a 96-well plate. E. Zebrafish exposed to nhNi@SiO; in a

24-well plate.
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54  SUMMARY AND CONCLUSIONS

High-throughput zebrafish hatching assays are widely used for nanotoxicity studies since they
allow high parallelization by utilizing 96-well plates, saving time and space, and enabling
evaluation with very small amounts of nanomaterial. However, the results from the present study
indicate that great care needs to be taken in order to avoid spurious results from these high-
throughput assays. The small media volume per zebrafish in 96-well plates can result in build-up
of excreted metabolites which can mask the true nanomaterials toxicity in ways that are not
necessarily predictable and may not even be immediately apparent, in particular as the field
moves towards evaluation of more complex “next-generation” nanomaterials.

Thus, in our evaluation of three different complex engineered nanomaterials (CEN), we
initially assessed two of these CEN falsely as non-toxic. However, further investigations showed
that this apparent absence of toxicity was due to a compensation between two different toxins,
and the CEN are in fact toxic to the zebrafish embryo. In the small well volume of the 96-well
plate, the accumulation of excreted metabolites resulted in “self-poisoning” of the fish.
However, Ni%*, a toxin originating from dissolution of the embedded Ni NP in the Ni/SiO;
CENs, appeared to reduce the zebrafish metabolism and hence reduced the concentration of toxic
NHz (i.e. the excreted metabolite). Thus, the presence of two toxins resulted in a mutual
mitigation of the toxic effect, giving rise to a false “safe” rating of the nanomaterials.

Furthermore, in agreement with our previous studies, we find that aggregate size of
nanomaterials, which invariably aggregate to different degrees and sizes in various
environments, is a critical factor in controlling nanomaterials toxicity. In the present chapter,
aggregate size controlled the ability of the CENSs to penetrate the chorion. Hence, the CEN with

the smallest aggregate size showed the strongest toxic response. This was the case despite the

109



fact that this material shows the least Ni?* dissolution, which is suspected to be the sole cause of
toxicity for these nanomaterials.

However, aggregate size can be strongly affected by the height of the media column, i.e.
the well size of the respective multiwall plate, as observed in the present study for the
nhNi@SiO, CEN. Hence, the smaller effective size distribution in the lower media column (i.e.
the smaller wells of the 96-well plate) resulted in enhanced ability of the nanomaterial to
penetrate the chorion, and hence strong enhancement of the toxic response. Note that this
difference in the observed response may not necessarily be a weakness of the assay: Instead, it
suggests that developmental aquatic toxicity of nanomaterials is likely strongly affected by the
specific exposure, and any one assay is hence highly unlikely to capture the “real”, effective
environmental toxicity. In order to fully capture the potential toxicity of any nanomaterial, one
would hence have to assess the toxicity in various scenarios in order to capture the “worst case”.

Overall, for the three Ni/SiO2 CENSs in the present study, we found significant toxicity
only for the nhNi@SiO2 under conditions where aggregate sizes remained small, due to the fact
that only this nanomaterial was able to penetrate the chorion to a significant degree and hence
directly expose the zebrafish embryo to enhanced Ni?* doses from dissolution. Zebrafish exposed
in larger well volumes (and hence to larger aggregates) and zebrafish exposed to the other two
CENs (hNi@SiO2 and Ni-SiO2) experienced only a slight delay in hatching, suggesting only
mild toxicity. While a direct comparison with non-embedded Ni NPs of similar size was not
possible (since synthesis of such small Ni NPs requires the use of capping agents, which will
again significantly alter NP uptake, dissolution, and toxicity), a comparison with the reported

toxicity of larger Ni NPs!®81921% gyggests that formation of such CEN in which (potentially
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toxic) metal NPs are embedded into a (non-toxic) matrix could be an efficient way to mitigate

NP toxicity in next-generation complex engineered nanomaterials.
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6.0 EMBEDDING CU NPS IN SILICA SUPPORT REDUCES TOXICITY

COMPARED TO CU NPS DEPOSITED ON SILICA SUPPORT

6.1 INTRODUCTION

Copper nanoparticles (NPs) have excellent thermophysical properties and thus have made
important advances in electronics technology (semiconductors, electronic chips, heat transfer
nanofluids)?321, In addition, they have found other use in catalytic applications?>%, solar cells
and lithium batteries?!”?18 and air and liquid filtration?>22°, Furthermore, due to their biocidal
properties they have been incorporated into face masks, wound dressings, socks and water
purifiers®*6214 However, copper NPs have been shown to be toxic in both in vivo!®2177.195.221-225
and in vitro32109.176.226-228 mogls,

Current studies focusing on the toxicity associated with (bare) Cu NPs found them to be
ranked “moderately toxic” based on EPA guidelines'!?22229 These (bare) NP studies provide
excellent insight into the possible toxicity associated with these materials. However, Cu NPs are
being utilized in complex engineered materials (CENS), in which the Cu NP is embedded in a
support matrix, to prevent deactivation of the material®°6230-232_ Yet, there have been limited
studies to date focusing on the effect embedding the Cu NP has on toxicity. By studying how
embedding the Cu NP in a support, compared to deposited on the surface, we can determine if

nanoembedding is an effective strategy to designing safer Cu nanomaterials?®%9t, e
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hypothesize that by combining the active toxic Cu NPs with a non-toxic amorphous silica
support, we can aid in mitigating toxicity. This will be completed by reducing interaction with
the environment and slowing Cu?* dissolution, a known toxic source®167,

In this Chapter, we investigated the toxicity of two nanostructured copper-silica CENSs:
(i) copper NPs deposited on the external surface of an amorphous silica particle (Cu-SiOz), and
(iii) non-hollow core-shell materials ("hCu@SiO2), which consist of Cu NPs embedded into
porous amorphous silica shells. Utilizing these structures we will study how embedding alters the
CENs physicochemical properties and thus affects toxicity. In order to test this, the CENs were
subjected to thorough physicochemical characterization, including the determination of Cu?*
dissolution, SiO; dissolution and aggregation properties. The toxicity of these materials were
then evaluated in zebrafish larvae, using four complementary endpoints: survival®®111.151-153
developmental morphology*®®!  hatching3+110.140.154-159 “and motor function®12-164 The first
three are considered robust, established assays in nanotoxicology, whereas motor function is a

novel and recently emerging assay for evaluating nanotoxicity.

6.2 METHODS

6.2.1 Cu/SiO2 CEN synthesis

Non-hollow Cu@SiO. (nhCu@SiO.) materials were synthesized using a one-pot reverse
microemulsion synthesis developed in our laboratory. First, 50 mL of cyclohexane (>99%) and
10.5 g surfactant Brij 58 (>99% polyethylene glycol hexadecyl ether, Mn ~1124, Sigma-Aldrich)

were refluxed at 50°C until the surfactant was fully dissolved. 1.5 mL of 1 M CuCl; was then
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added drop-wise. Next, 5 g of tetraethylorthosilicate (TEOS, >99%) was added, followed by 3
mL of ammonium hydroxide (30%). After two hours of aging for silica growth, particles were
precipitated with 2-propanol, collected via centrifugation, washed three times with iso-propanol,
and dried in air. The crushed powder was then calcined in a Thermolyne 79300 tube furnace for
2 hours at 500°C in air.

For surface-deposited Cu-SiO2, copper-free spherical silica spheres were first synthesized
using the microemulsion nhCu@SiO. procedure above but replacing aqueous Cu salt with 1.5
mL deionized (DI) water. Following calcination of the Cu-free silica, a deposition-precipitation
method, modified from Deng et al.}%, was used to deposit very small and near-monodisperse Cu
NPs on the surface of the calcined silica spheres. 0.6 g of SiO> NPs were dispersed in 15 mL of
DI water by sonication, X M Cu salt solution was added (0.52 g CuCl, in 10 mL DI water), and
the mixture was again sonicated for 20 min. Ammonium hydroxide (30%) was then added drop-
wise over 20 min until the pH of the solution was ~9.5. The resulting material was mixed for 20
min, centrifuged, dried, calcined at 300°C in air, rinsed twice in DI water, dried, and calcined

again at 300°C in air.

6.2.2 CEN size, morphology and surface area characterization

CEN size and morphology were characterized with transition electron microscopy (TEM, JEOL-
2000FX electron microscope). Particle measurements of TEM images were done using ImageJ
software (http://rsh.info.nih.gov/ij/). Scanning Electron Microscopy (SEM) equipped with EDX
was used at beam voltage of 15kV to determine elemental composition. Surface area and
porosity were determined by Brunauer Emmett Teller (BET) analysis using a Micromeritics
ASAP 2020 surface area and porosity analyzer. Pre-treatment consisted of 2-3 hr degassing at

114


http://rsb.info.nih.gov/ij/

200°C under vacuum. Typically, a 6-point BET analysis was used for total surface area
measurement and an 84-point N2 Barrett-Joyner-Halenda (BJH) analysis with Halsey thickness

curve correction and Kruk-Jaroniec-Sayari correction for pore size and volume determination.

6.2.3 CEN aggregation size characterization

CEN aggregate size in E3 medium (49 mM NacCl, 1.6 mM KCI, 3.3 mM CacClz, 3.3 mM MgSOs,
pH 7.4) was determined by dynamic light scattering (DLS, Zetasizer Series Nano-ZS). E3
medium was chosen as it is the zebrafish medium used for the toxicity studies. The samples were
first dispersed by sonication and then ~1 mL of dispersed solution was added to a cuvette. The

refractive index of silica was used for all measurements.

6.2.4 CEN Cu?* dissolution

The degree of Cu?* dissolution from the CENs in E3 medium was determined at specific time
points. Six mL dispersions (3 mg Cu/L) were prepared in E3 media. CENs were removed from
the dispersions by centrifugation followed by filtration (Amicon 10,000 molecular weight cut-off
filters, ~3.1 nm). HNOz (Sigma, 70%) was added dropwise to the filtrate to a concentration of 3
wt%. Dissolved Cu?* was measured under radial detection by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Thermo Electron Corporation iCAP6500 Duo Series ICP-OES
Spectrometer). Standards were formulated from a stock standard solution (Fischer Scientific)

with 3 wt% HNOs in deionized water to generate a standard curve.
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6.2.5 CEN SiO2 dissolution

Dissolved silica concentration was measured using the ASTM D859-00 standard test method for
silica in water*®®, Briefly, 10 mL dispersions (3 mg Cu/L) were prepared in E3 media. At specific
time points the CENs were removed by centrifugation followed by filtration. 0.2 mL of HCI (1:1
water:acid) and 0.4 mL of ammonium molybdate (75 g/L, Sigma-Aldrich) was added in
succession to the collected sample. After five minutes, 0.3 mL of oxalic acid (100 g/L, Sigma-
Aldrich) was added. 0.4 mL of amino-naphthol-sulfonic acid (0.5 g 1l-amino-2-naphthol-4-
sulfonic acid + 150mL DI water + 1 g Na,SO3z + 30 g NaHSO3) was added after 1 minute. After
ten minutes the absorbance was read at 815 nm using UV-Visible spectroscopy. A blank was

prepared using E3 medium without CENSs.

6.2.6 Nanomaterial suspension preparation

Dried CEN powder was weighed, added to E3 media, and sonicated 20 min. Serial dilutions were
then prepared volumetrically. The solutions were re-dispersed by sonication for 1-2 minutes

immediately prior to addition to the well.

6.2.7 Zebrafish studies

Zebrafish studies were carried out in compliance with all federal and local regulations, in
accordance with NIH guidelines for animal care and use and with full approval from the
University of Pittsburgh Institutional Animal Care and Use Committee. Embryos for experiments

were generated by crossing healthy adult WT strain AB zebrafish of 4 — 12 months of age. The
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afternoon before mating, zebrafish were placed in breeding tanks with false bottoms, and
dividers to separate males and females. On the morning of mating the divider was removed at
08:00 when the zebrafish facility lights are illuminated to allow breeding. Timed embryos were
collected within the first hour of breeding. The embryos were washed in system water and then
E3 buffer and transferred to 10cm plates containing E3 buffer with methylene blue (0.0001%
w/v). A maximum of 30 embryos were housed in each dish. Plates were kept at 28.5°C in an
incubator with white light illumination (color temperature 4900K; brightness 200 Lux) on a

light-dark cycle (14 hours light:10 hours dark, light starts at 08:00).

6.2.8 Zebrafish embryo test (survival, morphology, hatching)

At 4 hours post fertilization (hpf), zebrafish embryos were left in their chorion and transferred to
a well of a polystyrene multi-well plate. One zebrafish was placed in one well of a 24-well plate
with two mL CEN solution. Zebrafish were incubated for five days at 28.5°C and analyzed
visually each day for survival, developmental malformations and hatching. 12-18 embryos were

tested for each condition and per was repeated in three independent experiments.

6.2.9 Zebrafish larval motility behavior

24 hpf zebrafish embryos were mechanically dechorionated and placed in one well of a 24-well
plate with two mL CEN solution. The chorion was removed to eliminate differences in exposure
due to different hatching behaviors. Surviving larvae were collected on day four, zebrafish larvae
displaying morphological abnormalities were excluded from the motor assays. The zebrafish

larvae were washed three times in E3 medium to remove residual particles by being gently
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transferred in E3 using a Pasteur pipette. The washed zebrafish were then transferred to a 96-well
plate. Motor function was then analyzed as described in detail in our previous work 70171,
Briefly, a video stream of zebrafish moving in the wells of a 96-well plate was captured at 2
frames/s. Video recordings were analyzed using the open source LSRtrack and LSRanalyze
MATLAB scripts that we reported and extensively validated previously!’®172, All video

recordings were taken at the same time of the day (between 2-5 pm).

6.2.10 Zebrafish copper uptake

Zebrafish Cu uptake was determined by collecting surviving embryos and larvae upon
termination of the experiment to measure cumulative metal uptake. Briefly, larvae were
transferred to clean 12-well plates in groupings by dose, rinsed 5 times in fresh E3 medium to
rinse residual external particles from surface of the zebrafish, euthanized using 10% sodium
hypochlorite and rinsed five times with E3 media. Residual medium was then removed and
zebrafish were dried in air. A dissolving procedure by Borgmann et al.}”® was used beginning
with addition of nitric acid (12.5 pL/fish, 70%, Fischer Scientific) followed by at least one week
digestion followed by addition of hydrogen peroxide (10 pL/fish, 30%, JTBaker) and 24 hours
digestion. Resulting solutions were diluted up to 8 mL and the Cu concentration was measured
via ICP-AES. The number of rinse cycles was determined by repeating washes until the copper

uptake measurement became independent of the number of washes.
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6.2.11 Statistics

Data for each of the assays were parametrically distributed. To compare the effects of multiple
different concentrations of each nanomaterial with embryo buffer in the same experiment, we
employed one-way ANOVA followed by Dunnett’s test!?”. * indicates p<0.05. Three
independent experiments were conducted for each zebrafish endpoint with 12-18 fish per

condition.

6.3 RESULTS

6.3.1 Characterization of Cu/SiO2 CENs

Two Cu/SiO2 complex engineered nanomaterials (CENs) were synthesized using a reverse
microemulsion sol-gel synthesis: Cu NPs externally deposited on a silica support (Cu-SiOz) and
Cu NPs embedded throughout a SiO. support (nhCu@SiOz). Transition electron microscopy
(TEM) images of the Cu/SiO> CENs are shown in Figure 40, and material characteristics are
summarized in Table 6. Both materials share common chemical compositions and have similar
dimensions, and differ in nanostructure alone. For both CENSs, the copper NPs are similar in size
(~2-3 nm) and copper content is ~10-12 wt%. The CENSs are spherical and ~40 nm. Additionally,
the surface area are similar, (~100-150 m?/g). Agglomerate size was assessed by dispersing the
CEN in zebrafish E3 medium (49 mM NaCl, 1.6 mM KCI, 3.3 mM CaCly, 3.3 mM MgSQOxs, pH

7.4) by sonication, and agglomerate sizes were measured using dynamic light scattering (DLS,
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Table 6). After dispersion in E3 media, the Cu-SiO>

NhCu@SiOa.

aggregated to larger sizes than the

Figure 40. TEM images of typical (a.) Cu-SiO,, (b.) nhCu@SiO, samples. Scale bars are 100 nm for larger images

(black) and 50 nm for insets (white).

Table 6. Cu loading (from EDX), Cu NP size (from TEM)(dry) CEN particle size (from TEM), CEN agglomerate

size suspended in E3 medium (from DLS) and surface area for Cu-SiO, and nhCu@SiO2, shown in Figure 40.

CEN Cu Dy, Cu particle Dy, primary Mean size in Surface
loading (nm), n=# particle (nm), n= E3 medium area
(wt% Cu) | particles counted # particles suspension, (m?/g)
counted (nm)
Cu-SiO2 9.8+0.5 | 22+0.3,n=100 | 45.2+7.5,n=120 1091 + 102 140.4
nhCu@SiO2 | 10.5+0.7 | 24+0.4,n=104 | 51.5+6.2,n=120 | 653.14 +59.5 99.4
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6.3.2 Cu?* dissolution

lon dissolution from metal NPs is an important mechanism mediating the toxicity of
metals3%109110.164 “including copper®!??, Therefore, we investigated the metal dissolution from
the CENSs into the E3 medium. This will determine if toxicity is directly correlated with the Cu?*
ion shedding*’®. Cu?* dissolution was determined by dispersing 3 mg Cu/L of CEN in E3
zebrafish embryo medium for five days. 3 mg Cu/L was chosen as it was a concentration in the
middle of the tested range for toxicity studies and had greater than 70% zebrafish survival for all
tested materials (see Figure 43). At specific time points, centrifugal ultrafiltration was used to
separate the CENs, and inductively coupled plasma atom emission spectroscopy (ICP-AES) was
used to determine dissolved Cu?* concentration. Cu-SiO, CENs showed the highest Cu®
dissolution (0.11 mg Cu/L) while nhCu@SiO2 (0.017 mg Ni/L) CEN exhibited a much lower
Cu?* dissolution (Figure 41). Cu-SiO2 displayed a constant dissolution of Cu?* over 72 hours, but
gradually slowed from 72-96 hours. In contrast, the nhCu@SiO: rapidly dissolved the first 24

hours and slowed for the next 96 hours.
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Figure 41. Dissolved Cu?* and percent dissolution of Cu/SiO, CENs in E3 media at room temperature for 120 hours

with a starting concentration of 3 mg Cu/L.

6.3.3 SiO2 dissolution

Silica dissolution could compromise the CENs stability in the aqueous media, alter the size and
shape of the CEN, and ultimately cause the Cu NP to be released from the protective silica
matrix into the medium or the zebrafish larvae. Therefore, silica dissolution was quantified using
a colorimetric assay over five days by dispersing 3 mg Cu/L CENSs in E3 media (Figure 42)*68,
nhCu@SiO2 (0.839 mg SiO2/L, 3.1% total SiO,) showed a higher dissolution than the Cu-SiO»

(0.289 mg SiO2/L, 1.1% total SiO2) CEN. However, both CENs exhibit minimal silica
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dissolution (<4%) and hence silica dissolution was not expected to release Cu NPs from the

silica matrix.
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Figure 42. A. Dissolved silica (mg SiO2/L and % total SiO2) from 3 mg Cu/L CENSs dispersed in E3 medium for

five days at room temperature.

6.3.4 Toxicity of Cu/SiO2 CENs

To evaluate the effect nanoembedding has on toxicity, 4hpf zebrafish embryos were exposed to
0.1 -10 mg Cu/L of CENs dispersed in E3 embryo medium for five days. E3 medium containing
CuCl, was used as a positive control for toxicity related to dissolved Cu?*; E3 media without
additives was used as a negative control. The toxicity of the SiO support was tested previously

and it was determined that there was no toxicity associated with these NPs (Chapter 4.0 ). Hence,
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any observed toxicity was related to the Cu NPs. Survival (defined as a visible heart beat) was

monitored daily until 5 days post fertilization (dpf) (Figure 43A).

6.3.5 Zebrafish survival depends on CEN structure

As expected, CuCl, was toxic in a dose-dependent manner; the calculated LCso for Cu?* was
~2.5 mg/L. The Cu-SiO, CEN caused a dose-dependent decrease in zebrafish survival; the
calculated LC50 was 5 mg Cu/L. In contrast, 92% of the zebrafish embryos exposed to
nhCu@SiO, CEN survived over the tested concentration range (0-10 mg Cu/L). There was a
clear toxicity ranking: CuCl, was the most toxic and caused a higher mortality rate than the than
the Cu-SiO2 CEN which caused more zebrafish death than the nhCu@SiO. CEN. However,
when survival was plotted again the dissolved Cu?* concentration (extrapolated from Figure 41),
the Cu-SiO, CEN was more toxic than the CuCl, salt (Figure 43B). This indicates a nano-
specific effect: the toxicity associated with the Cu-SiO2 CEN cannot be explained purely by Cu?*

dissolution in the media.
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Figure 43. Zebrafish larvae survival (%) after exposure to A. 0-10 mg Cu/L for CuCl, or Cu-SiO, or nhCu@SiO,
on 5dpf. B. Survival was plotted against the dissolved Cu?* concentration present in the well. Error bars are error of

sum squares (SSE).

6.3.6 Cu materials did not cause development of zebrafish larvae malformations

Metal NPs have previously been reported to cause a range of developmental defects in zebrafish
larvae including abnormal spinal curvature, pericardial and abdominal edema®®®!®!, Therefore,
we evaluated the development of malformations as an indicator of developmental toxicity. 4hpf
zebrafish embryos were left in their chorion and exposed to 0-5 mg Cu/L of CuCl; or CENs
dispersed in E3 media. The embryos were monitored for the appearance of malformations over
the next five days (Figure 44), including abnormal curvature of the spine and body (lordosis,
kyphosis and scoliosis), pericardial and abdominal edema, and failure of swim bladder inflation
(representative images is detailed in Error! Reference source not found.Figure 57). Overall,
the development of malformations for embryos exposed to 0-5 mg Cu/L Cu/SiO2 CENSs or CuCl;

did not differ significantly from E3-only control. Hence, evaluating the development of
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malformations was not a sensitive endpoint for evaluating developmental toxicity of the Cu

materials.
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Figure 44. Malformations observed in surviving zebrafish larvae exposed to CuCl, or Cu/SiO, CENs on 5dpf. Note
that there were no surviving fish for 5 mg Cu/L Cu-SiO,. *p>0.05 for one way ANOVA followed by Dunnett’s t-

test, error bars are standard deviation.

6.3.7 Zebrafish hatching dependent on Cu structure

Evaluating the effect nanomaterials have on zebrafish hatching is a quick, facile assay that is
used extensively in nanotoxicity studies to determine developmental toxicity. Therefore, we
examined the inhibition in zebrafish hatching due to the Cu/SiO, CENSs. 4hpf zebrafish (left in
their chorion) was exposed to 0-10 mg Cu/L and monitored daily until 5dpf. The hatching rate

was calculated by normalizing the number of hatched zebrafish by the total number of surviving
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zebrafish. Figure 45 indicates the hatching rate on 72hpf for zebrafish exposed to 0-10 mg Cu/L.
100% of the control zebrafish had hatched by 72hpf. Zebrafish exposed to CuCl. had the highest
delay in hatching (< 0.1 mg Cu/L delayed 50% of the zebrafish from hatching), followed by Cu-
SiO2 CEN (0.1 mg Cu/L delayed 50% of the zebrafish from hatching) and, lastly, n(hCu@SiO>
(0.75 mg Cu/L delayed 50% of the zebrafish from hatching) had the least effect on the hatching
rate (Figure 45A). The toxicity ranking due to inhibition in hatching agrees with the toxicity
ranking based on zebrafish survival. However, when the toxicity was plotted again the dissolved
Cu?* concentration, both CENs were more toxic than the CuCl, salt. As previously seen with
survival, this suggests the presence of a nano-specific effect. The dissolved media Cu?*

concentration cannot solely explain the observed toxicity.
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Figure 45. 72 hpf hatching rate for zebrafish exposed to 0-10 mg Cu/L CuCl,, Cu-SiOz, or nhCu@SiO,. All tested
concentrations were significant compared to the control (error bars are standard deviation, significance was

determined using one way ANOVA followed by Dunnett’s test).
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6.3.8 Cu/SiO2 CENs affect zebrafish larval motor function in dark portions

Previous reports indicate that copper can act as a neurotoxin which would be expected to
adversely affect motor function in developing zebrafish larvae?®324. Additionally, zebrafish
larval motor behavior can be quantified in a 96-well plate, thereby allowing statistically robust
determination of how toxicants alter motor physiology!’%172183 The chorion has been previously
reported to possibly act as a barrier for uptake of metal NPs’"178, Consequently, in order to
eliminate differences in chorionic penetration of NPs as a variable from our studies, zebrafish
embryos were mechanically dechorionated at 24 hours post-fertilization (hpf). In parallel,
survival rates for 24hpf dechorionated zebrafish exposed to the Cu/SiO, CENs were monitored.
The survival rates were similar, thus the toxicity associated with zebrafish survival was
independent of the presence of the chorion.

Embryos were mechanically dechorinated at 24hpf and exposed to Cu CENSs or CuCl; for
four days. Spontaneous propulsive movements was measured on 5dpf to evaluate the
development of swimming behavior during CEN exposure. At 5dpf surviving zebrafish larvae
were collected and transferred to E3 medium with no additives for two hours. All zebrafish
larvae with morphological abnormalities (compared with normal healthy zebrafish larvae under
light microscopy) were excluded from the motor assays. Consequently, the motor assays are
informative about the development of locomotor function, rather than mechanical consequences
or morphological malformation involving the body shape, trunk muscles or fins. Three patterns
of altered larvae locomotor behavior with increasing toxicant concentration have been reported
previously: (i) a monotonic decrease in total larval displacement/time with increasing toxicant

concentration®*183: (ji) a monotonic increase in displacement/time with increasing toxicant
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concentration'®*; and (iii) a biphasic relationship in which locomotor activity first increases at
lower concentrations and after reaching a maximum, decreases at higher concentrations!8>235:236,
Using our previously reported methods, we quantified zebrafish larval motor function at
5dpf in 96-well plates for one hour in bright white light and three 20 minute light/dark cycles
(200 Lux brightness, 4900K color temperature)!’®172, and determined their mean velocity (Vm =
total displacement of the larval centroid over the course of the recording/ time period of
observation). All three copper materials did not cause any significant change in larval motility
during the one hour light exposure (Figure 46). In contrast, all three materials provoked
abnormalities in the zebrafish larval motility behavior during the dark portion of the cycle
(Figure 47). CuCl, caused a monotonic increase in Vm from 0.1-0.75 mg Cu/L and then
exhibited a decrease in Vm from 1-3 mg Cu/L. Cu-SiO; exhibited this same trend, with an
elevated Vv from 0.1-0.5 mg Cu/L and a decrease in Vi from 0.5-3 mg Cu/L. Robust motility
analysis was not possible for these materials past 3 mg Cu/L due to zebrafish death. Lastly,
zebrafish exposed to nhCu@SiO> exhibited an increase in Vm from 0.1-1 mg Cu/L and a
decrease in Vv from 3-10 mg Cu/L. It is difficult to develop a ranking of these materials based
on the changes in motility due to the response being u-shaped rather than a monotonic increase
or decrease in Vm. But, it allowed toxicity to be detected at lower concentrations than hatching or

survival.
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Figure 46. Zebrafish larval mean velocity (mm/s) after exposure to 0-10 mg Cu/L A.) CuCl; analogous salt and, B.)

Cu-SiOy, C.) nhCu@SiO,. Shown as average VM and error bars are SSE.
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Figure 47. Average zebrafish larval mean velocity over the three cycles (dark from 0-600 sec; light from 600-1200
sec) after exposure to 0-10 mg Cu/L A.) CuCl, analogous salt and, B.) Cu-SiO», C.) nhCu@SiO,. Shown as average

VM and error bars are SSE.
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6.3.9 Structure does not affect zebrafish copper uptake

To determine if toxicity was correlated with total copper uptake into the zebrafish, we measured
tissue Cu concentrations in zebrafish larvae exposed to the copper materials. Zebrafish embryos
were exposed to 3 mg Cu/L of either CEN or CuCl,. Both 4 hpf chorionated zebrafish and 24hpf
dechorionated zebrafish were used. After exposure, the zebrafish embryos and larvae were
thoroughly washed five times and digested to allow measurement of tissue Cu content by ICP-
AES. Figure 48 shows the total Cu content after 96 hour exposure to the copper materials. For
both 4hpf chorionated zebrafish and 24 hpf dechorionated zebrafish, there was no significant
differences in Cu uptake depending on the material. The 4hpf chorionated zebrafish had a higher
Cu uptake than the 24 hpf dechorionated zebrafish. This was expected since the fish were

exposed to the Cu materials for an additional 20 hours.
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Figure 48. Cu uptake at 96hpf after exposure to 3 mg Cu/L CuCl,, Cu-SiO; and nhCu@SiO; for A. 4hpf zebrafish

left in the chorion and B. 24hpf mechanically dechorionated zebrafish.

6.4  DISCUSSION

This present study aimed to utilize high-throughput zebrafish assays to study the toxicity of
Cu/SiO, CENSs and understand the effect nano-embedding had on toxicity. It was clear from the
zebrafish assays that the Cu-SiO> CEN was more toxic than the nhCu@SiO2 CEN. The Cu-SiO>

CEN caused a higher rate of zebrafish death and a more significant delay in zebrafish hatching.
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In addition, both CENs were a developmental neurotoxin. Interestingly, the CENs did not affect
larval motility behavior in the light, but, only disrupted larval motility behavior in the dark. This
inverted U shape in the dark (but not in the light) was also observed when zebrafish were
exposed to cocaine and d-amphetamine?3. However, there is no clear evidence what this means
developmentally for the zebrafish.

Overall, embedding the Cu NP in a SiO2, NP led to a safer nanomaterial than the
externally deposited Cu NPs. This can be possibly due to reducing Cu?" dissolution or limiting
interaction between the Cu NPs and the environment. Indeed, the Cu NPs deposited on the
external SiO2 NPs had ~6X higher dissolution than the Cu NPs embedded in the SiO2 NPs. This
is likely due to the external Cu NPs being directly exposed to the E3 media. The saturation
concentration is hence kept low and the Cu?* dissolution does not reach equilibrium quickly and
Cu NP is able to keep dissolving. In contrast, the Cu NP embedded in the silica support
experiences a slower dissolution because the Cu?* equilibrates with the media inside the pore
which reaches equilibrium much faster. It is then dependent on the media to diffuse out of the
pores. This is a much slower process, than the external NPs which are exposed to the bulk media,
and leads to a reduction in Cu?* concentration in the media. While the Cu?* dissolution ranking
(Cu-SiO2 > nhCu@SiO») agrees with the toxicity rankings (CuCl, > Cu-SiO2 > nhCu@SiOy), the
dissolved Cu?* concentration cannot solely explain the observed toxicity (Figure 43A and Figure
45A). When the survival and hatching rates were plotted against the dissolved Cu?*
concentration present in the well, both CENs exhibited a more toxic response than the correlating
salt. Thus, a nano-specific toxicity mechanism is at play that relies on the uptake of the CENSs.
Other reports suggest the toxicity of their Cu NPs is dependent on this same nano-specific

eﬁ:ect152,223
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Interestingly, the zebrafish total Cu uptake was similar for all three materials. This
suggests that the differences in toxicity is not due to an enhanced uptake of a specific material.
Rather suggests the toxicity is related to the type of Cu (ionic or metallic) present in the
organism. Unfortunately, we are not able to differentiate between ionic copper and metallic
copper. However, based on previous in vitro studies, Cu NPs are shown to be toxic via a Trojan
horse mechanism?2228 In addition, a Trojan horse mechanism can explain the observed toxicity
differences. The surface deposited Cu NPs are expected to dissolve Cu?* at a faster rate than the
Cu NP embedded in the silica. This rapid and more complete dissolution is in agreement with the
elevated toxicity with these materials. Furthermore, this dissolution could occur in different
organs in the zebrafish. Naively, we would expect the Cu?* salt and Cu CENSs to be located in
different organs/tissues of the zebrafish due to different transport mechanisms. Moreover, it
would not be a far reach to hypothesize the two CENSs are transported to different organs/tissues.
Due to differences in the surface chemistry (Cu-terminated versus SiO»-terminated), there could

be different uptake, and transportation throughout the zebrafish.

6.5 CONCLUSIONS

Our results demonstrate that zebrafish embryos provide a useful screening model for evaluating
CEN toxicity during vertebrate development by combining established (zebrafish larval survival
and malformations) and novel (zebrafish larval locomotor function) methods for detecting
phenotypes. Based on these assays, the Cu/SiO, CENs were toxic via a nano-specific

mechanism, likely a Trojan horse mechanism. By embedding the Cu NPs in a silica shell, the
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toxicity was significantly reduced compared to Cu NPs deposited on the silica surface. The
embedded NPs are protected by the silica shell which leads to a decreased dissolution. Hence, it
is likely the nhCu@SiO2 CENs were less toxic due to a reduced Cu?* concentration (the toxic
source) inside the zebrafish. Comparatively, our Ni/SiO. nanomaterials toxicity is correlated
with an increase in dosing of the two toxic materials. However, in this study we effectively
showed that embedding the Cu NPs reduced toxicity while exposing the zebrafish to similar
doses. Overall, embedding NPs in a support holds great promise when designing safer

nanomaterials.
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7.0 SUMMARY AND OUTLOOK

7.1  SUMMARY

In this work, we hypothesize that the design of complex engineered nanomaterials (CENSs) will
be instrumental in mitigating/reducing the toxicity of functional metal nanoparticles. We tested
this hypothesis using a system of metal NPs combined with a non-toxic silica support NP,
carefully synthesized into different configurations. The choice of the CEN design was based on
catalyst materials developed by Dr. Veser’s lab. These materials have potential use in the
chemical industry.

The CENs physicochemical properties were rigorously characterized to understand how
they influence toxicity. There was significant changes in dissolution and aggregation properties
based on the materials structure, indicating a possible modulation of the toxic effects of these
synthesized CENSs. In order to evaluate the toxicity of the CENs we chose two alternate model
systems: an in vitro cell culture system for mechanistic understanding of the pathway of toxicity
and an in vivo zebrafish model for an evaluation of toxicity to a whole organism. It is important
to note that the primary point of interest lies in human relevant toxicity of these NPs. Currently,
no model system can completely represent human exposure, thus, it is critical to develop a
thorough understanding of the interactions of the CENs with alternate model systems, which can

be carefully extrapolated to predict human exposure.

136



7.1.1 Model systems for toxicity evaluation

By evaluating toxicity to both in vivo and in vitro models, we can better understand the source of
nanomaterials toxicity. Due to the simplicity of in vitro models, it is possible to identify the
toxicity mechanism (including a Trojan horse mechanism). In vivo systems present
physiologically relevancy due to the interactions between organs and cells. However, this
increased complication in in vivo models makes it difficult to clearly identify the toxicity
mechanisms. Thus, by studying the toxicity mechanism in in vitro systems, it is possible to gain
insights into the toxicity mechanism of in vivo models.

We used a cell culture system to investigate the modes of cell-CEN interaction and the
underlying toxicity mechanisms. Cell culture systems allow more controlled exposure, measured
perturbations and investigation to facilitate the identification of the toxicity mechanism at play.
Furthermore, due to the cell’s small size, short experiment times, quick cell division cycle, and
low cost, experiments can be run in an inexpensive, high-throughput manner. This provides a
rapid, and critical, initial toxicity screening of nanomaterials. Specifically, 3T3 fibroblasts,
murine skin cells, are a robust, inexpensive cell line that is a FDA standard test model for
evaluating biomaterial safety. They have found wide-spread use in nanotoxicity studies. While
3T3 fibroblasts do not provide an accurate model for dermal exposure, they provide a robust and
established system that allows mechanistic toxicity studies to be conducted. By utilizing 3T3
fibroblasts in our studies, we were able to understand how nano-embedding affected dissolution,
which, in turn, affected toxicity.

Our study determined that the Ni/SiO> CENs were toxic via a Trojan horse mechanism.
In this mechanism, the metal ions dissolved from the NPs incited toxicity, rather than interaction

between the NP and the biological environment. Thus, the safest nanomaterial has minimal
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intracellular ion dissolution. This was accomplished by embedding the metal NP into the silica
shell. Furthermore, we were able to extrapolate this observation and design an even safer
nanomaterial by increasing the shell thickness around the embedded NP. This increase in shell
thickness slowed the ion dissolution further and eliminated toxicity to the 3T3 fibroblasts.

For an in vivo model we chose zebrafish as a well-characterized model of invertebrate
organism. Zebrafish (Danio rerio) provide a rapid, inexpensive, high-throughput and well-
characterized model to evaluate the toxicity of chemical structures in a vertebrate organism in
vivol0139.140 The zebrafish shares a common basic body plan with other vertebrates, including
mammals, and many molecular mechanisms governing early embryogenesis are also shared#?
144 Additionally, zebrafish are able to provide insights into the harmful effects of industrial
discharges on aquatic life. In view of these advantages, zebrafish are already used to test the
toxicity of chemicals and drugs?#147-149, Compared to other vertebrate models, zebrafish studies
offer low cost’®® and high throughput toxicity screening assays. While zebrafish can offer
insights into the teratogenic potential of test compounds in humans, it lacks human relevancy
compared to other vertebrate model available for toxicity screening. Furthermore, the mode of
exposure to the NP will likely be different in zebrafish as compared to human.

Our results showed that the CEN toxicity ranking was dependent on the zebrafish assay
used. This was because the experimental aquatic system greatly affected the nanomaterials’
aggregate size. This change in aggregate size modified the CENSs settling rate which modified
CEN exposure to the zebrafishes. Overall, this change in zebrafish exposure made it difficult to
elucidate how the Ni NP embedding affected toxicity. However, it exhibited the critical need to

understand and characterize the nanomaterials in their test environment.
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The Ni/SiO2 CENs exhibited a low toxicity and would be classified as “practically
nontoxic” by the U.S. EPA guidelines?®’. Thus, while the Ni NPs acted as an excellent model for
systematically studying the effect embedding had on toxicity, these nanomaterials are a low risk
material. Occupational exposure limits for nickel and nickel compounds in the United States
have been set from 0.007-1.5 mg Ni/m3 depending on the regulatory body and material
type?823° However, there have been past exposures to Ni materials from 3.5-382 mg Ni/m?
240241 - Qur tested concentration in both the in vivo and in vitro work are well above the
permissible occupational exposure limits and exposures that would be expected. However, it was
necessary to use these concentrations to study the effect nanoconfiguration had on toxicity.

The changes in Ni/SiO2 CEN settling behavior (and hence zebrafish exposure) was due to
the high concentrations used in the experiments. Thus, we moved to a more toxic material,
copper. Using this material we were able to probe the effect NP embedding had on toxicity,
while maintaining similar zebrafish exposure to the CENs. For all tested toxicity assays, the Cu
NPs embedded in the silica showed a lower toxicity than the Cu NPs deposited on the surface of
the silica NP. At this point, we do not have a clear proof for the origin of the toxicity of this
material. However, given our prior results with Ni-based nanomaterials (discussed above), and
prior evidence in the literature!’6.226227.242 '\ye hypothesize that the observed toxicity is again due
to metal dissolution. Hence, changes in Cu dissolution, due to the CEN structure, led to changes
in toxicity.

Overall, Cu NPs pose a potential risk to human health due to their widespread use in
consumer products and elevated toxicity. Cu NPs and our Cu-SiO. CENs would be classified as
“moderately toxic” by the U.S EPA guidelines. Interestingly, the structure that embedded the Cu

NPs in the silica shell would be classified as “slightly toxic” by the U.S. EPA guidelines. Thus,
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we were able to actually change the toxicity classification by embedding the Cu NP in the silica
NP. The occupational exposure limits for copper are 1 mg/m3. However, there have been few
reports to date determining the actual environmental and occupational exposure to copper and
copper oxide NPs. However, the widespread use of Cu NPs in many fields, combined with its
toxic behavior, suggests that this nanomaterial has potential health concerns in the future.
Humans are most likely to be exposed to nanomaterials via inhalation or dermal
pathway®®. Thus, both of our tested toxicity models are not well-suited for studying the toxicity
linked to specific exposure pathways. Rather, our studies provided toxicity results in a high-
throughput manner that can be used to prioritize further toxicity tests. While other vertebrate
models, like rats and mice, may be a more relevant toxicity model, in terms of both human
relevancy and modeling possible NP exposure, than our tested models, they still have their
limitations. These limitations include the studies’ high cost, low-throughput nature, long
experiment times and the possibility of false negatives results due to the nature of the
experiments?*. Overall, there is no perfect toxicity model. There is a trade-off between human
relevancy with high-throughput toxicity screening. Thus, there is a need to understand how
different models can be utilized to carefully and thoroughly screen for nanomaterials’ toxicity.
By initially screening for nanomaterials toxicity with high-throughput models (e.g. cell or
zebrafish models), potential hazardous nanomaterials can be identified and screened with higher
cost, more relevant models (like mice or rats). Thus, we would eliminate the need to use

expensive, long term studies on every nanomaterial that has a potential risk to human health.
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7.1.2 Safer nanomaterials

Many comprehensive nanotoxocity studies suggest that soluble metal/metal oxide NPs are toxic
via a Trojan horse mechanism?9:30:65120.229244.245 Tha NP acts as a delivery vehicle to the cell or
organ. Once delivered, the NP releases ions which cause toxicity. Thus, the observed toxicity is
due to the metal ions, and not related to direct interactions between the metal NP and the
biological environment. Agreeing with these previous reports, the observations in our studies can
be explained through dissolution-mediated toxicity. Our Ni/SiO. CENs were clearly toxic to the
3T3 fibroblasts via a Trojan horse mechanism: The intracellular Ni?* concentration directly
correlated with toxicity. Furthermore, we hypothesize that the CENs are toxic to the zebrafish via
a Trojan horse mechanism. By embedding the NP in the silica shell, we slowed the ion
dissolution within the zebrafish which led to a reduction in toxicity.

Clearly, we can see that when designing safer metal/metal oxide nanomaterials, it is
imperative to minimize the ion dissolution. While a specific design may ensure a lower toxicity,
it may, in turn, mitigate the NPs’ functionality. Hence, the newly designed “safer” nanomaterial
would not be a potential alternate. However, if a nanomaterial is designed for optimal
functionality, there may be an elevated toxicity that leads to the product being discontinued in
future applications. For example, our group has previously studied the Ni/SiO, CENs for
multiple industrial applications including catalytic partial oxidation of methane (CPOM) and CO
methanation*®. These results show that the embedded CENSs lead to better conversion than the
surface deposited CENs. Thus, for this specific application, the safest nanomaterials actually
represents the CEN that has optimized performance and functionality. In contrast, often the
functionality for Cu NPs is related to the dissolved Cu?*. The dissolved Cu?* from the NP

provides antifungal and bacteriostatic properties that are used in water treatment, antifouling
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coatings by the paint industry and implant coatings?*’*. However, this is also the source of
toxicity. Thus, if a safer nanomaterial is designed by reducing Cu?* dissolution, the NPs
functionality may be hampered.

Overall, when designing safer nanomaterials, we need to find a balance between safety
and functionality. This will require research, reiteration and collaboration from both the
toxicologist and product/industry designers to understand how to accomplish this. This is a
complicated problem, and requires thorough understanding of both the nanomaterials use and
potential toxicity. Identifying the potential toxicity though is beyond studying the toxicity on a
single cell line or model. It includes identifying the at-risk population to determine the correct
models to use for toxicity screening.

In this work, we studied the effect embedding had on dissolution (and thus toxicity).
However, there are other methods to stabilize the metal NP and reduce dissolution. These other
potential methods include doping, alloying with another active metal NP, or binding to a support
with strong metal-support interactions. Systematic studies will need to be conducted to determine
which methods are efficient at reducing dissolution for specific metal NPs. Furthermore, the ion
dissolution behavior needs to be considered for different test mediums. This includes
characterizing the NP’s ion dissolution in medium with organic substances to mimic aqueous
exposures, medium supplemented with proteins to mimic biological fluids, and medium with an
acidic pH to mimic lysosomes (an organelle that nanomaterials are often taken up through). By
understanding how the NPs act in these media, we can begin to design nanomaterials that reduce

dissolution.
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7.2 OUTLOOK

7.2.1 Applying structure-toxicity correlations to other CENs

Our studies indicated that dissolved Ni?*, rather than the NP itself, is the likely toxic source for
Ni NPs. Hence, this structure-toxicity correlation could be expanded to other Ni complex
engineered nanomaterials by alloying or doping. Ni is often alloyed with other metals, i.e. NiFe
alloys used in catalytic and electromagnetic applications®®%1253 and by systematically studying
the effect of alloying, a safe structure may be determined that minimizes Ni?* dissolution while
still providing functionality. Furthermore, doping could be used to stabilize the NP and reduce

dissolution while possibly not interfering with functionality.

7.2.2 Metal-support interactions

Metal NPs are often immobilized on oxide supports to protect against sintering and deactivation.
These NP-support interactions affect the NPs activity by altering their morphology and electronic
structure?®+2’, The support has shown to greatly influence a reactions’ products, stability,
conversion and yield’>%82%0 These changes in NP properties, due to the support, can be
expected to also influence the nanomaterials toxicity.

In the present dissertation we studied the toxicity associated with metal NPs on an inert
amorphous SiO; support. Future work can study the toxicity associated with metal NP on
different supports. By rationally changing the support, structure-toxicity correlations can be
designed based on the adhesion energy between the support and NP2, This would including

how the support influences physicochemical characteristics (ion dissolution, aggregation,
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settling). By taking a systematic approach, we will be able to understand how a NPs support can
influence toxicity. These correlations can be used to rationally design nanomaterials while still
maintaining functionality.

Moreover, CeO2 NPs are widely used in catalytic applications as a support due to their
reducible nature’>%1.262-265 They stabilize NPs at high temperature and provide better reactivity
and conversion. In addition, CeO> NPs have found widespread use in biological applications
including neurodegenerative disease regenerability?®®, as an anti-inflammatory agent?®’, and for
cancer treatment?%®, Due to CeO, NPs ability to transition between the Ce®*" and Ce** oxidative
states, the NPs have shown to actually protect cells from reactive oxygen species (ROS)?%-273,
Metal NPs have been shown to be toxic due generation of RQS%97.242244.274-278 - Hence, by
utilizing CeO> as a support, it is possible the CeO> NP could protectant against the ROS
generated by the metal NP. Thus, the support NP may be able to counter the active metal NP’s
toxicity. Therefore, in future work, it would be interesting to investigate if toxicity can be

mitigated by coupling a protective NP with a toxic ROS-generating NP.

7.2.3 Cell ability to recover from nanomaterial toxicity

In Chapters 2.0 and 3.0 , we showed that the Ni/SiO> CENs were toxic to 3T3 fibroblasts via a
Trojan horse mechanism. Moreover, the localization of the Ni?* inside the lysosomes led to a
decrease in toxicity compared to a Ni?* salt. However, not every exposure to nanomaterials is
expected to be a constant exposure. Rather, we expect there to be a short exposure, followed by
removal of the NPs (i.e. removed sunscreen loaded with ZnO NPs, took off socks using Ag NPs
to wash). However there is a possibility the NP toxicity will persist. In preliminary studies, when
the Ni?* salt was removed, the cell was able to recover and return to normal metabolic activities
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(Figure 49). However, in the presence of the nhNi@SiO2 CEN, even though the toxin is removed
and the cell is not taking up more CENSs, the existing CEN is still localized in the cell and is
continuing to shed ions, leading to a further reduction in toxicity (Figure 50). Thus, the exposure
IS persisting inside the cells are not expected to recover from this toxicity. Hence, in future work,
it is important to study how this toxicity mechanism persists and design nanomaterials that are

not only safe during exposures, but have limited persistency after the exposure is removed.
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Figure 49. Cell metabolism (normalized to control at 24 hour) for 24 hour after exposure to 0-200 mg Ni/L NiCls.
At 24 hours the media with NiCl, was replaced with 3T3 media with no toxins. The cell metabolism for 48 hour

after a 24 hour recovery period is also presented.
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Figure 50. Cell metabolism (normalized to control at 24 hour) for 24 hour after exposure to 150 mg Ni/L
nhNi@SiO,. At 24 hours the media with nhNi@SiO, was replaced with 3T3 media with no toxins. The cell

metabolism for 48 hour after a 24 hour recovery period is also presented.

7.2.4 Location of CENSs in the zebrafish

In Chapter 4.0, 5.0 and 6.0 , there were drastic toxicity differences to the zebrafish based on the
surface termination (silica vs metal). We hypothesize that the different surface chemistries could
lead to different uptake and translocation in the organism. Hence, we propose in the future to use
fluorescently tagged CENSs to aid in determining how the surface chemistry influences the
location of the CENSs in the zebrafish. Figure 51 shows fluorescently tagged Ni/SiO2 CENSs in the
zebrafish after a four day exposure. The Ni-SiO, CENs are shown to be clearly located in the
liver, while there is no presence of the nhNi@SiO2 CEN in the zebrafish, suggesting a difference
in accumulation based on the surface chemistries. This differences in translocation in the
zebrafish may also be metal-dependent. Hence it would be crucial to study the location of the
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CENSs using multiple metals deposited on silica, in addition to embedded within silica. This will
aid in gaining further insights into how to further design safer nanomaterials that aim for

clearance pathways versus organs that accumulate NPs.

nhNi@SiO,

Figure 51. Fluorescent images of 24hpf zebrafish exposed to 200 mg Ni/L fluorescently tagged nhNi@SiO; or Ni-

SiO, CENs for four days. The arrow indicates the liver and the presence of Ni-SiO, CENSs in the liver.
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Figure 52. BET surface area and porosity for SiOz, Ni-SiO2, nhNi@SiOz, hNi@SiO,.
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Figure 54. Cell metabolism (normalized to control) after exposure to 0-2700 mg SiO,/L for 24 hours.

150



L1}
L
£ 100% -i‘+——-—§‘ —a

20% A

£ |

3

&=
|

25%

0%

Normalized cell nu

0 900 1800 2700
mg Si04/L

Figure 55. Cell number (normalized to control) after exposure to 0-2700 mg SiO,/L for 24 hours.

The cell viability was analyzed by the LIVE/DEAD assay. Metabolically active cells convert
calcein-AM to calcein, which fluoresces green. Ethidium homodimer-1 diffuses into dead cells,
due to a compromised cell membrane, and fluoresces red. There were few apoptotic cells on the
bottom of the well, as the cells no longer adhere to the well upon death. Figure 56 shows the
LIVE/DEAD images after a 24 hour exposure to the Ni materials. The control condition
consisted of predominantly viable cells. After exposure to NiCly, the cell number decreased as Ni
concentration increased. The same trend was observed as the quantitative cell viability results:
Ni-SiO2 was the most toxic CEN and incurred the highest cell death, while the nhNi@SiO> CEN
was the least toxic CEN with the lowest cell death. Overall, the trend is similar to the

quantitative cell viability results.
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Figure 56. LIVE/DEAD images of 3T3 fibroblasts after 24 hour exposure to 0, 5, 50 and 200 mg Ni/L Ni materials.
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Figure 57. NiClx-induced developmental malformations. Examples are shown of zebrafish larval
malformations present at 5 dpf, following exposure to NiCl, (50 mg Ni/L) for 4 days. A. Control, healthy zebrafish
with normal morphology, including swim bladder (SB) formation. B. Zebrafish with abnormal spinal curvature
including kyphotic (Ky) and lordotic (Lo) deformities. C. Zebrafish with more prominent lordosis (Lo) and
pericardial edema (PE) D. Zebrafish with severe lordosis (Lo), pericardial edema (PE) abdominal edema (AE),
tissue necrosis (TN), abnormal fin morphology (FM) and small eyes (E). Note panels B-D show failure of swim
bladder formation; C and D also show shortened body length. C also shows lateral spinal curvature (scoliosis) seen

as the caudal extremity of the body being out of the plane of focus of the micrograph.
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Table 7. Frequency of malformations following developmental NiCl, exposure. The table shows the
frequency (mean + standard deviation) of abnormal spinal curvature, abdominal edema and pericardial edema after
exposure to 50, 100 and 200 mg Ni/L NiCl, and CENSs. Each individual zebrafish larva could show more than one
malformation and all were recorded. The malformation rate was normalized to the number of surviving zebrafish.

Note: after exposure to 100 and 200 mg Ni/L Ni-SiO, zebrafish developed no malformations.

Material/Concentration Abnormal Abdominal | Pericardial
spinal curvature | edema (AE) | edema (PE)
Control 0 mg Ni/L 1.2+ 1.1% 0+ 0.0% 0+ 0.0%
NiClz 50 mg Ni/L 58.3+3.1% | 13.7+4.7% | 48.0+ 4.0%
100 mg Ni/L 37.3+2.5% | 16.6+2.6% | 33.7+5.1%
200 mg Ni/L 66.3+3.9% | 35.3+5.5% | 62.7+2.9%
Ni-SiO2 50 mg Ni/L 2.8+ 1.5% 0.3+0.1% | 0.3+0.1%
100 mg Ni/L 0+ 0.1% 0+ 0.0% 0+ 0.0%
200 mg Ni/L 0+ 0.0% 0+ 0.0% 0+ 0.0%
nhNi@SiO: 50 mg Ni/L 4.5+ 3.8% 1.0£0.5% | 0.8+0.1%
100 mg Ni/L 4.8+ 4.1% 0.6+0.1% | 0.6+0.1%
200 mg Ni/L 5.7+ 6.2% 1.1+ 1.0% | 0.5+0.3%
hNi@SiO2 50 mg Ni/L 4.7+ 5.1% 0.5+ 0.1% | 0.4+0.1%
100 mg Ni/L 2.5+ 2.2% 0.2+0.1% | 0.2+0.2%
200 mg Ni/L 3.3+ 1.6% 0.3+0.2% | 0.4+0.2%
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Detailed Mean Velocity

NiCl, salt: A non-monotonic, inverted, u-shaped concentration/mean velocity relationship was
observed in (Figure 26A). Up to 100 mg/L, mean velocity increased with NiCl, concentration: 0
mg Ni/L: 0.895 + 0.06 mm/s; 5 mg Ni/L: 1.32 £ 0.10 mm/s p=0.004; 10 mg Ni/L: 1.33 + 0.09
mm/s p=0.006; 100 mg Ni/L: 1.49 + 0.20 mm/s p=0.003; 150 mg Ni/L: 1.35 = 0.13 mm/s
p=0.032. At higher concentrations, NiCl, caused a decline in mean velocity below baseline
measurements: 300 mg Ni/L: 0.46 = 0.15 mm/s p=0.020; p is one ANOVA followed by
Dunnett’s test.

Ni-SiO2: A monotonic increase in mean velocity was observed over the entire concentration
range (Figure 26B): 0 mg Ni/L: 0.851 + 0.12 mm/s; 10 mg Ni/L: 1.08 £ 0.17 mm/s p=0.801; 50
mg Ni/L: 1.32 £ 0.19 mm/s p=0.122; 100 mg Ni/L: 1.58 + 0.34 mm/s p=0.081; 200 mg Ni/L:
1.90 + 0.18 mm/s p=0.001; p is one-way ANOVA followed by Dunnett’s test.

nhNi@SiO,: No effect on mean velocity was observed over the entire concentration range
tested (Figure 26C): 0 mg Ni/L: 0.937 + 0.10 mm/s; 10 mg Ni/L: 0.860 + 0.14 mm/s; 50 mg
Ni/L: 1.14 = 0.11 mm/s; 100 mg Ni/L: 0.85 + 0.11 mm/s; 200 mg Ni/L: 0.99 £ 0.12 mm/s, p=
0.83; p is one-way ANOVA.

hNi@SiO,: A mean velocity increase was observed up to a concentration of 100 mg/L (Figure
26D): 0 mg Ni/L: 0.950 £ 0.09 mm/s; 10 mg Ni/L: 1.45 = 0.20 mm/s p=0.261; 50 mg Ni/L: 1.71
+ 0.31 mm/s p=0.032, 100 mg Ni/L: 1.77 £ 0.19 mm/s, p=0.042. At higher concentrations, mean
velocity decreased towards baseline values: 200 mg Ni/L: 1.39 £ 0.20 mm/s p=0.264; p is one-

way ANOVA followed by Dunnett’s test.
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