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1. Literature Review
1.1. What are nanoparticles?
Nanoparticles (NPs) are particles that are less than 100 nm in one
dimension (Kreyling, Semmler-Behnke, & Chaudhry, 2010; Lovestam et al.,
2010). Due to their small size, NPs have a high surface area to volume ratio
which enables them to be more reactive than their larger bulk counterparts
(Mittal, Kaler, & Banerjee, 2012; Nel et al., 2009). NPs exhibit physical and
chemical properties that are intermediate between their molecular form and
their bulk form (Bell, 2003). NPs can act as both electron acceptor and donor
and will often exhibit the opposite trend of their bulk counterparts (Mallick,
Witcomb, & Scurrell, 2004). Nanoparticle research is a rapidly growing
because of NP’s important deviations from bulk particles (Alvarez, Colvin,
Lead, & Stone, 2009). The design and manufacturing of nanoscale materials
with specific chemical and physical properties opens up a field of new
applications that could benefit both humans and the environment (Kaegi et
al., 2011).
However, the use of nanoparticles is still a relatively new science and
there are many unknowns. Research suggests that the mechanisms that
govern the fate and transport of bulk materials may not directly apply to
nanomaterials (Tolaymat et al., 2010). The effects of NPs vary depending on
their makeup and are not always consistent between studies. There are still
many unresolved issues and challenges concerning the biological effects of
NPs (H.-X. Mai et al., 2006). Rapidly increasing applications of engineered
nanoparticles have greatly enhanced the exposure of such materials to all
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living matter (Ashby, Pan, & Zhong, 2014). Despite increasing industrial
usage of NPs in areas such as sunscreens and cosmetics, little is known of
their environmental impact (Alvarez, Colvin, Lead, & Stone, 2009; Lowry et
al., 2010; Westerhoff & Nowack, 2013). For these reasons there is a need to
be able to rapidly understand and characterize nanoparticle exposures and
toxicity.
1.2. What is a functional assay?
Due to the increased industrial use of NPs there is an urgent need for a
quicker way to characterize the new particles that are being used. One way to
do this is through the use of functional assays. Functional assays (FAs)
inherently incorporate linkages between nanomaterials properties,
nanomaterial function, system characteristics, and the exposure or hazard
endpoints of interest; they describe the convergent properties of nanoobjects
and the systems in which they are present (Hendren, Lowry, Unrine, &
Wiesner, 2015). FAs are a tool that can be used to link NP properties in
relevant systems to toxicological impacts, through a standardized and
reproducible method, Figure 1.1 (Geitner, Marinakos, Guo, O’Brien, &
Wiesner, 2016; Hendren et al., 2015). However, because of the complexity of
the environmental systems of interest and the widely varying properties of
nanomaterials, the parameter space for a highly predictive model tends to
grow very quickly (Geitner et al., 2016). Therefore, it is also desirable to
identify a finite number of functional assays that are capable of rapidly and
simply describing key parameters that meaningfully describe nanomaterial
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properties and minimize the necessary experimental characterization of a new
nanomaterial (Hendren et al., 2015).

Figure 1.1: Functional assays provide a way to predict the risks and potential exposures
to nanoparticles in the environment (Hendren et al., 2015)
1.3. Introduction to redox assays
According to the Organization for Economic Cooperation Development
(OECD) redox potential is a physicochemical property of interest when
testing manufactured NPs (OECD-WPMN, 2016). Redox potential, in a
range of biochemical reactions, caused disruption and can be a predictor of
cytotoxicity for metal oxide NPs (OECD-WPMN, 2016). Redox is the
tendency of a species to gain or lose electrons, where reduction is the gain of
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electrons or decrease in oxidation state of an atom, as seen in Figure 1.2.
Movement of electrons from one molecule to another creates an electric
potential. This redox potential will only be meaningful when there are
reduced and oxidized species present in liquid media (Tantra, Cackett, Peck,
Gohil, & Snowden, 2012)

Figure 1.2: Reduction and oxidation reaction
The most common method of measuring redox potential is the use of the
Oxidation Reduction Potential (ORP) probe. The ORP assay is easy to use
and commercially available. It utilizes a Pt electrode against a double
junction Ag/AgCl reference electrode. It is a measurement of the potential
difference across a two-electrode system (Tantra et al., 2012). It can be used
in a wide range of media with any type of NP and is often reusable for
multiple measurements. It is widely used for dissolved species. However,
ORP readings are highly governed by the type of media they are dispersed in,
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with little contribution from the NPs themselves. ORP values are dominated
by the amount of dissolved chemical species in the liquid media. This is an
indirect measurement of redox potential, particularly at the NP surface, and
the accuracy of the ORP assay is uncertain. A reliable redox potential
measurement requires that equilibrium be established not just at the
electrode, but among the redox couples in solution. ORP measurements
represented mixed potentials with various factors contributing to the overall
ORP value, like diffusion limitations and the barrier of electron exchange at
the Pt electrode (Tantra et al., 2012). It was found that the ORP electrode in
redox measurements does not indicate a particle’s contribution towards final
redox potential (Tantra et al., 2012). In their study, the OECD deemed that
the ORP assay as unsuitable for determining the redox potential of NPs
(OECD-WPMN, 2016). Alternatives to the ORP assay such as X-ray
photoelectron spectroscopy and electron paramagnetic resonance are also
used to measure redox, but they also have some limitations (Tantra et al.,
2012). Nearly all assays that measure for redox potential have some
deficiencies or limitations (Table 1.1). There is a need for an assay that
reliably measures redox potential of NPs.
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Table 1.1: Limitations of commonly used abiotic assays for nanoparticle redox
measurement
Assay
2,3-Bis-(2Methoxy-4-Nitro-5Sulfophenyl)-2HTetrazolium-5Carboxanilide
(XTT)
Terephthalic Acid
(TPA)

Detects
O2-2 and cell
viability

Limitations
Long incubation
time, superoxide
only, NPs interfere
with product
absorbance readings

Source
Horst, Vukanti,
Priester, & Holden,
2013

OH

Insoluble in water
and alcohols

Dithiothreitol
(DTT)

H2O2, O2-2 and OH

Electron Spin
Resonance (ESR)

OH

Time consuming;
adsorption to NP
surface, surfactant,
concentration
greatly influence
results
Limited ROS
species detection
capabilities

Deori, Gupta, Saha,
Awasthi, & Deka,
2013
Sauvain et al., 2008

Sauvain, Deslarzes,
& Riediker, 2008
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1.4. Reactive Oxygen Species
Nanoparticle redox reactions in liquid media create Reactive Oxygen
Species (ROS). A ROS is a free radical involving oxygen (Halliwell, 1994).
Oxygen free radicals have the potential to undergo a variety of reactions
within organisms both intracellular and extracellular. Generation of ROS by
NPs in an organism is often a precursor to oxidative stress, and has been
connected with nanoparticle-induced genotoxicity and cytotoxicity (Kumar,
Pandey, Singh, Shanker, & Dhawan, 2011). Common reactive oxygen
species can be seen, and compared to molecular oxygen, in Figure 1.3 below.

Figure 1.3: Electron structures of most common reactive oxygen species compared with
molecular oxygen (Held, 2012)
Intercellular generation of ROS has been connected to a variety of
toxicological endpoints. Reactive oxygen species are naturally generated by
cells, and there are a variety of enzymes that help counteract the potentially
negative effects of the natural ROS generation. However, when cells are
exposed to NPs they can experience an increase in ROS generation (Von
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Moos & Slaveykova, 2014). This increase in cellular ROS can potentially
lead to increased lipid peroxidation, lactic acid dehydrogenase (LDH)
release, and DNA damage leading to cell death (Figure 1.4). The link
between nanoparticle ROS generation and these specific negative
toxicological endpoints suggests nanoparticle ROS generation as a potential
way to quickly characterize and predict the cellular effects of nanoparticle
exposure.

Figure 1.4: Possible mechanism of nanoparticle induced genotoxicity and cytotoxicity
(Kumar et al., 2011)
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1.5. Lanthanide oxides as nanoparticles of interest
The lanthanide oxide (LnOx) series was chosen as particles of interest for
this study because these rare earth compounds have become a new focus of
research due to their unique properties arising from the 4f electron
configuration (Rim, Koo, & Park, 2013). They have the potential to be
applied in ultraviolet absorbants, solid-state lasers, optical amplifiers,
lighting and displays, and biolables (H. X. Mai et al., 2006). In addition,
many healthcare devices contain high performance magnets made from
lanthanides. High-performance magnets are used not only in healthcare, but
also in many renewable energy resources and electric vehicles also rely on
high performance magnets derived from lanthanides (Chapman et al., 2014).
With the variety of industrial uses of the LnOx particles, these particles are
being released into the environment, yet their effects on the environment and
humans are relatively unknown (H.-X. Mai et al., 2006). By the LnOx NP
series as the particles of interest, we accounted for a similar crystal structure
among particles, as well as primary particle size, negligible dissolution, and
same valence states (d orbital electron configuration). See Figure 1.5 below
for the seven LnOx NPs used.

Figure 1.5: SEM images of the lanthanide oxide nanoparticles used in this study at 100
mg/L
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2. Development of the Abiotic DCF Assay
2.1. Premise of the Reaction
In the cellular DCF assay H2DCFDA is activated, and chemically
activated into H2DCF, by cellular esterase activity inside of cells (Held,
2012). After activation, non-fluorescent H2DCF is converted into fluorescent
DCF a by various cellular ROS then can be quantified via spectroscopy.
However, in an abiotic media NaOH can chemically activate H2DCFDA into
H2DCF (Cathcart, Schwiers, & Ames, 1983). This allows for the detection of
ROS without the presence of cells or cellular esterase. The reaction scheme
can be seen in Figure 2.1 below.

Figure 2.1: DCF reaction scheme. 2’,7’-Dichlorofluorescein diacetate (non-fluorescent)
is chemically hydrolyzed with 0.01 N NaOH. DCFH (non-fluorescent) can be oxidized by
ROS and forms the fluorescent product, DCF.

Engstrom 19
2.2. Current Use
There has been limited discussion over the use of the dichlorofluorescein
(DCF) assay as a means of ROS detection in an abiotic medium. In addition,
there is no consistency in the methodology used in any of these discussions,
Table 2.1. There have been very limited types of nanoparticles tested on and
very little agreement on what concentration of DCF to use. One of the largest
disagreements is whether or not to use horseradish peroxidase (HRP). It is
well documented that H2O2 cannot oxidize H2DCF on its own, it requires the
presence of HRP to oxidize (Pal et al., 2012). However, HRP has been also
shown to oxidize H2DCF, without ROS present (Eruslanov & Kusmartsev,
2010). These wide-ranging discrepancies in methodology open the door for a
standardized acellular DCF Assay to be developed.
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Table 2.1: Summary of use of acellular DCFH-DA assay from literature
Source

Nanoparticles Tested

Use of HRP

DCF Concentration

Type of Analysis

Buffer/ Media

Chemical
Activation

Zhao & Riediker,
2014

Carbon black and
amorphous silicon
dioxide

0.5 U/mL, 2.2
U/mL, 3 U/mL

2 μM, 5 μM, and 10
μM

Net increase in
fluorescent
intensity over
time

Na Phosphate buffer,
K phosphate buffer

0.01 N NaOH, for
30 minutes

Lyon, Brunet,
Hinkal, Wiesner,
& Alvarez, 2008

nC60

None

200 μM

Percent
fluorescent
increase over
control

PBS

None

Pal, Bello,
Budhlall, Rogers,
& Milton, 2012

19 different particles
including: Various
carbon NPs, TiO2, Ag,
CNTs, silica, nano
alumnia

0.04 U/mL

60 μM

Net increase in
fluorescent
intensity over
time

PBS

0.01 N NaOH, for
30 minutes

Sauvain, Rossi, &
Riediker, 2013

Various carbon NPs,
TiO2, NiO, ZnO, and
Ag

0.1 U/mL

10 μM

DCFH reaction
rate vs. conc.

HBSS

0.01 N NaOH, for
30 minutes

Foucaud, Wilson,
Brown, & Stone,
2007

Carbon black

0.1 U/mL

10 μM

Fluorescent
intensity after
400s

HBSS

0.01 N NaOH, for
30 minutes
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2.3. Ninety-Six Well Plate Selection
Preliminary trials of this method employed the use of disposable cuvettes
within the spectrophotometer, allowing only one trial of one concentration to
be analyzed at a time. This was not ideal when trying to test seven LnOxNPs
at three different concentrations for multiple trials. Using disposable 96 well
plates allows us to create a more efficient process, by reducing the testing
time significantly. Using a well plate allowed for each LnOx NP to be
analyzed at two different concentrations at a time. This provided more rapid
results, without compromising accuracy. The process became more efficient
because a multi-channel pipette could be used to distribute each of the assay
components into the respective wells quickly.
It is also important to note that the use of clear ninety-six well plates lead
to fluorescent interference from one well to another. The use of black plates
with clear bottoms was attempted, yet still lead to fluorescent interference
from one well to another. Ultimately it was determined that in order to
minimize interference that black plates, with black bottoms needed to be
used. This was possible as the UV-Vis Spectrophotometer (Molecular
Devices LLC, Silicon Valley, California) collects fluorescent measurements
from the top of the reaction well.
2.4. Temperature Selection
Standard practice is to use the DCF assay at 37⁰C, both abiotically and
biotically (Pal et al., 2012). However, in order to compare the data collected
with the biotic DCF assay to that collected in vivo using the biotic DCF assay

Engstrom 22
on zebrafish embryos, the temperature needed to be modified to 25⁰C.
Changing the reaction temperature from 37⁰C to 25⁰C not only created a
comparable standard curve, but actually created a better standard curve to use
when normalizing the DCF data, Figure 2.2.

Figure 2.2: Standard curves at 37⁰C and 25⁰C, r2=0.825 and r2=0.928 respectively.
Error bars represent standard error of the mean (n=4 per data point).
2.5. Nanoparticle Concentration
LnOx NPs suspended in 0.1x PBS were added to wells, with final
concentrations ranging from 50-250 mg/L and evaluated using the Abiotic
DCF Assay. Ultimately 50, 100, and 250 mg/L LnOxNP concentrations were
chosen in order to include concentrations that would encompass a wide
range. These three concentrations limit interference, have fast kinetics, have
little mass transfer limitation, and limit settling during reaction time to ensure
the best possible quality of results.
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2.6. Use of Horseradish Peroxidase
The most inconsistent aspect of the use of the DCF assay abiotically
is the inclusion and concentration of horseradish peroxidase (HRP), Table
2.1. Hydrogen peroxide (H2O2) cannot oxidize H2DCF on its own, it
requires the presence of HRP to oxidize DCF (Pal et al., 2012). However,
HRP can oxidize H2DCF directly (Eruslanov & Kusmartsev, 2010). Direct
oxidation of H2DCF by HRP is a major source of error. For this reason, we
tested H2O2 in the abiotic DCF assay with HRP present and with it absent.
These experiments would help us conclude if HRP was really necessary to
breakdown the H2O2 in order to oxidize H2DCF via other ROS, or would
the natural breakdown of H2O2 into various other ROS be enough to
oxidize the H2DCF. Figure 2.3 shows that there is still significant
detectable amounts of ROS generation without HRP. The H2DCF was able
to detect the presence of ROS, eventhough the only starting ROS was
H2O2. Due to the potential for false positives, in the form of oxidation of
H2DCF by HRP not due to ROS generation, and the ability of the ROS
degradation product of H2O2 to significantly oxidize H2DCF, it was
determined that the assay was best run without HRP present.
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Figure 2.3: Standard curves with HRP (0.1 U/mL) and without HRP, r2=0.853 and
r =0.862 respectively. Error bars represent standard error of the mean (n=4 per data
point).
2

2.7. Creation of the Final H2O2 Standard Curve
A standard curve was needed to normalize the fluorescence to biologically
relevant units of H2O2 equivalents. Various concentrations from 0-2000 μM
of H2O2 were tested for use in the standard curve. Ultimately, concentrations
of H2O2 of 25 μM, 50 μM, 75 μM, 100 μM, and 125 μM were selected to be
used in the standard curve, Figure 2.2. The final standard curve contained no
HRP, was collected at 25⁰C, in an all-black ninety-six well plate.
Even though H2O2 was discussed as a source of error, due to its inability
to directly oxidize H2DCF, it was still chosen as a positive control. Hydrogen
peroxide was chosen because of its biological relevance and ease of getting

Engstrom 25
into solution. Other ROS could have been chosen; however, they are often
less commonly used and more difficult to control in an aqueous solution.

Figure 2.4: Standard curve used to convert fluorescence to biologically relevant units.
Error bars represent standard error of the mean, r2= 0.999 (n=4 per data point).
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3. Implementation of Abiotic DCF Assay
3.1. Final Method
Nanoparticle Preparation
Seven LnOxNPs were used in this study, including Gadolinium Oxide
(Gd2O3) (Sigma Aldrich, <100nm (BET)), Erbium Oxide (Er2O3) (Sigma
Aldrich, <100nm (BET)), Cerium Oxide (Ce2O3) (Sigma Aldrich, <25nm
(BET)), Samarium Oxide (Sm2O3) (Sigma Aldrich, <100nm (BET)),
Neodymium Oxide (Nd2O3) (Sigma Aldrich, <100nm (BET)), Europium
Oxide (Eu2O3) (Sigma Aldrich, <150nm (TEM)), Holmium Oxide (Ho2O3)
(Sigma Aldrich, <100nm (BET)). Seven out of the fifteen within the
lanthanide series were chosen to give a holistic representation of the periodic
trends without using every particle within the series. Each of the seven LnOx
NPs was made into a 1000 mg/L bulk stock solution in MilliQ (Ultrapure
18.18 MΩ·cm) water at room temperature, then were ultrasonicated at 40%
for 2 mins using the UltraSonicator (120 VAC). Ultrasonication of these bulk
stocks was necessary to prevent settling an agglomeration of the particles in
solution. Experimental concentrations of 50 mg/L, 100 mg/L, and 250 mg/L
LnOxNP concentrations were plated on the all black 96 well plate.

Nanoparticle Characterization and Surface Area Data Collection
Using Dynamic Light Scattering (DLS) for the LnOxNP characterization
is important to report initially to determine if there was agglomeration or
settling out of the LnOx NPs. DLS illuminates samples with a laser beam and
measures the fluctuations of light at a given scattering angle with a fast
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proton detector. This is done by taking sample measurements of the
hydrodynamic diameter (HDD), polydispersity index (PDI), and the zeta
potential.
The particle size determined by DLS is the HDD, which is “the size of a
hypothetical hard sphere that diffuses in the same fashion as that of the
particle being measured” (Bhattacharjee, 2016). It is important to note,
however, that particles in solution are non-spherical, dynamic, and can be
solvated. Because of this, the diameter calculated from the diffusional
properties of the particle will be indicative of the apparent size of the
dynamic hydrated/solvated particle. The hydrodynamic diameter, therefore,
is that of a sphere that has the same translational diffusion coefficient as the
particle being measured, assuming a hydration layer surrounding the particle
or molecule.
Another reported result, the Polydispersity Index (PDI), is dimensionless
and scaled such that values smaller than 0.05 are rarely seen other than with
highly monodisperse standards (Bhattacharjee, 2016). Values greater than 0.7
indicate that the sample has a very broad size distribution and is probably not
suitable for DLS.
The reported zeta potential (ZP), also termed as electrokinetic potential, is
the potential at the slipping plane of a colloid particle moving under electric
field (Bhattacharjee, 2016). The ZP reflects the potential difference between
the electric double layer of electrophoretically mobile particles and the layer
of dispersant around them at the slipping plane, Figure 3.1. One of the most
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popular uses of ZP data is to relate it with colloid stability. Guidelines
classify NP-dispersions with ZP values of ± 0–10 mV as highly unstable, ±
10–20 mV as relatively stable, ± 20–30 mV as moderately stable, and ˃ ± 30
mV as highly stable.

Figure 3.1: Graphic depiction showing the electric double layer on a negatively charged
particle. Immediately on top of the particle there is a strongly adhered layer with positive
ions. Beyond that, a layer of negative and positive charge develops. Lastly, the slipping
plane is the interface between the mobile particles and dispersant (Cusinato, MartínezPrieto, Chaudret, del Rosal, & Poteau, 2016).
ROS Generation Measurements
DCFH-DA (1 mM) was chemically hydrolyzed with 0.01 N NaOH in the
dark at room temperature for 30 minutes in a ninety-six well plate. LnOx NPs
suspended in 0.1x PBS were added to wells, with final concentrations
ranging from 50-250 mg/L for the NPs, 90 μM DCFH-DA, and 2x10-3 N
NaOH. The fluorescence was measured every 5 minutes for 90 minutes
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(excitation = 485 nm, emission = 530 nm) in a UV-Vis Spectrophotometer
(Molecular Devices LLC, Silicon Valley, California, USA) using SoftMax
Pro software (Version 6.2). See the Appendix for the SOP.
Standard Curve Creation
A standard curve was created for each plate using concentrations of H2O2
of 25 μM, 50 μM, 75 μM, 100 μM, and 125 μM. This allowed for
normalization of the ROS generation of the nanoparticles in the DCF assay to
biologically relevant units.
3.2. Statistical Analysis
Statistical analyses were performed using Sigma Plot 13.0 (Systat
Software, San Jose, CA, USA). A linear regression was done on the H2O2
standard curve, which was used to normalize the fluorescent values. Slope of
fluorescence over time was converted to ROS production in units of µM
H2O2 equivalence. ROS produced by 250 mg/L LnOx NPs normalized by
surface area. Results were then graphed. All error bars represent standard
error of the mean unless otherwise indicated. Differences were considered
statistically significant at p ≤ 0.05 for all analyses.
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3.3. Results and Discussion
DLS Characterization
There is a wide variety in HDD among the 7 LnOxNPs. CeO2 had the
highest HDD at 2934 nm, while Nd2O3 had the lowest at 866 nm, Table 3.1.
This indicates that some LnOx NPs agglomerate more in solution than others
and tend to be non-spherical in nature. Knowing this can help with the
interpretation of the results of the redox characterization as particles will not
behave as ideal spheres in solution.
In this experiment, all 7 LnOxNP had a PDI less than 0.7, with
Neodymium oxide having the lowest at 0.36 and Erbium oxide having the
highest at 0.62 indicating a narrow size distribution among the samples. All 7
LnOxNPS fell in the moderately stable to highly stable category for zeta
potential. Cerium oxide had the most negative potential with -36.7 mV and
Samarium oxide had the least negative at -21.4.
Overall, there was no clear periodic trend in HDD, PDI, or zeta potential
among the 7 LnOxNPs tested (Figure 3.2). However, in general, they
displayed similar ranges in size and charge, like because they are from the
same group of the periodic table.
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Table 3.1: Average measured hydrodynamic diameter, polydispersity index, zeta
potential, and calculated surface area of each LnOx NP. Surface area calculations used
the assumption that each particle is a sphere.
LnOx NP
CeO2
Nd2O3
Gd2O3
Eu2O3
Sm2O3
Er2O3
Ho2O3

HDD (nm)
2934 ± 417
866 ± 11
1875 ± 439
971 ± 184
2839 ± 357
1728 ± 218
1508 ± 248

PDI
0.51
0.36
0.45
0.57
0.55
0.62
0.56

ZP (mv)
-36.7
-24.4
-22.3
-26.2
-21.4
-30.8
-27.1

Surface Area (μm2)
27.6 ± 7.7
2.4 ± 0.1
11.7 ± 5.2
3.1 ± 1.1
25.7 ± 6.4
9.5 ± 2.4
7.3 ± 2.3

Figure 3.2: Average HDD (top) and zeta potential (bottom) of the 7 LnOxNPs tested on
the DLS, reported in increasing periodicity from left to right.
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ROS Generation Characterization by Abiotic DCF Assay
The DCF assay was performed in abiotic conditions, adapted to overcome
some limitations with NPs observed in previous studies (Lebel,
Ischiropoulos, & Bondys, 1992; Pal et al., 2012). Unlike some previous
studies, we saw a linear concentration dependent generation of ROS by the
LnOx NPs. Pal et al. saw inverse dose response for carbon blacks, fullerenes,
CNT and TiO2 and saw an increase in ROS with concentration from 0.1-0.3
mg/mL but decrease at 0.5 mg/mL for TiO2, SiO2, Al2O3, Ag, MWCNTs and
SWCNHs-ox (Pal et al., 2012). Doak et al. found a decreasing trend for iron
oxide nanoparticles (Doak et al., 2009). The difference in results between
studies could be due to settling, adsorption, and dissolution of the NPs.
The ROS generation of the LnOx NPs was normalized by surface area and
converted to biologically relevant units of H2O2 equivalents. Conversion to
these units allowed us to control for the differential sizes of the particles as
well as provide the data in units that would be relevant to our future
biological tests. We saw that Er2O3 had the highest production of ROS per
surface area and CeO2 had the lowest at a concentration of 250 mg/L (Figure
3.4). This data shows no clear periodic trend across the LnOx NP series, nor
do the trends in ROS generation correlate to any of the data collected from
the DLS. The lack of correlation between size and ROS generation and the
lack in correlation between surface charge and ROS generation leads to the
prediction that the LnOx NPs generate ROS dependent on one of their
various intrinsic properties, that make this group special.
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Figure 3.3: Concentration of ROS (µM H2O2 equivalent) produced by 250 mg/L LnOx
NPs normalized by NP surface area (Table 3.1). Data is listed in increasing periodicity.
Letters indicate statistically different groups, p<0.05.
3.4. Limitations
Limitations still exist for the abiotic DCF assay. The most
important is that DCF cannot be oxidized by H2O2 alone, it instead relies
on the breakdown of H2O2 to other ROS that can oxidize DCF. Although
we believe that this reliance on the auto-breakdown of H2O2 does not
affect the integrity of the data, but is still important to note. Due to the
agglomeration of the NPs in solution, there could be some effects on the
fluorescence data, as the NPs could directly interfere with the
spectroscopy readings and give slightly altered values. The NP
agglomerations falling out of solution is not believed to be an issue due to
the rapid nature of the abiotic DCF assay.
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4. Biotic DCF Assay
4.1. Introduction
Dichlorofluorescein diacetate (DCFA-DA) is commonly used to detect
intracellular oxidative stress (Hempel, Buettner, O’Malley, Wessels, &
Flaherty, 1999). As opposed to the abiotic assay, there is no need to
chemically activate the activate H2DCFDA into H2DCF, as cellular esterases
naturally convert H2DCFDA into H2DCF as they transport the chemical into
the cell, Figure 4.1 (Held, 2012).

Figure 4.1: Mechanism of action of 2′,7′-dichlorofluorescin diacetate, biologically
activated by cellular esterases (Held, 2012).
Although extensive research has been done on the use of DCFH-DA to
characterize oxidative stress in vitro, very little research has been done on the
use of DCFH-DA to characterize oxidative stress within whole-organisms.
Zebrafish have been shown to be a good vertebrate model for use with
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common florescent probes (Ko, Chen, Yoon, & Shin, 2011). Furthermore the
utility of embryonic zebrafish to evaluate biological impacts of nanomaterials
is well demonstrated and commonly employed (S. L. Harper et al., 2011;
Shuo Lin, Lin, Zhao, & Nel, 2013). When using embryonic zebrafish it is
important to note that the removal of the chorionic membrane is necessary as
it can interfere with NP exposure by acting as a physical barrier or sink to
adsorb NPs (Kim & Tanguay, 2014; Sijie Lin et al., 2013; Pelka, Henn,
Keck, Sapel, & Braunbeck, 2017). The use of embryonic zebrafish not only
allows for better quantification NP effects on organisms, it also is a relevant
model for human health research (Ko et al., 2011).
4.2. Materials and Methods
Stock Preparation
Each of the seven LnOx NPs used in this study were made into 1000 mg/L
bulk stocks in fish water (FW), then were ultrasonicated at 40% for 2 mins
using the UltraSonicator (120 VAC). Ultrasonication of these bulk stocks
was necessary to prevent settling an agglomeration of the particles in
solution. FW was prepared by mixing 0.26 g/L Instant Ocean salts (Aquatic
Ecosystems, Apopka, FL, USA) in reverse osmosis water and adjusting the
pH to 7.2 ± 0.2 with sodium bicarbonate. Conductivity was between 480-520
µS/cm. NP exposure solutions were made by diluting stock suspensions of
NPs in FW and briefly vortexing.
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High Content Imaging
Adult zebrafish (Danio rerio) were maintained at the Sinnhuber Aquatic
Research Laboratory at Oregon State University. Embryos were collected
from group spawns of wild-type 5D zebrafish and staged to ensure all
embryos were at the same developmental stage at the start of each
experiment (Kimmel, Ballard, Kimmel, Ullmann, & Schilling, 1995).
Embryos were enzymatically dechorionated at 6 hours post fertilization (hpf)
with pronase (Sigma Aldrich) following the protocol of Usenko et al. (2008).
At 8 hpf, embryos were incubated in 10 μM H2DCF-DA for 30 minutes in
the dark, the rinsed three times with FW. Embryos were then plated into
round-bottom ninety-six well plates with the NP exposures. Embryos were
then imaged on a High Content Imager (HCI) every 3 minutes for 90
minutes, at an excitation wavelength of 485 nm and an emission wavelength
of 530 nm.
Statistical Analysis
HCI images were processed using ImageJ (NIH, Bethesda, MD, USA).
Corrected Total Fluorescence (CTF) was calculated using Equation 1. Data
from ImageJ was then further processed and sorted using RStudio (The R
Foundation for Statistical Computing, Vienna, Austria).
Equation 1: Formula for Corrected Total Fluorescence.
𝐶𝑇𝐹 = (𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦) − (𝐴𝑒𝑚𝑏𝑟𝑦𝑜 ∗ 𝐹𝑙𝑜𝑢𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 )
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4.3. Results
HCI images showed quantifiable differences in zebrafish embryo’s
oxidative response to the various LnOX NP exposures (Figure 4.2).
Preliminary results have been tabulated below (Figure 4.3). Upon
preliminary investigation both Eu2O3 and Ho2O3 show statistically
increased intracellular ROS generation, over the control, whereas Nd2O3,
Gd2O3, and Er2O3 show no statistical increase in intracellular ROS generation
over the control.

Figure 4.2: Visualization of oxidative stress induced in dechorionated 8hpf zebrafish
embryos exposed to control (left) and 50 mg/L of Ho2O3 NPs (right) shows increased
total fluorescence of embryo when exposed to nanomaterials.
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Figure 4.3: Increase in intracellular ROS of zebrafish embryos exposed to 50 mg/L of
various LnOx NPs. Data is ordered in increasing periodicity from left to right. ***
indicates statistical difference from control by pairwise t test, error bars represent
standard error of the mean, n=16 for each LnOx and n=32 for the control.
4.4. Discussion
When preliminarily comparing the abiotic ROS generation of the LnOX
NPs, Figure 3.4, to the whole-organism cellular ROS generation, Figure 4.3,
there is no clear trend. It does not appear that the acellular generation of ROS
of LnOx NPs is related to the induced cellular generation of ROS upon
exposure to LnOx NPs. However, it is important to note that the cellular DCF
data is still in its infancy, and a more robust data set is currently being
developed.
While there are no clear trends between the biotic and abiotic generation
of ROS, it is important to discuss the limitations on the use of DCFH-DA as
a means to measure cellular ROS generation. Many studies have shown that
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there can be significant uptake of NPs into the cells of zebrafish embryos
(Kim & Tanguay, 2014; Sijie Lin et al., 2013; Pelka, Henn, Keck, Sapel, &
Braunbeck, 2017). There are various mechanisms by which a NP can
generate or stimulate ROS production within a cell, Figure 4.4. The H2DCF
is a general ROS probe, and will react to any of the various cellular means of
ROS generation. Due to the variety of ways that NPs can generate ROS
within a cell and the understanding that the DCF assay is a non-specific ROS
assay, we must note that the increase in intracellular ROS could be as a result
of the NPs natural ability to generate ROS, or could be from the NPs
interfering with cellular processes leading to an increase in the zebrafish’s
cellular ROS generation.

Figure 4.4: Cellular mechanisms of nanoparticle induced oxidative stress and ROS
generation via extracellular chemical reactivity (top), intracellular chemical reactivity
(left-hand side) or via physical interactions with subcellular compartments (right-hand
side) (Von Moos & Slaveykova, 2014).
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5. Conclusions
A NPs ability to generate ROS could be related to their toxicity (Denluck
et al., 2018). Data for the toxicity of the LnOx NPs was pulled from the
Nanomaterial Biological Interactions (NBI) Knowledgebase
(http://nbi.oregonstate.edu/) (Figure 5.1). EZ Metric scores from NBI provide
a combined measure of morbidity and mortality in developing embryonic
zebrafish (B. Harper et al., 2015). However, in our study it appears that the
toxicity of the LnOx NPs does not correlate to either the abiotic ROS
generation, Figure 3.4, nor the induced oxidative stress, Figure 4.3. However,
the use of the abiotic and biotic DCF assays could be used as a way to flag
NPs as potentially dangerous and in need of further toxicological workup.
Table 5.1 shows that if this approach was utilized to flag LnOx NPs we
would have been able to successfully flag all LnOx NPs that high EZ Metric
Scores. The only exception to this flagging is that Eu2O3 got flagged due to
its increased ROS generation in the biotic DCF assay, where as it ended up
having a low EZ Metric Score of 0.09. The incorrect flagging of Eu2O3 is not
concerning. If the method of flagging NPs based on increased ROS
generation, as determined by the DCF assay, were employed we would have
been able to successfully encompass all of the LnOx NPs that had high EZ
Metric Scores. With testing on only one set of NPs it is impossible to predict
if the ability to flag NPs based on increased ROS generation, as determined
by the DCF assays, will continue this pattern. Further testing on different NP
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species needs to be done to draw conclusions on the biotic and abiotic DCF
assay’s ability to flag NPs for toxicological testing.

Figure 5.1: EZ metric scores tabulated from the NBI Knowledgebase for each lanthanide
oxide nanoparticle shows no clear correlation to the induced oxidative stress in Figure
4.3.

Table 5.1: Comparison of abiotic DCF assay, biotic DCF assay, and NBI toxicology data
shows potential for the ability of DCF assays to be used in combination to flag more
harmful NPs. Abiotic DCF results were characterized based on statistical group from
Figure 3.4, biotic DCF results were characterized based on statistical significance to
control, LnOx NPs were flagged if either assay reported high ROS generation, EZ Metric
scores were taken from NBI Knowledgebase.
LnOx NP

Abiotic DCF
Result

Biotic DCF
Result

CeO2
Nd2O3
Sm2O3
Eu2O3
Gd2O3
Ho2O3
Er2O3

Low
Medium
High
Medium
Medium
Medium
High

Normal
High
Normal
High
Normal

Flagged due to
increased ROS
generation? (Yes/No)
TBD
No
Yes
Yes
No
Yes
Yes

Maximum EZ
Metric Score
0.24
0.15
0.96
0.09
0.09
0.97
0.84
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6. Appendix
6.1. DCF Abiotic SOP
1. Prepare Stocks:
•

1 mM DCFH-DA (prepared in EtOH)

•

0.01 N NaOH

•

0.1x PBS

•

Approx. 1000 µM H2O2

2. Add 13 µL DCFH-DA and 43 µL NaOH to each well of a 96 well black plate.
Allow to react in the dark at room temperature for 30 minutes
•

Premix 957 µL DCFH-DA with 3191 µL 0.01 N NaOH, and add 55 µL to
each well

3. Add NPs in 0.1x PBS to desired concentration
•

Volume of 145 µL in each well

4. Standard curve: H2O2 in PBS (0-125 µM final concentration)
5. “Blank”: DCFH-DA, NaOH, PBS  no H2O2
6. Run in SpectraMax for fluorescence:
•

Kinetic run

•

Read every 5 minutes for 1.5 hours

•

Fluorescence
o Excitation: 485 nm
o Emission: 530 nm

•

Temperature: 25 °C
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