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Abstract
In current nanotoxicology research, there is a lack of standardization in reporting of zebrafish
exposure media and sonication practices. This lack of standardization in use and reporting
methods has made reproducing nanoparticle (NP) toxicity results between labs a common
issue. It is important to have a standardized way of reporting of exposure media recipe used as
media can impact the agglomeration behavior of NPs which can directly impact toxicity results.
The objective of this study was to characterize and implement a fish water media recipe to
replace the fish water currently used in our laboratory. We conducted a literature review to see
how and if exposure media was being reported and determined that a majority of labs did not
report media used and in ones that did only a few had enough detail to replicate the recipe. We
chose 5 media recipes to analyze along with ultrapure water, and my lab’s current exposure
media (Instant Ocean’s simulated fresh water) in order to determine the stability of the
particles and media’s impact on agglomeration size after sonication. When the 7 medias
containing TiO2 NPs were characterized and measured using dynamic light scattering (DLS), a
difference in agglomeration behavior was observed between each media. A difference was also
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seen in HDD between placing the samples directly into the DLS after sonication, time 0, and
allowing the sample to rest for 48 hours before measurement.

It is also important to have a standardized way of reporting sonication methods in
nanotoxicology as the range of energies found in papers spans from 450J to 1728000J which
directly impacts the agglomerates size and resulting toxicity. We hypothesized that when we
were able to calculate and hold energy constant during sonication that we would see a
decrease in the HDD of CeO2 and TiO2 NPs. We chose to investigate three commonly used
ultrasonication systems (cup horn, probe and bath). We calibrated the three systems using
calorimetry calibration to hold each treatment to an equivalent energy of 8400J. The bath
sonicator has a single programmed amplitude and the cup horn and probe sonicators have
programmed amplitudes of 20%, 30% and 40%. This was to see if when energy was held
constant, whether the agglomerates size would be similar no matter the ultrasonication system
used. We saw that when energy was held constant between the three systems there was no
statistical difference between the different sonicators. We also saw a statistically significant
difference between NPs that were sonicated vs unsonicated in the 3 medias with both NPs. We
chose to use NPs CeO2 and TiO2 in our lab’s simulated fresh water, ultrapure water and recipe
10 medium chosen from the Fish Exposure Media study. We also wanted to observe the effects
of energy input and its impact on HDD. To do this we varied the energy using ultrapure water to
determine whether an increase in energy would decrease the NP agglomerate size. The HDD of
CeO2 decreased as sonication energy was increased while TiO2 did not exhibit this same energy
dependent agglomeration.
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Chapter 1- General Introduction
Nanotechnology is a continuously growing field with applications in the biomedical,
pharmaceutical and commercial industry. NPs are between 1-100nm that are made up of the
same chemical as their large counterpart. The NPs smaller size can alter their physical, chemical
or biological behavior when compared to their larger counterpart [1]. Their smaller size makes
them ideal for different industry uses. Because of their current and future increased usage,
humans and the environment are being exposed to these particles on a daily basis [2]. The
differences in behavior that size can cause could lead to potential human health and
environmental risk as not all of the particles currently in use have not been tested for toxicity
prior to entering the market [3]. Evaluating risk of NPs is complex because they have the ability
to be made in many different forms and of any material. Thus, NPs have the ability to take on a
multitude of shapes, sizes, and surface chemistry. All of the potential variations that make
nanomaterials so useful for different industry applications can also influence their toxicity.

With many NPs currently in use and new types entering the market regularly, it is important to
utilize a fast, cheap, and streamlined screening method to test the toxicity of NPs. Zebrafish
(Danio rerio) is an excellent model organism for conducting nanotoxicity studies due to their
transparent bodies, allowing for easy observation of morphological and histopathological
changes as well as their conserved and easy to manipulate genome [1]. When compared to
other in vivo models (eg. rodent models), zebrafish’s small size and quick development makes
them affordable and useful for assessing biological interactions [4]. 96 well plates are utilized
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when conducting toxicity tests using zebrafish as they allow for many animals to be tested
simultaneously while also taking up very little space.

Despite having the zebrafish model available for toxicity testing of NPs, researchers have
difficulty with NP exposures for multiple reasons. One reason is that NPs tend to agglomerate in
media which can impact the size and surface area of the NPs and potentially change the specific
particle’s behavior and resulting toxicity [5,6]. Agglomeration occurs when NPs are dispersed
into a liquid media and particles are held together by weak attractive forces such as Van der
Waals forces. These agglomerate states can indirectly change the exposure of NPs and
potentially their behavior within a biological system [5,7]. As NPs agglomerate, their size
increases and relative surface area decreases which can alter their interactions in a biological
system and within the environment. The agglomeration behavior of NPs is impacted by its
specific properties such as size, shape, surface chemistry and composition. But the
agglomeration state is also impacted by the media that the NPs are placed into and the way the
NPs are dispersed using sonication methods. The concentration of NPs within media can also
impact the NP’s behavior with an increased concentration shown to either increase
agglomeration or decrease agglomeration [6].

It is important to characterize NPs being tested for toxicity to provide information regarding the
particle and its behavior. After sonicating the sample to disperse the NPs, the dispersed NP
suspension can be characterized using DLS. DLS is commonly used to characterize NPs within a
solution. DLS works by shining a laser through the suspension to determine the particle size
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through measuring the random changes of light within the media suspension [8]. The reflected
light represents the size of the NPs and its agglomerates. DLS gives the HDD of the NP as well as
the zeta potential. Zeta potential relates the surface potential to the surface charge and
impacts agglomeration, sedimentation, and interaction with other media. DLS provides an
overall way to look at the stability of the sample. Better stability of the dispersed NP increases
the chances of a stronger NP exposure for nanotoxicity testing [9]. The stability of a dispersed
NP is also dependent on the zebrafish exposure media used. Different media can impact the
stability and behavior of the NP in a way to increase or decrease agglomeration of NPs.
Ultrasonication is utilized to deagglomerate NPs prior to toxicity testing for more accurate
toxicity results as to what would happen when NPs enter the environment and interact with
biological systems.
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Chapter 2- Fish exposure media
Introduction
Currently there is a lack of standardization in fish water media used in nanotoxicology studies
that utilize the zebrafish model. The media used during zebrafish exposure when testing the
toxicity of NPs is important as it needs to interact favorably with the NPs and the zebrafish
without disrupting the NPs behavior in the environment or molecularly. Media can differentially
impact the NPs being tested as well as the zebrafish biologically [10]. The lack of
standardization of media used and reported has led to difficulty in reproducing results between
laboratories. Fish water media recipe are not always reported in published papers and different
media recipes, even when testing the same NP, can alter the toxicity results [11].

Media components
Different components, such as the ingredients used, within an exposure medium can impact
the NPs differently. From reviewing multiple different nanotoxicology papers, we chose 5
different recipes that were used and cited in other papers (Table 1). KCl was used in all 5 of the
recipes potentially due to its role in increasing the ionic strength of the media allowing the NPs
tendency towards agglomerating to be more easily reversible [12]. CaCl2, MgSO4, NaCl were
used in most recipes with each missing in just one recipe. Ca2+ and Mg2+ promote
agglomeration even more so than monovalent ions, potentially confounding nanotoxicity tests
[13]. NaCl increases the salt concentration of the media, similar to what would be found in
most biological and environmental media, and increases the rate of agglomeration [14].
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NaHCO3 was missing in two recipes while Na2HPO4 and KH2PO4 were missing in three out of five
recipes.

Recipe

CaCl2

KCl

KH2PO4

MgSO4

Na2HPO4

NaCl

NaHCO3

(mM)

(mM)

(mM)

(mM)

(mM)

(mM)

(mM)

Media 1

0.33

0.17

Media 2

0.76

0.67

Media 4

0.33

5.0
59.0

0.23

Buffer

0.13

2.4

19.3

Media 7

1.3

5.4

0.44

1.0

0.25

Media

1.0

0.5

0.15

1.0

0.05

1.67 HEPES
4.2

15.0

0.01

10

Table 1. Components of Media recipes in concentration of mM

When examining the components of the media it is important to understand which ingredients
will increase the stability of the NP while also being compatible with the embryonic zebrafish.
When exposure media containing NPs are placed into each well of the 96 well plate, NPs tend
to agglomerate and sink to the bottom of the wells. When exposure is conducted using
zebrafish embryo with chorion intact, the intact chorion can cause the NPs to fall on top
clogging the pores of the membrane and potentially causing hypoxia. But when the chorion is
removed prior to exposure, the NPs agglomerate and fall onto the embryos at the bottom of
the well. Currently many studies suggest the removal of the chorion when exposing zebrafish
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embryos to NPs in nanotoxicology studies since the intact chorion can be a potential barrier to
exposure [4].

The objective of this study was to characterize and implement a fish water media recipe to
replace the fish water currently used in our laboratory. The current media used is purchased
from a vendor, Instant Ocean, and is therefore not fully characterized. Information required for
characterization is unavailable via the vendor and there could be consistency issues between
batches purchased. In order to characterize and implement a new exposure media, a literature
review was conducted focusing on multiple published papers in the field and 5 different recipes
were chosen, along with ultra-pure water and simulated fresh water currently used in our lab.
The 5 recipes to compare were chosen due to their use in multiple papers and recipe
thoroughness in order to implement a characterized and stable zebrafish exposure media.

Methods
Literature Review
A literature review was conducted focusing on different published nanotoxicology studies to
determine whether the study provided enough information to replicate the fish water recipe
used between laboratories. In order to determine which papers to look at in this study, we
searched the Web of Science data base within the dates of 2006-2016 and utilized the key
words; “nanotoxicology,” “zebrafish model,” “zebrafish embryos,” “exposure media,” and
“nanotoxicity.” We chose the first 73 papers that had any of the keyword highlighted in the
description of the paper. In papers that reported the recipe, the recipe was recorded and any
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other parameters, such as pH and buffers, were included. Five recipes were chosen due to the
recipe’s thoroughness and use in other published nanotoxicology studies. The five recipes
chosen were Media 1: 0.33 mM CaCl2, 0.17 mM KCl, 0.33 mM MgSO4, 5.0 mM NaCl [15], Media
2: 0.76 mM CaCl2, 0.67 mM KCl, 59.0 mM NaCl, 2.4 mM NaHCO3 [16], Media 4: 0.23 mM KCl,
0.13 mM MgSO4, 19.3 mM NaCl, 1.67 mM HEPES [17], Media 7: 1.3 mM CaCl2, 5.4 mM KCl, 0.44
mM KH2PO4, 1.0 mM MgSO4, 0.25 mM Na2HPO4, 4.2 mM NaHCO3 [18], Media 10: 1.0 mM CaCl2,
0.5 mM KCl, 0.15 mM KH2PO4, 1.0 mM MgSO4, 0.05 mM Na2HPO4, 15.0 mM NaCl 4.2 mM
NaHCO3.
Fish Water Media Stock Preparation
The components of the 5 media recipes were prepared as stock solutions. The stock solutions
containing the main components were for CaCl2, KCl, KH2PO4, MgSO4, Na2HPO4, NaCl, and
NaHCO3 which were diluted using ultrapure water (Mili-Q 18.2  resistivity). The required
amount was taken from the stock and added into a conical tube to make up each individual
recipe and either ultrapure water or fish water was added. The 5 media recipes and the Instant
Ocean fish water were vortexed and the pH and conductivity was tested. A stock solution of
TiO2 NPs was created using ultrapure water in a conical tube.
Sonication & Dynamic Light Scattering
The NP stock was sonicated using a cup horn ultrasonicator (Vibra Cell 750, 20 kHz, Sonics &
Materials, Inc., Newton, CT) for 2 minutes at 40% programmed amplitude setting provided by
the instrument. 125 mL of sonicated NPs were placed into conical tubes along with 4.78mL in
one of the 7 medias and was sonicated at 2, 10 and 30 minutes specifically. Samples were then
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immediately added at 2mL volume into plastic disposable cuvettes and measured by the
Malvern Zetasizer Nano ZS (Malvern Instruments, Westborough, MA) to perform DLS to
determine the agglomerate size through the measurement of HDD. The temperature was held
constant at 25C and all samples were done in triplicate. The tubes containing the different
media recipes and TiO2 NPs rested for 48 hours, were vortexed, but not sonicated, and analyzed
using DLS to look at the same parameters as before.
Statistics
Statistical analyses were done using Sigma Plot version 13.0 (Systat Software, San Jose, Ca.
USA). Comparisons between different days were run using a T-test. Comparisons between
sonication times within a single day were run through analysis variance (ANOVA) with HolmSidak post-hoc analysis. Differences were considered statistically significant at p  0.05.

Results
Characterization of Media
The 5 media recipes and the Instant Ocean fish water were vortexed and the pH and
conductivity was tested for each (Table 2).
Media
Media 1
Media 2
Media 4
Media 7
Media 10
Fish Water

pH
6.19
8.06
8.57
8.14
7.02
7.61

Conductivity
700
1510
1170
1460
1100
460

Table 2: pH and conductivity of media recipes and Instant Ocean fish water
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Sonication and Dynamic Light Scattering
Ultrasonication using the cup horn ultrasonication system was done at 2, 10 and 30 minutes for
each sample containing TiO2 NPs dispersed in Instant Ocean’s simulated fresh water, ultrapure
water, and the five chosen media recipes individually. Sonicating the dispersed NPs was done to
characterize and determine a media to replace our lab’s current exposure media (Instant
Ocean). Characterization of NPs stability in media was done by measuring the HDD of each
sample to determine the difference in media composition and impact on deagglomeration state
of the NPs within the dispersed media prior to toxicity testing (Fig. 1). Polydispersity Index (PDI)
was also looked at through the DLS as these values look at the variability in terms of the HDD as
well as the homogeneity of the NP suspension.
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Figure 1: Impact of ultrasonication at different point of times using each of the 5 media
recipes, ultra-pure water (MQ) and Instant Ocean simulated fresh water on NP agglomerate
size (HDD)
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For time 0 agglomerate size (measured in HDD) decreased as sonication time is increased for
Media 7. At 48 hours this trend is different in terms of size with the size increasing from 2 to 10
minutes and decreasing from 10 to 30 minutes. At 2, 10, and 30 minutes there is a difference
between sonicating the sample immediately before measuring the HDD through the DLS and
allowing the sample to sit for 48 hours before running it. Fish water stayed statistically the
same between time 0 and 48 hours when sonicating at 2 minutes (0.392) and 10 minutes
(0.642). But at 30 minutes, there was a statistically significant difference in agglomerate size
between days, with an increase in size at day 2 (<0.001). For Media 1 the agglomerate size was
approximately zero at sonication times 2, 10 and 30 minutes for both days. The larger standard
deviation bars at 2, 10 and 30 minutes showed a large variance of sizes found at each time
point. Media 4 had a larger agglomerate size at 48 hours compared to time 0 after sonication.
When ran at 48 hours there was no statistically significant differences in agglomerate size as
sonication time was increased. (P = 0.168). At time 0 at 10 minutes of sonication, there was
some variation due to a larger standard deviation than other days and other sonication times.
When sonicating with ultra-pure water (Mili-Q) there was a small decrease in size difference as
the time of sonication was increased for time 0 and 48 hours (P = <0.001). Media 2 recipe had
an HDD of approximately zero (despite the NPs primary particle size of 25nm) at 2, 10 and 30
minutes for both time 0 and 48 hours. There was a large amount of variance at 2, 10 and 30
minutes as seen by the large standard deviation bars. Media 10 showed that 48 hours had a
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larger agglomerate size at all three times when compared to time 0. Time 0 had no statistically
significant difference in agglomerate size between 2, 10 and 30 minutes.

Discussion
Impact of Media on Agglomerate Size
From analyzing the particle stability in these different media I would not recommend the use of
M1 or M2 due to the large variance despite the appearance of a low agglomerate size. The
large variance at all three times makes it unsure of what size agglomerate would be
demonstrated each time the dispersion medias were measured. I would not recommend Media
7 and 10 as both have an increase in agglomerate size at 48 hours compared to time 0 and 48
hours at 2 and 10 minutes sonication time. Media 10 continues with an increase of agglomerate
size at 48 hours when compared to time zero, with 30 minutes at 48 hours having a larger size
than time 0. Media 7 actually lowers its agglomerate size to below time 0 at 30 minutes of
sonication time.

Ultra-pure water (MQ), simulated fresh water (FW) and Media 4 are media that I would
recommend. At 48 hours Media 4 showed no significant difference between 2, 10 and 30
minutes. Therefore is fairly consistent over time as a media that is sonicated and not measured
immediately by the DLS, but has a higher agglomerate size when compared to time 0. Simulated
fresh water tested was the current media utilized in our laboratory from Instant Ocean. This
media’s NP agglomerate size was statistically equivalent for 2 minutes at 10 minutes for both
time 0 and 48 hours. At 30 minutes of sonication the agglomerates increased for 48 hours when
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compared to time 0. This would likely be a predictable and stable media when sonicating up to
10 minutes. However, the lack of characterization of the FW prevents this media from being
standardized. While Mili-Q water is recommended by OECD protocols [19], I would consider it
less predictable than Instant Ocean’s FW due to its statistically significant difference between
time 0 and 48 hours at all three sonication times tested.

Conclusion
This study shows the importance of reporting of media used when creating a dispersion media
by sonication. While NPs different properties such as chemistry, size and shape can impact their
behavior within a media and their ability to deagglomerate when sonicating with 7 different
medias for two NPs similar in size, we see that the different medias impacted the NPs
agglomerates even when amplitude and energy was held constant. From this study we also saw
that despite standard protocols being in place by the OECD, that in many studies surveyed the
media recipe was not reported or not reported with enough information available to replicate
the results. Reproducibility of results between labs in the field of nanotoxicology is a current
issue and different medias used can impact the NPs behavior even when type of particle,
sonication and amplitude is held constant. I would recommend based on findings from this
study, that there should be a standardized reporting method in regards to media used to
increase chances of successful reproduction of results between different labs.
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Chapter 3- Sonication techniques/practices
Introduction
Studies in the field of nanotoxicology often have difficulties with reproducibility of results
between laboratories. These studies looking at the fate and impact of NPs in the environment
and biologically help us understand potential toxicity of NPs that we have already been exposed
to through commercial products. The lack of reproducibility of results between labs could be
due to the lack of standardization in sonication methods found in published papers. NPs are
dispersed in relevant media before testing in a biological model. To overcome the tendency of
NPs to agglomerate when dispersed in media, ultrasonication is commonly used.
Ultrasonication uses sound energy, greater than 20Hz, to agitate and deagglomerate the NPs to
create a stable suspension for more accurate toxicity testing. Different sonication methods can
have different impact on NP agglomerates which can alter NP suspension’s surface area, size or
hydrodynamic dimeter (HDD), and their surface chemistry. As the sonication method used
directly impacts NP agglomerations which directly impacts the NP exposure, it is important for
published papers to report their sonication methods fully.
Ultrasonication systems
Ultrasonication systems are used in nanotoxicity studies to deagglomerate NPs using sound
waves in order to create a stable suspension. There are three different ultrasonication methods
that are commonly utilized in laboratories; cup horn, probe and bath sonicators (Fig. 1). Probe
sonicators are a form of direct ultrasonication as the probe is placed into the media containing
the NPs which allows for a higher intensity of energy directly into the sample. Cup horn and
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bath sonicators are indirect sonicators as the sound waves have to travel through the water
before reaching the sample. Both indirect and direct sonication methods are recommended for
deagglomerating NPs. Due to the high energy from the sonicator, the temperature is often
found to increase within the sample. To minimize the increase in temperature, the probe
sonicator is commonly done in an ice bath while the cup horn sonicator uses a thermostat that
helps keep the temperature constant. The bath sonicator does not have a way of keeping
temperature from increasing but because of its large size can handle multiple samples at one
time. Probe sonicators are recommended in standard protocols as direct ultrasonication is best
for breaking up NPs [19]. Oftentimes, though, labs will utilize indirect sonication methods such
as cup horn and bath due to the contamination risk involved with placing the probe directly into
the sample.

Figure 1. Types of Sonicators used in Nanotoxicology Studies
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Amplitude
The cup horn and probe sonicator uses programmed amplitude in the form of %. The amplitude
shows the maximum extent of vibration at the probe tip. The higher the percent the sonicators
are set, the greater the intensity and energy. Amplitude is held constant during sonication while
the power itself is varied.

Standard Protocols
The Organization of Economic Cooperation and Development (OECD) updated and further
detailed their guidelines on how to prepare NP dispersions for testing. Their guidelines
recommend preparing a NP stock concentration of 0.5 to 5.0x1012 particles/L in ultrapure water
at a final volume of 125mL. The recommended sonication system is the probe sonicator, as it is
a direct ultrasonication, set at a power of 40W for ten minutes. Other and very specific
requirements are listed in detail regarding the handling of the NPs, dispersion media, and
sonicator to further standardize the NP dispersion process. The Issue with the OECD’s standard
protocols is that these protocols call only for direct sonication (probe) while many labs utilize
indirect sonication methods. Because of this the protocols only give detailed instructions
regarding the calibration of the probe but not the cup horn or bath. They discuss the need to
calibrate for the actual energy input to the sample but they don’t detail the importance of
calibrating all three systems in order to be able to hold energy equivalent which is necessary
when different labs utilize different sonicators.
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Calibration of sonicators
Calibration is required by the OCED protocols in order to reach an equivalent energy input
between the three sonication systems. Often in published studies, the sonication energy
reported is from the machine instead of the amplitude or energy input that is actually available
to the sample.
Review of sonication practices in nanotoxicology studies
While there are a set of current, standardized protocols from the OECD on how NPs are to be
dispersed in appropriate media before toxicity testing, we see that the actual method varies in
published papers. A literature review was performed on 52 nanotoxicology studies from 20072018 looking at whether information reported was sufficient to reproduce the results between
labs. We also looked to see which of the three sonicators (cup horn, probe and bath) were
being utilized most (Fig. 2). We found that most studies (51%) utilized a bath sonicator which is
potentially due to the usefulness and prevalence of this machine within labs in other fields of
science. The other 49% used the cup horn or probe sonicator if they even specified the
sonicator used at all. The type of sonicator used impacts energy intensity that is available to the
sample through direct or indirect ultrasonication.
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Figure 2. (A) Sonicators reported in published nanotoxicology studies
Energy input impacts the amount of deagglomeration that occurs within a sample. Energy input
used should be reported in order for other labs to replicate results. In over 50% of studies
looked at, no energy input was reported at all. We found that energies that were reported
ranged anywhere from 5x10-1 – 2x10-3J. Accurate energy input is determined by calibration of
sonicator, and not relying on the machines reported energy which is oftentimes different.

The type of dispersion medium used varied between studies as well and were reported as
ultrapure water, buffer solution, or appropriate exposure media for zebrafish embryos or cell
culturing. Components of the dispersion medium such as ions, organic matter, and pH/buffer
are known to affect agglomeration and overall suspension stability. The organic matter found in
different dispersion medias can actually coat the NP therefore stabilizing and lowering the rate
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of agglomeration [20]. The components of the media used as well as the makeup and chemistry
of the NPs being tested can impact the behavior in terms of agglomeration and the ability of
ultrasonication to deagglomerate [21].

The objective of this study was to create a standardized approach to sonication of NPs in order
to better characterize NPs and reduce the current issue with reducibility of results between
labs. To do this we calibrated our sonicators (cup horn, probe, and bath) to calculate for energy
input and hold the energy constant between the three of them. We hypothesized that when
we were able to calculate and hold energy constant across sonication platforms that we would
see a decrease in the HDD of either CeO2 and TiO2 NPs across sonication platforms.

Methods
Sonicator Calibration
The bath ultrasonicator (Fisher Scientific, 1.9L, 70W, 40kHz) and the probe and cup horn
ultrasonicator (Vibra Cell 750, 20 kHz, Sonics & Materials, Inc., Newton, CT) were calibrated
using calorimetric calibration. A thermocouple heat sensor was used to measure the
temperature of water as a function of time for the calorimetry equation. All three calibrators
were insulated to receive an accurate result of the conversion of mechanical to heat energy
which is able to be calculated. This was done at each of the programmed amplitudes provided
by the cup horn and probe sonicator of 20%, 30% and 40% power. The bath ultrasonicator does
not have programmed amplitudes so calibration was performed at only one power. The
equation used to calculate actual power found in Eq. 1. P is the delivered acoustic power in
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Watts, Cp is the specific power of water, and m is the mass of water in grams. The delivered
acoustic power (P) was used in Eq. 2 to calculate for sonication time for the given energy. In Eq.
2 t is the sonication time in seconds, E is the energy in Joules, and P was the given acoustic
power found using Eq. 1. Energy was held constant at 8400J and time was varied to look at the
impact of different delivered powers on the NP solution.

Eq. 1
Eq. 2

𝑑𝑇

𝑃 = 𝑚𝐶𝑝 𝑑𝑡
𝑡=

𝐸
𝑃

Nanoparticle Stock Preparation
CeO2 and TiO2 with anatase were purchased from Sigma Aldrich (St. Louis, MO) and were used
to create the 1000mg/L stock suspension. These two particles were chosen based off the NPs
similar primary particle size of  25nm and have been previously studied and documented. This
was done by dispersing the NPs in simulated fish water (chosen from Fish Water Study media
10 Recipe: 15mM NaCl, 0.5mM KCl, 1mM CaCl2- 2H2O, 0.15mM KH2PO4, 0.05mM Na2HPO4, and
1mM MgSO4-7H2O), ultrapure water (Mili-Q 18.2  resistivity), and 0.1 mM KCl. Each
suspension was vortexed and diluted to 50mg/L in a volume of 10mL except in the probe tip
which was diluted in a volume of 40 mL.
Sonication Techniques
Each suspension was sonicated with a bath, probe and cup horn ultra sonicator with the
programmed amplitude set at 20%, 30% and 40% for the cup horn and probe sonicator and the
bath sonicator set at its single power setting. The time of sonication at each power was
calculated used using Eq. 1 and Eq. 2. Samples used in the cup horn and bath sonicators were
24

10mL of NP solution in a 15mL tube, while samples used in the probe sonicator were 40mL of
NP solution in a 50mL tube to fit the probe in the sample without interaction with the walls and
bottom of probe and walls with the solution. The energy was held constant at 8400J and in the
samples with the NPs dispersed in ultrapure water the energy was varied between 84-8400J to
give a true picture of the energy’s impact on NPs agglomeration. To prevent a large change in
temperature a cooling system was set up for all three sonicators. The bath sonicators water was
changed between each trial, an ice bath was utilized by the probe sonicator, and the cup horn
sonicator had cool water kept flowing through the system.
Dynamic Light Scattering
Directly after sonication DLS was used in order to measure the HDD using the Malvern Zetasizer
Nano ZS (Malvern Instruments, Westborough, MA). 1.5mL of the sonicated dispersion mediums
was placed into disposable cuvettes before being placed into the machine. The temperature
was held constant at 25C and control samples were also measured containing vortexed but not
sonicated dispersion media. The Z-average was also used as an indication of agglomerate size
alongside the HDD. Each trial, in all 3 medias, was done in triplicate.
Statistics
Statistics analysis was done using Sigma Plot version 13.0 (Systat Software, San Jose, Ca. USA).
Differences found between sonication types and power inputs for dispersion media and each
NP used was compared through analysis variance (ANOVA) with Holm-Sidak post-hoc analysis.
Differences were considered statistically significant at p  0.05. Linear progression was
performed for sonication calibration curves to determine the increase in temperature per unit
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of time. The decrease in HDD as a function of sonication energy was fit to a first order
exponential decay.

Results
Sonicator Calibration
Calibration was performed on the cup horn and probe sonicators at 20%, 30% and 40%, and the
bath sonicator at its single power in order to determine the actual energy input (the calibrated
power). A linear relationship was found between temperature and time for all three
ultrasonication systems (R2  0.94). The energy was held constant at 8400J and can be reached
by all three sonicators in under 10 minutes, with the bath sonicator taking the longest at 9
minutes and 24 seconds. The probe delivered a power of 10.0 W for 20%, 15.4 W for 30%, and
19.6 W and 40% programmed amplitude once calibrated (Table 2). The cup horn sonicator was
higher with the calibrated power being at 22.2 W for 20%, 27.9 W for 30%, 40.1 for 40%
programmed amplitude once calibrated. The bath sonicator delivered an average power of 15.0
W once calibrated. (Table 2)

Programmed Amplitude
Probe
20%
30%
40%
Cup Horn
20%
30%
40%
Bath
Bath

Instrument Reported
Power (W)

Calibrated Power (W)

Sonication Time (s)

33.8
48.8
78.8

10.0
15.4
19.6

35
23
18

27.5
52.0
77.3

22.2
27.9
40.1

379
301
209

70

15.0

564

Table 2. Difference in reported power and actual power after calibration and time required to
hold energy equivalent at 8400J
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Hydrodynamic Diameter and Energy Dependence
Agglomerate size or HDD was measured using DLS directly after sonication to decrease chances
of settling of the NP dispersion medium. In all three dispersion mediums both CeO 2 and TiO2
have a smaller HDD when sonicated compared to the unsonicated controls. When all sonicators
were held to an equivalent energy of 8400J there was no significance difference in HDD
between sonication systems. TiO2 agglomerates were overall larger than CeO2 in both ultrapure
water and 0.1 mM KCl. In fresh water there was no significant difference in agglomerate size
between TiO2 and CeO2. (Fig. 4)

Figure 4. Comparison of Cup Horn, Probe and Bath ultrasonication with no sonication and
their impact of agglomerate size (HDD)
Using cup horn and probe sonication at 30% programmed amplitude, energy was varied in
order to look at impact of different energy inputs on HDD of NPs in ultrapure water. Delivered
energy was varied from the original 8400J to 1/10x energy at 840J, 1/2x energy 4200J, 2x
energy 16800J, and 10x energy 84000J. This was done by altering the sonication time (Eq. 2).
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With increasing energy TiO2 NPs decreased until energy input was at 8400J but from there
increased in size and variance as energy was increased. CeO2 NPs decreased in HDD as energy
input increased. Both of these trends were consistent in CeO2 and TiO2 (Fig. 5).

Figure 5: HDD of TiO2 and CeO2 after Cup Horn and Probe Ultrasonication at 30% amplitude
with variations of delivered energy
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Discussion
This study looked at the issues surrounding the lack of standardization in reporting of
sonication methods and the resulting difficulties in reproducibility of results between
nanotoxicology laboratories. The lack of information found in published studies included
sonication system used, length of time, energy input, concentration of NP and dispersion media
used. Differences in energy input from ultrasonication have an impact on the NPs agglomerate
size which can alter the behavior of the NP during toxicity testing [21]. This information is
needed to create a standardized approach to the sonication of NPs in order to better
characterize NPs and reduce the current issue with reducibility of results between laboratories.

Three ultrasonication systems (cup horn, probe and bath) were calibrated using calorimetry to
establish equivalent energy between systems. This will allow future labs to perform this process
similarly. It is important to calibrate the sonication system used and report the calibrated
energy so that this process can be done no matter what system is available. The OECD
guidelines already recommends calibration of the sonication system used but from this is study
we see that this is not a practice that is being completed and reported in many papers. While
the OECD provides guidelines for direct sonication (probe), this study included methods for
indirect sonication methods as well as only 26% of the papers looked at actually reported using
the probe sonicator. This could be due to possibility of contamination from the probe sonicator
being directly placed into the NPs dispersion media. This study showed that bath
ultrasonication was likely the most common sonication system reported, potentially due to its
lower cost and multi-usefulness in other areas of scientific research. The ability to report the
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actual calibrated energy input allows for different system use when dispersing NPs within the
media. Calibration of these systems also allows for the reporting of the actual energy being
placed on the sample as in all three systems. This is important because the calibrated energy
was lower than the given programmed energy in all three sonication systems (Table 2). This
could be due to the reported power from the sonication system not accounting for loss of
energy when electrical energy is converted to mechanical energy and therefore does not
provide the correct energy.

The impact of ultrasonication on different dispersion medias and NPs was also looked at.
Sonication was performed using all three sonication systems with the energy held constant at
8400J in three types of media: ultra-pure water, 0.1 mM KCl, and FW. Ultrapure water was
chosen as it is recommended in standard protocols, 0.1mM KCl was chosen for its weak salt
solution, and simulated fish water was chosen from Media 10 from Chapter 2 Fish Water study
as simulated fish water has a higher ionic strength and is often used in nanotoxicity tests when
working with the zebrafish model. The two NPs used when testing were TiO2 with anatase and
CeO2

Both CeO2 and TiO2 NPs dispersed in all three medias (0.1 mM KCl, simulated fresh water and
ultrapure water) and once sonicated, had a lower HDD when compared to unsonicated
samples. This is likely the reason that standard protocols call for ultrasonication of media
suspensions in order to disperse and break up the NP agglomerates. We also saw that when
energy was held constant in all three sonication systems there was no significant different in
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agglomerate size which will allow for different labs to calibrate and report the energy input in
their study and another lab can replicate the results using the same energy but with a different
sonicator (Fig. 4). When amplitude was kept constant and energy was varied we saw a fairly
consistent trend especially in CeO2 that as energy is increased the HDD is decreased. But as
seen in TiO2 this only holds to a point of energy and can vary with different NPs.

Conclusion
Despite published recommendations from the OECD on sonication practices for nanotoxicity
studies, many labs are not following guidelines or following a standardized approach to
sonication and reporting of techniques used. We demonstrated that sonication is required to
create a stable dispersion medium before toxicity testing and that without sonication the
medium has larger NP agglomerates. As the energy input was increased, a decrease in HDD was
seen with variable results between particles. From the findings of this study we see that
consistent sonication usage between labs is required to help overcome the field of
nanotoxicology’s issues with reproducibility of toxicity results. All three sonication systems
were calibrated and held at equivalent energy to show that holding the energy constant will
allow for the same results in agglomerate size between different lab and system usage.
Published papers with calibrated and reported energy input into dispersion media and NPs used
would go a long way in increasing reproducibility of results. Therefore we recommend
implementing a standardized approach in reporting of calibration and actual sonication energy
input into the sample prior to toxicity testing.
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Appendix
Recipe
Media 4

Components
0.23 mM KCl

0.13 mM MgSO4

19.3 mM NaCl

1.67 mM HEPES

A.Table 1: Simulated fresh water medium chosen for use in the Harper nanotoxicology lab for
Fish Water Study

MQ
CeO2
TiO2

probe

cup
horn

KCl
CeO2

FW
TiO2

CeO2

TiO2

No
Sonication
20%
30%
40%

0.71
0.36
0.36
0.35

0.76
0.80
0.73
0.79

0.75
0.38
0.36
0.40

0.91
0.80
0.73
0.70

0.81

0.89

20%
30%
40%
Bath

0.29
0.42
0.45
0.43

0.59
0.58
0.73
0.74

0.35
0.39
0.38
0.49

0.67
0.65
0.68
0.71

0.34
0.39
0.50
0.41

0.73
0.66
0.68
0.65

A.Table 2: Average PDI values for Chapter 3 Sonication Study
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NP
ZnO, TiO2

Sonicator
(as reported)
Bath

Sonicator
Type
bath

Time
20 min.

Carbon black

Bath

bath

10 min.

Power

Energy
(J, calc)

Conc
(µg/mL)

DLS?
Yes

Stock dispersion
medium
serum free DMEME

Reference

(Hsiao & Huang, 2011)

TiO2 (Aeroxide P25)

Bath

bath

cup horn

6 h (again 30
min before
dosing)
30 min

bath

10 min + 10
min before
exposure
5 min

10-30

35 kHz

microscope

10000

NaCl, BSA, DPPC, or
cell culture RPMI 1640
medium

(Foucaud, Wilson,
Brown, & Stone, 2007)

MQ
(Federici, Shaw, &
Handy, 2007)

TiO2 (P25, Degussa)
and CeO2

cup-horn Misonix
S4000 digital
sonicator

50%
(100W)

1000

Yes

1 mM KCl

TiO2

ultrasonication?

10

yes

1x PBS

Zn

TiO2 (P25 Degussa)

Bath (FS3
Compact high
performance
ultrasonic cleaning
system)
probe sonication

Yes

DI

probe

1 min

CuO

Bath

bath

5-6 h

SiO2

2 mm US probe

probe

120 s

US Water bath

bath

15 min

ZnO

Bath

bath

30 min

Cu

Bath (S 40 H
Elmasonic water
bath sonicator
(Elma, Germany))
Bath (SaehanSonic, Seoul,
Korea)

bath

10 min.

200

Yes

Culture media

bath

10 min.

18-24

Yes

DW

approx 30

50

Yes

MQ

(Andersen et al., 2016)

polystyrene

ZnO

(Zhao et al., 2013)
22 W

6600

60000 Hz

50% (10
W)
50Hz-150
W

500

Yes

DI

10000

Yes

ISO daphnia medium

1200

2000

DI

135000

3000

DI

(Wagner, Korenkov,
Judy, & Bertsch, 2016)
(Tilly, Kerr, BraydichStolle, Schlager, &
Hussain, 2014)
(Adam, Vakurov,
Knapen, & Blust, 2015)
(Contado et al., 2016)

Sea water

(Suman, Radhika
Rajasree, &
Kirubagaran, 2015)

(Song et al., 2014)

(Kim et al., 2015)
(Lopes et al., 2014)
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min.
TiO2 (anatase, Sigma
Aldrich)
Ag

probe sonicator
(Vibracell)
Bath (Branson
8510EXT-0011)

probe

Ag and CuO

ultrasonicator
(Power Sonic 420,
Seoul, Korea)

bath

Ultrapure water
(Tassinari et al., 2014)

bath

6 hrs + 15
min before
dosing
1 or 2 h

400

TEM

DI

100-500

Yes

Moderately hard water

(Asghari et al., 2012)
40 kHz

(Jo, Choi, Lee, & Hong,
2012)

TiO2 (Degussa P25)

Al2O3

ultrasonicator
(Sonics, USA)

Ni

Bath

bath

MWNT

bath

bath

CuO

Bath (Intersonic,
IS-2)

bath

Ag

10 min. + 10
min before
dosing
30 min.

50 W/L, 40
kHz

450

750 W (20
kHz)

1350000

3-192

Yes

Algal medium

15 min

40 W

36000

1000

Yes

DI

Yes

MQ

1000
15 min

300W, 35
kHz

270000

2 min

10000
100

SiO2

Bath

bath

15 min

40 W

36000

NiFe2O4

Bath

bath

10 min

40 W

24000

Ag

1000

US Vibracell
75186

probe?

20 s

Cu and Cu-Zn

tip sonication

probe

2x20 s

SiO2

bath

5 min.

TiO2, SiO2, MWCNT

Bioruptor UDC200, Belgium
Bath (w/ice)

bath

60 s

TiO2 (P25, Aeroxide)

high energy probe

probe

Ag

microtip Sonifer
B12, Branson
Sonic Power

probe

30 min
(pulsed mode,
1 s on, 1 s off)
2x20 s

Yes

200
Yes

15 min.

SiO2

DI

Yes
130W, 5660Hz

2600

Yes

2000
160 W, 20
kHz
40 W

48000
2400

Nanopure, BG-11, and
McLachlan
Water and cell culture
medium
Cell culture medium
Moderately hard
reconstituted water
DI

PBS

(Zhu, Chang, & Chen,
2010)
(Sadiq, Pakrashi,
Chandrasekaran, &
Mukherjee, 2011)
(Ahamed, 2011)
(Wang et al., 2012)
(Manusadžianas et al.,
2012)
(Oukarroum, Bras,
Perreault, & Popovic,
2012)
(Ahmad et al., 2012)
(Ahamed et al., 2011)
(Allen et al., 2010)
(Passagne, Morille,
Rousset, Pujalt??, &
L’Azou, 2012)
(Karlsson et al., 2013)

Yes
10-1000

Yes

PBS and culture
medium

Yes

Ultrapure water

Yes

Serum containing
medium

(Duan et al., 2013)
(Sohaebuddin,
Thevenot, Baker, Eaton,
& Tang, 2010)

(Larue et al., 2011)
14 W

560

1000

(Cronholm et al., 2011)
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Company
ZnO and CuO
Ag

CeO2 and TiO2

bath (Branson
Ultrasonics, 2510
Ultra sonic
cleaner)
Branson (bath?)

bath

bath

TiO2 (5 types)
Ag
SWNT

carbon black, C60,
TiO2, SiO2

ZnO, Ag, TiO2

SiO2, Ag/SiO2, CeO2,
Fe2O3, TiO2

30 min, then
stored!
1.5 h

Probe Branson
Sonifier S-450A
(Branson
Ultrasonics), 1/8
inch probe

MQ

1000

MQ

20 min.
30 min

Elmasonic S30H
(Elma, Germany)
ultrasonic
bath(Elma
T490DH)
UP200S Hielscher
Ultrasonic
Technology
(Teltow, Germany)
Elmasonic S15H
bath sonicator

15 kHz

40000

K-Medium
100W, 40
kHz

180000

500

Yes

Ultrapure water

2

Yes

DI

bath

10 min.

bath

4h

120W, 40
kHz

1728000

1000

HEPES/BSA

probe

15 min

100W, 50%
on/off
cycle

45000

100

Artificial sea water

bath

20 min.

30000

1000

Yes

cRPMI

probe

depends,
reported
energy

37 kHz,
effective
power 25
W, max
peak
performanc
e 280 W
400 W 60
Hz: actualy
delivered =
3.14 W

2000

1000

Yes

DI

(Laban, Nies, Turco,
Bickham, &
Sep??lveda, 2010)
(Roh, Park, Park, &
Choi, 2010)
(X. Lin et al., 2014)
(Chairuangkitti et al.,
2012)

(Wang et al., 2011)

(Canesi et al., 2010)

ZnO

(Poon et al., 2017)

(Cohen, DeLoid,
Pyrgiotakis, &
Demokritou, 2013)

30 W
100 W

5000
180000

Yes

1000

DI

ZnO

FS30H, Fisher
Scientific, 100 W,
42 kHz)

bath

30 min

CNTs (single and multi,
8 types)

ultrasonic
homogenizer (VC750, Sonics & Materials)

Probe

5h

1400

Yes

10 mg/ml BSA

30 min.

100

Yes

SM7 media with and
w/o 200 mg/L GA

perovskite
nanomaterials (PNMs)
(LaFeO3, YFeO3,

(Mortimer, Kasemets,
& Kahru, 2010)

DI

(Xia et al., 2011)
(Minghua Li, S.
Pokhrel, X. Jin, L.
Madler, R.
Damoiseaux, 2011)

(M. Zhang et al., 2018)
(Zhou, Fan, Liu, &
Wang, 2018)
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BiFeO3, LaMnO3,
LaCoO3)
graphene oxide

TiO2

CeO2

ZnO, CuO, TiO2,
Cr2O3, Fe2O3,
CoO, Ni2O3, CuO,
Co3O4, TiO2

TiO2
Ag

TiO2, SiO2, and ZrO2

130 W ultrasonic
processor (Cole
Parmer, QC,
Canada) 6 mm
probe
Branson 250
sonifier equipped
with a 3mm
diameter tapered
microtip (Branson
Ultrasonics
Corporation,
Danbury,
Connecticut, USA)
ultra- sonic cleaner
(KQ-700DE,
Kunshan ultrasonic
instruments Co.,
Ltd., China)
ultrasonic bath

Probe

0.5-85 min
(depending on
which GO)

10 W

300-5x105

2000

Yes

Sterile water

Probe

15 min.

20 W

18000

1000

Yes

MQ

Bath

30 min.

water sonicator
(Branson,
Danbury, CT,
USA, model 2510)
sonication bath
Sonomatic 300
Branson 450
Sonifier with
Cuphorn

Bath

15 min.

Bath

15 min.

Cup horn

10 min.

Bath

30 min.

water bath
sonicator

(Gies & Zou, 2018)

(Lammel & Sturve,
2018)
Bath

30 min.

100 W, 40
kHz

250 W, 50
Hz
100 W, 42
kHz

180000

3000

TEM

MQ

1000

Yes

Distilled water

90000

5000

No

DI water

540000

2000

Yes

PBS

120000

1000

(Yang, Pan, Wang, &
Zhao, 2017)
(Jośko, Oleszczuk, &
Skwarek, 2017)

(Cai et al., 2017)
40 kHz,
600 W
power of
5.71
(200W)
and 20%
duty cycle

(Valentini et al., 2017)
Sterile RNase free
water with 2% Adult
Bovine Serum
(Sthijns et al., 2017)
Yes

Ultrapure water
(Liu et al., 2018)

A.Table 3: Review of sonication practices in nanotoxicology studies for Chapter 3 Sonication Study
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