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Nanoparticles (NPs), defined by their size (1-100 nm), are increasingly in-

corporated into commercial and industrial products due to their high surface

area and unique properties. They can be designed for specific applications by

manipulating composition, size, shape, and surface functionalization. As NP

production and complexity increases, there is a need to rapidly assess relevant

parameters to prioritize hazard testing and ultimately predict behavior upon re-

lease into the environment. Robust and reproducible characterization of toxicity

and physicochemical properties of NPs in solution are needed for reliable model

development. In this dissertation, I address significant challenges regarding NP

dispersion consistency and characterization of NP properties.

Current practices of NP dispersion preparation that utilize sonication to

break apart agglomerates were evaluated for consistently across nanotoxicology

studies, and it was determined that they vary greatly in the type of ultrasonica-

tor used, total energy input, and reporting of associated metadata. To facilitate

comparison across studies, I demonstrate a method to deliver equivalent energy

to NP dispersions using three different ultrasonicator systems with various power

settings and dispersion media. This can improve uniformity of NP exposures for



better reproducibility of toxicity and characterization data.

The hydrophobicity of NPs, a key property determining environmental fate

and bioavailability, was evaluated with two potential methods optimized for use

with NPs, hydrophobic interaction chromatography (HIC) and dye adsorption,

and compared results to those obtained using the octanol water partitioning

method commonly used for organic and dissolved chemicals. Measures of hy-

drophobicity were determined for both agglomerated and surface functionalized

NPs.

Finally I address the need for a quantitative measure of redox behavior

of NPs to inform the design of catalytic nanomaterials as well as to model

potential toxic interactions. The use of methylene blue (MB) as a colorimetric

probe to quantify the catalytic redox behavior of NPs is proposed in Chapter

4. The redox assay was compared to modified abiotic methods to evaluate

reactive oxygen species (ROS) production (dichlorofluorescein diacetate, DCFH-

DA) and antioxidant capacity (Trolox Equivalent Antioxidant Capacity, TEAC)

of NPs to determine relationships and trends based on methodology used and

NP properties.

The studies presented in this dissertation provides the basis for improved

reproducibility of NP exposures for toxicity data and addresses clear data gaps

for determining fate and toxicity descriptors of NPs. This work will contribute

to comprehensive NP characterization that is ultimately needed for predictive

fate and toxicity models for sustainable nanotechnology development.
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Addressing Persistent Challenges in Nanotoxicology Exposures:

Techniques for in situ Characterization

1 Introduction

Nanotechnology, defined as the use of matter at the nanoscale (1-100 nm),

has become a platform for innovative technology spanning fields of medicine,

chemistry, engineering, and manufacturing [23]. The small size of nanoparticles

(NPs) results in a large surface area to volume ratio and a high proportion of

atoms at the surface, which leads to higher reactivity and rates of dissolution

[122, 172]. Some materials in the nano size range exhibit unique physical and

chemical properties that differ from "bulk" sized or dissolved forms, such as

altered optical properties and increased tensile strength [52, 54].

The unique properties of NPs have been utilized for a diversity of applica-

tions, and are increasingly used in commercial and industrials products. Exam-

ples include cosmetics, heterogeneous catalysts, antimicrobials, pigments, and

nanomedicine [190]. The implementation of nanotechnology also has promising

environmental benefits, including environmental remediation and promoting ef-

ficient use of resources, since less material is required to produce a given surface

area [149]. The application of nano-enabled technology has rapidly grown and

is expected to continue to increase. Global consumption of nanomaterials is ex-

pected to approximately double by 2021 [20]. Among the most widely used and

produced NPs are metal and metal oxides, especially TiO2, SiO2, ZnO, Ag, and

CeO2 [209, 216]. The increased production of engineered NPs is accompanied

by increased environmental exposure. NPs are released into air, waters, soils,
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and sediments as they move through their life cycle [72].

The rapid development of nanotechnology is outpacing our understand-

ing of the environmental implications associated with increased exposure. Risk

assessment is complicated by the fact that unlike chemicals, which are defined

by molecular structure, nanomaterials involve core composition, surface coating,

size and shape [78]. Nanomaterials can theoretically be composed of any ma-

terial, including composites and alloys, be functionalized with surface coatings,

and have a variety of morphology and sizes, resulting in a seemingly unlimited

number of unique materials. Adding to the complexity, when NPs enter the

environment, they undergo transformations due to changes in ionic strength,

pH, temperature, and presence of organic matter, including biomolecules that

effectively alter the NP surface and available surface area [119]. This enormous

testing matrix has led researchers to move toward in silico approaches for risk

assessment and responsible development of nanomaterials [197].

A number of statistical frameworks have been proposed to relate structural

and compositional properties of nanomaterials to toxic effects [63, 122, 137]. For

example, Puzyn et al. modeled the toxicity of metal oxide NPs to Escherichia

coli using enthalpy of formation of a gaseous metal cation [164]. Zhang et

al. demonstrated that the cytotoxicity of metal oxide NPs strongly correlated

with band gap energies in the range of cellular redox processes (-4.12 to -4.84

eV) [225]. However, a more recent study found that dissolution and not band

gap energy correlated with in vivo toxicity of ZnO and Mn2O NPs to oyster

embryos [144]. Despite these studies and others which demonstrate descriptive

correlations between select NP properties and toxicity, there is not yet sufficient

data to develop more powerful predictive models.

Before models can be widely implemented, reliable and reproducible tox-

icity data and robust physicochemical characterization of nanomaterials are
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needed. The toxicity of various NPs have been demonstrated using a num-

ber of in vitro and in vivo testing models [68, 183, 184]. However, the results of

nanotoxicology studies are difficult to reproduce and studies often report contra-

dictory data [103]. Recent attention has been given to the role of NP dispersion

techniques and agglomeration on the inconsistencies among studies [173, 185].

Guidelines have been proposed to harmonize NP dispersion preparation [70, 146]

and reporting of agglomeration size and stability [103, 120]. However, it is un-

clear how widespread the recommended guidelines are among studies and how

significantly they affect NP exposure and toxicity results.

To address the physicochemical characterization of nanomaterials, the Or-

ganization for Economic Cooperation and Development (OECD) formed the

Working Party of Manufactured Nanomaterials (WPMN) in 2006 to systemat-

ically evaluate testing guidelines [167, 166]. A series of interlaboratory studies

were performed using Au, Ag, TiO2, SiO2, CeO2, ZnO, fullerenes (C60), single

and multi-wall carbon nanotubes, nanoclays and dendrimers to validate guide-

lines for measuring properties of nanomaterials in solution such as agglomera-

tion, zeta potential, porosity, hydrophobicity, photocatalytic activity and redox

potential [148]. Many characterization protocols that are commonly applied

to evaluate chemicals were deemed unsuitable for NPs. Among the properties

evaluated, protocols for evaluating hydrophobicity and redox potential were de-

termined to be meaningless when applied to insoluble particulate nanomaterials

and no exceptions or alternative methods were provided [167]. One promising

approach is the use of rapid functional assays, which characterize NPs in rele-

vant exposure conditions to encompass complex interactions at the NP surface

[71]. The results obtained using functional assays are therefore system depen-

dent and must be accompanied by complete reporting of system properties and

conditions. A functional assay based approach is used in the studies presented
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here to rapidly collect robust and reproducible data. Standard media (i.e. PBS

buffer) are used as a reference and future studies can be performed in more

complex media to quantify surface transformations.

This dissertation addresses key challenges identified in characterizing physic-

ochemical properties of nanomaterials. Chapter 2 reviews current practices in

nanomaterial dispersion preparation among nanotoxicology studies and focuses

in particular on methods of sonication used to break apart agglomerates in sus-

pension. Approaches to calibrate different types of ultrasonication systems and

power inputs are presented to facilitate more uniform NP exposure across stud-

ies, allowing for reproducible data regardless of the equipment being utilized in

any given laboratory. Chapter 3 presents a comparative analysis of potential

methods to evaluate the hydrophobicity of NPs, which is a key parameter that

determines transport, distribution, and bioavailability. Chapter 4 proposes a col-

orimetric assay to determine the relative redox potential of NPs, and compares

it with methods to determine reactive oxygen species generation and antioxi-

dant capacity. The three assays described in Chapter 4 are applied to a series of

lanthanide oxide NPs, and periodic trends are analyzed to determine intrinsic

properties of lanthanide oxides that correlate with redox. Methods presented

in this dissertation are developed with the aim of widespread implementation,

across classes of nanomaterials and research groups. Each chapter considers fac-

tors such as cost, accessibility of instrumentation, and interpretation of results.
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2 Calibration of energy input during the preparation of aqueous
nanoparticle dispersions

Lauren E. Crandon, Vince N. Cataldi, Sabrina R. Luker, Bryan J. Harper, &

Stacey L. Harper
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2.1 Abstract

The size of nanoparticle (NP) agglomerates significantly affects the dose

to organisms and observed effects when evaluating the fate and toxicity of NPs.

Stable NP dispersions are made by using ultrasonic waves to break apart large

agglomerates, and several standard sonication protocols have been proposed to

improve data reproducibility and dispersion consistency. A review of 56 re-

cent nanotoxicology studies revealed that sonication practices vary greatly in

the type of ultrasonicator used, total energy input, and reporting of associated

metadata. To facilitate comparison across studies, we demonstrate a method to

deliver equivalent energy to NP dispersions using three different ultrasonicator

systems: probe, cup horn, and bath. Calorimetric calibration was performed to

determine the energy delivered by each system, which took into account effects

of energy dissipation through media and the geometry of each type of sonicator.

The power input was varied while maintaining an equivalent energy input of

8400 J. Our sonication protocol was applied to CeO2 and TiO2 NPs of similar

primary particle size dispersed in ultrapure water, 0.1 mM KCl, and simulated

fresh water. The hydrodynamic diameter (HDD) was measured using dynamic

light scattering to assess agglomeration. We found that when energy was held

constant, HDD was not significantly different between ultrasonication systems

or power inputs for a given material and dispersion medium. To determine the

effects of energy input, we varied the delivered sonication energy (840-84000 J)

for NP dispersions in ultrapure water. The HDD of CeO2 NPs decreased with

increasing energy, but TiO2 NPs did not have energy dependent agglomeration

behavior, demonstrating that optimal energy input for stable NP dispersions

is material specific. Our work here provides a standardized method to deliver

equivalent sonication energy, even when employing different ultrasonication sys-

tems and power settings. We recommend that future studies implement these
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calibration methods and routinely report sonication energy, dispersion medium,

NP composition details, and HDD to better contextualize NP exposure for com-

parative and regulatory purposes.

2.2 Introduction

Studies which evaluate the aquatic fate and toxicity of NPs are often diffi-

cult to reproduce and this may be due, in part, to lack of standardized methods

for preparing NP dispersions [200]. To evaluate the behavior and toxicity of

nanoparticles (NPs) in biological systems, NPs are first dispersed in relevant me-

dia. Once placed in liquid, nanomaterials often form large agglomerates due to

attractive van der Waals forces, which can affect environmental interactions and

cause NPs to rapidly settle [47, 132]. Many studies utilize ultrasonication (com-

monly referred to as "sonication"), which applies acoustic energy (>20kHz) to

break apart large agglomerates and form suspensions of particles in the nanome-

ter size range [200]. For many NPs without a surface stabilizer, no amount of

sonication energy can completely break apart agglomerates and form dispersions

of primary particles [126, 227]. The goal of sonication is therefore to minimize

NP agglomerate size and form relatively stable and monodisperse suspensions

[37, 46].

The manner in which suspensions are sonicated greatly affects the agglom-

eration state and resulting NP surface area, and can potentially alter the surface

chemistry of NPs [42, 159]. An interlaboratory study which compared the size

and surface charge of prepared gold, polystyrene, silica, and ceria NPs pointed to

ultrasonication practices as a major culprit for variability in dispersion stability,

particularly for dispersions prepared from dry nanopowder [173]. The effects of

sonication have also been shown to result in differences in toxicity. Kang et al.
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and Sager et al. compared the uptake and toxicity of NPs with and without son-

ication and found that well dispersed exposures resulted in higher rates of lung

deposition and toxicity in mammals [87, 177]. A recent meta-analysis of Daphnia

magna nanotoxicity experiments found that inconsistencies among studies were

primarily explained by differences in dispersion techniques, including sonication

methods [185].

Reproducible methods of sonication are particularly important for surface

reactive materials and NPs that dissolve and release toxic metal ions. During

sonication, the formation and collapse of cavitation bubbles produces local areas

of extremely high temperature and pressure (approximately 5000 K and 50000

kPa), which can lead to the formation of reactive oxygen species (ROS) [55,

131, 194]. ROS can alter the NP surface by oxidation, and has been shown to

modify or degrade commonly used organic surface coatings [91, 200]. The same

effect could potentially lead to the disintegration of carbon based nanomaterials,

such as fullerenes or carbon nanotubes [21]. The interaction of ROS with media

components may also have implications for toxicity. Sonication with a common

surfactant was found to cause the production of toxic degradation byproducts,

and cell viability decreased with increasing sonication time [218].

Energy input during sonication can enhance the dissolution rate of soluble

species. Sonication has been shown to increase the rate of ion release from Cu

and Mn NPs, which can potentially increase the observed toxicity [42, 130, 159].

A comparison of different sonication methods revealed a direct effect on the acute

toxicity of Ag and CuO NPs to Daphnia magna, and this was found to be the

result of increased dissolution associated with longer sonication times [84]. The

ability of sonication to alter not only the agglomeration state of NPs, but also

NP surface and dispersion medium highlights the need for uniform sonication

practices for dispersion, particularly for toxicity evaluation.
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FIGURE 2.1: Schematic of a probe ultrasonicator (direct), cup horn ultrasonicator
(indirect), and bath ultrasonicator (indirect).

2.2.1 Ultrasonication systems

Ultrasonication systems function to disperse nanoparticle suspensions by

propagating acoustic waves through the medium which results in high energy

cavitation that acts to break apart agglomerates. Several types of sonication

systems are available for NP dispersion preparation and are classified by man-

ner of energy delivery as either direct or indirect methods (Fig. 2.1). Direct

ultrasonication involves immersing a probe directly into the suspension, which

allows for high intensity energy delivery. This method, also defined as probe

sonication, is generally recommended for the disruption of agglomerated NP

dispersions [70, 82, 146, 163, 199]. Indirect methods include cup horn and bath

ultrasonication, where energy must travel through water (or some other liquid)

to the sample. A cup horn sonicator is considered a high intensity ultrasonic

bath and is typically used for cell disruption, protein extraction, and releasing

DNA and RNA from cells. The high energy delivered during sonication can lead

to a temperature increase of the sample, and to minimize this, probe and cup

horn sonicators can be operated in pulse mode as opposed to continuous soni-
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cation. In addition, probe sonication is often performed in an ice bath and cup

horn sonicators are commonly operated in a thermostat configuration designed

to maintain a constant bath temperature. A bath sonicator delivers lower power

and does not circulate water, but can accommodate larger sample volumes than

a cup horn. Indirect methods are not recommended in standard protocols for

dispersing NPs, but are often chosen to avoid sample contamination by the probe

or to avoid the release of titanium from the probe surface into NP suspensions

[22, 62].

2.2.2 Amplitude

For the probe and cup horn configurations, the programmed amplitude,

often reflected as percent (%) of the maximum, refers to the displacement of the

probe tip as it vibrates. For example, the maximum amplitude for a 13 mm probe

using a 750 W Sonics system (Fig. 2.1) is 114 µm, and the % amplitude is the

fraction of that length traveled. This energy at the tip of the probe is dissipated

through the liquid and causes alternating high and low pressure waves. A higher

amplitude is accompanied by greater power and higher intensity of cavitation

[168]. During sonication, the programmed amplitude is held constant and the

power is varied in response to resistance to movement of the probe, which can

be affected by the viscosity of the medium, temperature, and NP concentration.

2.2.3 Standard protocols

Several protocols have been published to standardize the preparation of

NP dispersions [70, 82, 146, 163, 201]. Recently, the Organization for Economic

Cooperation and Development (OECD) updated guidelines which are consistent

with most other protocols and is among the most detailed [147]. In brief, this

guideline recommends preparing a NP stock concentration of 0.5 to 5.0 × 1012

particles/L in ultrapure water at a final volume of 125 mL. Concentrations
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based on particle count are difficult to determine when preparing stocks from

nanopowder, and a volume of 125 mL may cause excessive NP waste when only

smaller quantities are needed for experimentation. The standard recommended

sonication system is a probe sonicator and protocols call for sonicating at a

power of 40 W for 10 minutes. Although probe sonicators are known to deliver

the highest intensity, submerging the probe directly in suspensions can cause

contamination and leaching of titanium from the probe surface. Additionally,

specific reporting requirements are outlined, which include detailing information

about the volume of sample and solvent, sonication time or energy input, and

characteristics of the dispersion media such as pH, ionic strength, and organic

matter content [146].

2.2.4 Calibration of sonicators

To account for differences in sonication systems, standard protocols require

calibrating the probe sonicator at all power settings to determine delivered en-

ergy. The sonication energy reported in studies often refers to the electrical

output from the instrument; however, this energy is transformed to mechanical

energy and does not accurately represent the acoustic energy actually delivered

to the sample [96]. Efficiency depends on the specific instrument, the char-

acteristics of the NP dispersion (medium, volume, and particle concentration),

temperature, and time. Calibration provides a measurement of how much energy

is absorbed by the system and can account for aging of the piezoelectric crystals

inside the converter which, over time, can affect the amplitude of vibrations

and therefore the power delivered. Calorimetry and chemical dosimetry, includ-

ing the Frick reaction and KI oxidation have been used to calibrate individual

sonication systems [96, 97]. Although chemical methodologies can be useful,

calorimetry is the most widely used because it is simple, requires few materials,

and is not sensitive to the initial temperature of the NP suspension. Utilizing
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FIGURE 2.2: A) Types of sonicators used B) histogram of studies rated by quality and
completeness of reported metadata based on a review of 56 nanotoxicology studies.

the calorimetric approach, the delivered power is determined by measuring the

change in temperature of the medium during sonication with the assumption

that mechanical energy is converted to heat.

2.2.5 Review of sonication practices in nanotoxicology

Despite standardized sonication guidelines, methods used in practice vary

greatly among published nanotoxicology studies. We performed a literature re-

view of 56 recent nanotoxicology studies (2007-2018) which sonicated NP stocks

prior to exposure (Table A1). Most studies (51%) reported using an ultrasonic

bath, but others used a probe, cup horn sonicator, or did not report the type

of sonicator used (Fig. 2.2A). As we previously described, the type of sonicator

greatly impacts the intensity and power delivered to the sample.

The sonication energies reported ranged across orders of magnitude (ap-

proximately 5× 10−1 − 2× 103 J) for those studies that either explicitly reported

energy or provided sufficient information about power and time. More than half

of studies did not report energy. Energy should be reported in context of the
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sample volume, because volume can affect the disruption effect for a given energy

input. Portions of the sample in closer proximity to the probe/horn are likely

to experience a greater disruptive effect, so sonicating large volumes provides a

lower energy density; whereas, in smaller volumes the entire sample might be

in close contact with the probe. The majority of studies (79%) fail to report

sample volume used during sonication. The size of the probe also affects the

intensity of energy delivered, and although many studies specify the sonication

instrument used, only four of the studies surveyed here explicitly reported the

probe diameter.

The concentration of NP stocks were generally reported on a mass basis

and varied among studies across many orders of magnitude, ranging from 10

µg/mL to 40×103µg/mL (Table A1). NP concentration affects the rate of parti-

cle collisions during sonication, which can act to either break apart agglomerates

or in some cases induce further agglomeration [199]. Although existing protocols

specify a narrow range of NP concentrations for sonication in an effort to limit

variability in particle collisions across studies, these are provided as number

concentrations. Most studies continue to report NP concentrations on a mass

basis, and this may be due to limited availability of instrumentation required

to measure accurate particle counts at the nanoscale across a range of particle

concentrations. This could make compliance with standard protocols difficult,

and may be responsible for the large discrepancies in concentrations used.

The dispersion medium was generally reported to be ultrapure water, a

buffer solution, or exposure medium, such as cell culture or simulated natural

waters (Table A1). Ions in dispersion media are known to directly affect suspen-

sion stability and particle agglomeration by compressing the electric double layer

and increasing agglomeration. Organic matter can coat the NP surface and pro-

vide a stabilizing affect that prevents agglomeration [227]. Components of the
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medium can also influence agglomeration behavior by affecting how sonication

energy is delivered. Changes in viscosity can alter the resistance to movement of

the probe and affect the power input. Ionic strength and density can affect how

the medium dissipates the delivered energy [200]. For environmentally relevant

media, the impact is likely to be small; however, media properties can act to

augment the potential effect of sonication energy on NP surface reactivity. Pro-

teins in biological media, for example, have been shown to promote dissolution

of metal and metal oxide NPs during sonication [42, 159].

We ranked the reviewed studies based on quality and completeness of the

reported metadata described above (Fig. 2.2B). Studies which reported all rele-

vant details that would be required for replication (sonicator type, energy, time,

NP composition, volume, medium, concentration) were given a rating of "7."

For every missing piece of information, one point was subtracted. Studies who

received a "1" rating typically only reported the NP material and stated that

sonication was performed. Metadata should be sufficiently detailed to establish

meaningful trends among studies, and such numerical frameworks have been

proposed to improve data quality for nanomaterial regulation [128].

In this study, our objective was to update standard NP dispersion protocols

to allow for reproducible data regardless of the equipment being utilized in

any given laboratory, and to highlight the discrepancies in current practices

reported in the literature. We hypothesize that agglomerate size is dependent

on the total energy input by the ultrasonicator, regardless of what sonicator

type or power setting is used. We aimed to produce similar CeO2 and TiO2 NP

dispersions using three different sonicator systems: probe, cup horn, and bath.

CeO2 and TiO2 were selected due to their widespread use, limited dissolution,

and known propensity to agglomerate in suspension. We applied our calibration

procedure across different programmed amplitudes and validated this method
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in three relevant dispersion media.

2.3 Methods

2.3.1 Sonicator calibration

Calorimetric calibration was performed for a probe and cup horn ultrason-

icator (Vibra Cell 750, 20 kHz, Sonics & Materials, Inc., Newtown, CT) and an

ultrasonic bath (Fisher Scientific, 1.9 L, 70 W, 40 kHz). A thermocouple was

used to measure the temperature of water as a function of time for programmed

amplitudes of 20%, 30%, and 40% on the probe and cup horn sonicators. 40%

was selected because it is the highest allowable amplitude for the cup horn con-

figuration. The ultrasonic bath does not have an option to program different

powers, so calibration was only performed at one power. The sonicators were

insulated for calibration to better support the assumption that all mechanical

energy was converted to thermal energy. The delivered acoustic power was cal-

ibrated by performing a linear regression of temperature as a function of time

and solving for power Eq. 2.1:

P =mCp
dT

dt
(2.1)

where P is the delivered acoustic power (W), Cp is the specific heat of wa-

ter (4.2 J/g○C) and m is the mass of water (g). The delivered power was used

to calculate sonication time for a given energy Eq.2.2

t = E
P

(2.2)
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TABLE 2.1: Sonication reported power, calibrated power and estimated times to
deliver 8400 J total energy to dispersions.

Programmed
Amplitude

Instrument
Reported Power

(W)

Calibrated Power
(W)

Sonication Time
(s)

Probe
20% 33.8 10.0 35
30% 48.8 15.4 23
40% 78.8 19.6 18

Cup horn
20% 27.5 22.2 379
30% 52.0 27.9 301
40% 77.3 40.1 209

Bath
70.0 15.0 564

where t is sonication time (s), E is energy (J), and P is delivered acoustic

power (W). The energy was held constant at 8400 J and the time was varied to

evaluate the impacts of different delivered power.

2.3.2 Nanoparticle stock preparation

CeO2 and TiO2 (anatase) were purchased from Sigma Aldrich (St. Louis,

MO) and had a similar average primary particle size of 25 nm. Stock suspen-

sions (1000 mg/L) were prepared by dispersing dry nanopowder in ultrapure

water (Milli-Q 18.2 Ω resistivity), 0.1 mM KCl, or simulated fresh water (FW)

comprised of 15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2:2H2O, 0.15 mM KH2PO4,

0.05 mM Na2HPO4 and 1 mM MgSO4:7H2O and adjusted to a pH of 7.0 [221].

Suspensions were vortexed, then diluted to a concentration of 50 mg/L in a

volume of 10 mL, except for the probe sonication group which was prepared in

a volume of 40 mL to accommodate the probe tip.
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2.3.3 Sonication

Sonication was performed with a 750 W, 20 kHz Vibra-Cell ultrasonic

processor (Sonics & Materials, Inc., Newtown, CT) equipped with a 13 mm

diameter probe (probe sonication) and a 51 mm diameter probe equipped with

a cup horn attachment with continuously flowing cooling water (cup horn). The

programmed amplitude was set for 20%, 30%, and 40% for the probe and cup

horn sonicators and the time needed to achieve equivalent energy was determined

by calibration (Table 2.1). The ultrasonic bath (1.9 L, 70 W, 40 kHz, Fisher

Scientific, Pittsburgh, PA) does not allow the user to adjust the amplitude and

was used at the single power setting. Samples prepared using the cup horn and

ultrasonic bath configuration were 10 mL NP stock in a 15 mL plastic conical

tube. Samples prepared with the probe sonicator were 40 mL NP stock in a 50

mL tube to accommodate volume displacement by the probe and avoid contact

of the probe with the wall of the tube. To prevent a significant increase in

temperature for all sonicator types, the probe samples were placed in an ice

bath, cooling water was continuously circulated through the cup horn, and the

water in the ultrasonic bath was refreshed before each trial. For all powers and

sonicators, the energy was held constant at 8400 J by altering the times (Table

2.1). For dispersions in ultrapure water, the energy was further varied from

840-84000 J to evaluate the effect of total energy on agglomeration.

2.3.4 Dynamic Light Scattering

Hydrodynamic diameter (HDD) was measured using dynamic light scat-

tering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments, West-

borough, MA) immediately following sonication. Sonicated dispersions (1.5 mL)

were placed in a disposable cuvette prior to measurement. The temperature was

held constant at 25○C. Control dispersions were prepared in all three media in
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which samples were vortexed but not sonicated prior to measurement. The

z-average was used as a measure of agglomerate size.

2.3.5 Statistics

SigmaPlot version 13.0 (Systat Software, San Jose, CA, USA) was used

to perform all statistical analyses. All experiments were performed in tripli-

cate. Differences among sonication type and power inputs for each NP and

each dispersion media were compared using analysis of variance (ANOVA) with

Holm-Sidak post-hoc analysis. Differences were considered statistically signifi-

cant when p ≤ 0.05. Error bars represent standard error of the mean. Linear

regression was performed for sonication calibration curves to determine the in-

crease in temperature per unit time. The decrease in HDD as a function of

sonication energy was fit to a first order exponential decay.

2.4 Results

2.4.1 Calibration of sonicators

Delivered acoustic power was calibrated for the ultrasonic bath and for

the probe and cup horn ultrasonicators at different programmed amplitudes

(20-40%) (Fig. 2.3). A linear relationship between temperature and time was

observed for all systems (R2 ≥ 0.94). The calibration curve for the probe soni-

cator had a steeper slope than the indirect systems at all amplitudes and tem-

peratures reached 70○C within five minutes.

The total energy delivered was held constant at 8400 J, which can be

achieved by all three systems in less than 10 minutes. The ultrasonic bath

delivered an average power of 15.0 W. The power delivered by the cup horn

sonicator was calibrated to be 22.2, 27.9, and 40.2 W for programmed amplitudes

of 20%, 30%, and 40%, respectively. The power delivered to the probe sonicator
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FIGURE 2.3: Calibration curve of probe, cup horn, and probe sonicators. A linear
regression was performed for each to determine delivered acoustic power.

was lower (10.0, 15.4, and 19.6 W, respectively) due to the small diameter of the

probe. The equivalent energy was therefore normalized by probe surface area.

2.4.2 Agglomerate size

The HDD was measured immediately after sonication to evaluate the ef-

ficacy of sonication on NP dispersion. For both CeO2 and TiO2, the HDD was

significantly lower after sonication relative to the unsonicated control in all three

dispersion media (Fig. 2.4). Agglomerate size did not vary significantly among

sonicator types or amplitudes when an equivalent energy was input. TiO2 ag-

glomerates were generally larger than CeO2 in ultrapure water and 0.1 mM
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FIGURE 2.4: Hydrodynamic diameter of CeO2 and TiO2 NPs after probe and cup
horn ultrasonication (20%, 30%, and 40%) and bath sonication in ultrapure water,
0.1 mM KCl, and FW. There was no significant difference in HDD among sonication
conditions. The HDD of all sonicated groups was statically different from the no
sonication control (p < 0.05).

KCl. TiO2 also had higher polydispersity and higher variance among technical

replicates.

2.4.3 Energy dependence

Energy input was varied from approximately 2000-16800 J (0.1x —10x

energy/unit surface area) by altering the sonication time for NP suspensions

in ultrapure water to evaluate the effect of energy delivered on HDD. For pro-

grammed power amplitudes of 30%, the HDD of CeO2 decreased with increasing

energy and HDD reached a minimum of approximately 120 nm (Fig. 2.5). The

HDD of TiO2 NPs decreased and reached a minimum of approximately 600 nm

at 8400 J while higher sonication inputs resulted in increased variance and a

slightly higher average HDD.
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FIGURE 2.5: HDD of CeO2 and TiO2 NPs in ultrapure water after probe and cup
horn ultrasonication at 30% amplitude with delivered energy of 8400 J, 1/10x energy
(840 J), 1/2x energy (4200 J), 2x energy (16800 J), and 10x energy (84000 J). HDD
as a function of energy was fit to a first order exponential decay.

2.5 Discussion

This study assessed current practices of ultrasonicating nanoparticle dis-

persions for toxicity testing. A review of published studies found that significant

discrepancies exist among studies and protocols vary greatly in instrumentation

and energy input. Additionally, most studies do not provide sufficient detail and

do not report pertinent information about energy, medium, sample volume, or

concentration, all of which are necessary for reproducibility. These metadata

significantly contribute to the impact of acoustic energy on NP dispersion. The

lack of standardized practices results in exposure variance that can impact our

understanding of NP-biological interactions and influence the results of toxicity
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testing.

We successfully calibrated three major types of sonicators to deliver equiv-

alent acoustic energy. Importantly, this provides a means for labs with different

equipment to adapt existing protocols and increase uniformity in NP disper-

sions across studies. The times and powers used in this study produced NP

dispersions of similar hydrodynamic diameters for all three sonicator types and

power inputs. This suggests that consistent dispersions can be prepared with

equipment available to each lab if sufficiently characterized and calibrated.

Although calorimetric calibration of individual sonicators is recommended

by standard guidelines and used in a limited number of studies, it is clearly

not widely implemented in preparation of NP dispersions for toxicity testing.

The present study extends current calibration methods to include cup horn and

bath sonication for direct comparison independent of instrumentation. We also

demonstrate that smaller volumes and concentrations can be used for sonication,

which reduces NP waste.

Current standard protocols exclusively recommend high intensity probe

sonication for NP disruption, but many studies use bath or cup horn sonication

in practice to avoid contamination of the sample. This may also be due to

the availability of instrumentation, as bath ultrasonicators are common and less

expensive than other options. Some studies working with controlled biological

conditions intentionally opt for indirect methods to prevent contamination of

the NP exposure by the sonication probe [62].

Among the nanotoxicology studies we reviewed, ultrasonic bath was the

most commonly used type of sonicator for NP dispersion. Protocols only outline

specific user guidelines for a probe sonicator, so dispersion techniques with a bath

system were not consistent, and sonication times ranged from 10 minutes to 6

hours. Standard dispersion protocols should be modified to include guidelines
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on bath sonication in order to standardize practices across research groups. We

calibrated the ultrasonic bath using calorimetry and insulated the top to the

best of our ability to minimize heat loss. A power of 15 W was delivered to the

system, which is significantly lower than the reported instrument output power

of 70 W. The manufacturer reported power does not account for energy loss as

electrical energy is converted to mechanical energy, thus it does not accurately

represent the delivered acoustic power.

Probe and cup horn sonication was performed using the same ultrasonic

power supply equipped with different probe attachments. The NP sample vol-

ume was 10 mL for indirect methods but for was increased to 40 ml in a 50 mL

conical tube for direct sonication to submerge the probe without allowing direct

contact with the sides of the tube. Volume determines the energy density, so at

a given concentration, sonication system, and NP material, lower volumes can

cause a greater disruptive effect [70]. However, the proximity of NP sample to

the probe also determines the disruptive effect and despite the higher volume

used for probe sonication, the majority of the NP sample is in close proximity

to or in direct contact with the probe. Standard protocols recommend a volume

of 125 ml in a glass beaker but we demonstrated that smaller volumes can be

used, which reduces the amount of NP needed, as well as the amount of NP

waste generated.

For the calibration of power delivered by the cup horn, the mass term in

Eq.2.1 was determined using density of water (1 g/mL) and the volume of both

the NP sample and the water bath through which the energy travels. Much of

the delivered sonication energy is dissipated through the water in the cup horn,

and this was observed during calibration by a lower temperature change despite

a higher power output from the instrument. The delivered power is used to

heat a larger total volume. The cup horn was more difficult to insulate so the
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delivered power may be an underestimate. The lower power delivered by the

probe also indicates that less overall power was required to vibrate the probe at

a certain amplitude. The lower surface area of the probe (1.3 cm2 vs. 31.7 cm2)

causes the power to be concentrated at the tip and produce a higher intensity

energy, thus we normalized sonication energy by probe surface area instead of

overall energy.

Manufacturer recommendations suggest that for a given amplitude, the

cup horn sonication time should be 4 times that of the probe time to achieve

a similar NP dispersion. However, our calculations called for times of approxi-

mately 12 times longer for cup horn than the probe, depending on the amplitude,

and we conclude that this rule should not be generally applied. Our results em-

phasize that surface area of the probe should be reported and taken into account

when selecting a sonication protocol. Many sizes are available, ranging in diam-

eter from 2 mm to 25 mm, which result in a wide range of delivered intensities.

The power determined by calibration was lower than the instrument re-

ported power for all three sonication systems (Table 2.1). This could be due,

in part, to difficulties in insulating the system during calorimetric calibration.

The difference was greater for the probe sonication system than the cup horn,

with the calibrated power approximately 70% lower on average than the instru-

ment reported power. For the cup horn, the difference was less significant at

a programmed amplitude of 20%. This may indicate that higher amplitudes

have more energy loss and the instrument readout is less accurate. The larger

temperature changes during calibration for higher powers may result in more

uncertainty due to heat loss from the system, a trend which could potentially be

minimized by performing calibration curves over shorter periods of time. The

amplitudes selected here were chosen because 20% is the minimum allowable on

the instrument and 40% is the maximum for cup horn and microtip attachments.
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The calibrated energy produced comparable dispersions using different

sonicators and power settings, but differences were still observed between CeO2

and TiO2 NPs, despite having a similar primary particle size. The HDD of TiO2

was larger than CeO2 in ultrapure water and 0.1 mM KCl, which is consistent

with what other studies have observed [93, 36]. The variance of measured HDD

was generally higher for TiO2 NPs, which may be attributed to the higher poly-

dispersity index (PDI) values. PDI values (Table A2) were higher for TiO2,

indicating that TiO2 suspensions had a broader size distribution than CeO2.

Normalizing for sonication energy and parameters allows for interpretation of

material specific agglomeration behavior attributed to the NP surface and prop-

erties of the exposure media.

The effect of sonication type and programmed amplitude was evaluated in

three different dispersion media: ultrapure water, 0.1 mM KCl, and freshwater.

Ultrapure water is recommended in OECD guidelines for stock preparation. KCl

was selected here as a model weak salt solution consisting of monovalent cations,

and simulated freshwater (FW) was used here to represent testing conditions for

freshwater toxicity tests. FW has a higher ionic strength and contains divalent

cations, which have been shown to form ionic bridges between adjacent parti-

cles and increase agglomeration [152]. Higher ionic strength affects the particle

surface charge and can compress the electrical double layer, causing a weaker

electrostatic repulsive force [6, 204]. Agglomeration is most significant at the

isoelectric point (IEP), the pH at which the repulsive surface charge of NPs is

neutralized and the suspension becomes unstable. The IEP of TiO2 (anatase)

has been shown to be a function of primary particle size, and is approximately

pH 5.2 for 26 nm [195]. The IEP of CeO2 NPs has been reported to range from

pH 6 to pH 8 [17, 171]. The isoelectric point can shift in high ionic strengths

and in the case of TiO2 (anatase) shifts up to possibly become less stable at
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neutral pH [98]. As expected, both NPs had significantly larger HDD in FW

than in MQ or KCl.

The total energy was varied for the probe and cup horn sonicators by

changing sonication time. For CeO2 in ultrapure water prepared with both

types of sonicators, an increase in energy led to a decrease in HDD. The HDD

reached a minimum of approximately 120 nm (Fig. 2.5). The HDD of TiO2

NPs decreased with increasing energy until 8400 J, when the variance increased

and the average HDD appeared to increase. This is consistent with previous

studies which have observed that increasing sonication can actually lead to the

re-agglomeration of NPs due to increased particle collisions [210]. One value for

sonication energy is therefore not suitable to minimize HDD for all nanomateri-

als meaning that energy needs to be independently optimized for each material.

Studies have proposed the use of a critical delivered sonication energy to sys-

tematically determine the energy required to minimize HDD for each specific

NP suspension [36, 46]. The work shown here is a necessary prerequisite for the

wide implementation of such approaches.

2.6 Conclusion

This study illustrates that sonication energy is most important when con-

sidering reproducibility of NP dispersion protocols, especially when evaluating

toxicity. We found that despite many published protocols to standardize dis-

persion preparation, significant discrepancies exist in sonication procedures and

reporting in nanotoxicology studies. Calorimetric calibration is a simple method

that can be used to report equivalent energy across sonicator types and power

input. We modified existing calibration techniques to account for differences in

probe surface area, and conclude that this simple approach should be applied
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in future studies improve compliance in standard methods and significantly im-

prove reproducibility. The results shown here suggest that delivered energy, not

sonicator type, is the determining factor for the agglomeration state of NPs in a

given dispersion medium. For standardization across nanotoxicology studies, we

recommend reporting appropriate metadata (concentration, volume, dispersion

medium) in addition to energy and agglomerate size to best characterize NP

exposure in relevant media.
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3.1 Abstract

The hydrophobicity of nanoparticles (NPs) is a key property determin-

ing environmental fate and toxicity. Attempts have been made to apply existing

methods for evaluating the hydrophobicity of bulk solids, chemicals, and proteins

to NPs, but all have significant limitations. There is currently no consensus on

the best method to quantify the surface hydrophobicity of nanomaterials, which

impedes the development of predictive fate models. In this study, we modi-

fied and evaluated two potential methods to determine the hydrophobicity of

NPs, hydrophobic interaction chromatography (HIC) and dye adsorption, and

compared them to the octanol-water partitioning method commonly used for

organic chemicals. Gold, copper (II) oxide, silica, and amine-functionalized sil-

ica (Ami-SiO2) NPs were used to evaluate methods based on their ability to be

applied to particles with agglomeration and surface coatings. HIC quantified the

interaction between Au NPs and hydrophobic octyl ligands, and hydrophobicity

was measured as the proportion of NPs retained in the column after elution

with an aqueous phase. Dye adsorption evaluated the relative adsorption of a

hydrophobic dye (Rose Bengal) and a hydrophilic dye (Nile Blue) to the NP

surface. Au NPs were consistently deemed hydrophilic using the octanol water

partitioning and HIC methods, but despite having a small size and stable sus-

pension, particles could not be fully recovered from the HIC column. For the

dye adsorption method, experimental adsorption of Rose Bengal and Nile Blue

was fit to the linear isotherm model and the fitted klin parameter of each dye

and NP adsorbent was used as a metric for hydrophobicity. CuO was deter-

mined to be slightly hydrophilic, while SiO2 was hydrophilic and Ami-SiO2 was

hydrophobic. The advantages and limitations of each method are discussed, and

the dye adsorption method was determined to be most suitable for application

across broad classes of nanomaterials.
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3.2 Introduction

Despite increasing commercial and industrial use of nanoparticles (NPs)

in areas such as sunscreens, cosmetics, catalysts, pigments, and antimicrobials,

little is known of their environmental impact [190]. Estimates predict a rise in

global consumption of nanomaterials from approximately 308,322 metric tons in

2016 to 733,220 metric tons in 2021 [20]. Once released, NPs encounter dynamic

and complex environments and their surfaces are transformed. Currently there

is not sufficient information to establish predictive structure-activity relation-

ships, mostly due to lack of physicochemical characterization of nanomaterials

in exposure conditions [9]. Attempts made to draw parallels between descriptors

of chemicals and nanomaterials have not been widely implemented [121].

One of the most powerful and useful descriptors of chemicals is relative

hydrophobicity. Hydrophobicity is an important parameter in risk assessment

that can be used to predict movement through soil, transport in aqueous envi-

ronments, bioavailability to organisms, and partitioning in physiological systems

[60]. Hydrophilic chemicals will remain in the water column, which could in-

crease exposure to aquatic species or downstream organisms, but could have re-

duced bioavailability and consequently lower toxicity. Hydrophobic compounds,

on the other hand, may partition to the sediment, have increased bioaccumula-

tion and have been shown to have increased risk of biomagnification [43, 61].

Hydrophobicity is also thought to be a key parameter for the prediction of

environmental behavior and biological interactions of nanomaterials [222, 234].

Just as with chemicals, hydrophilic NPs are more likely to remain in the water

column and potentially have increased mobility, whereas hydrophobic particles

are more likely to bind to sediment organic matter. In addition, surface ad-

sorption, which expected to be dictated in part by hydrophobic interactions, is

a primary factor determining NP interactions in the environment [222]. When
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NPs enter the environment, they encounter environmental constituents such as

natural organic matter (NOM), ions and polysaccharides, which adsorb to the

NP surface and form a dynamic corona , altering the NP surface properties and

influences the fate, transformations, and uptake of the NPs [236]. The compo-

sition of the corona is likely to be influenced by the hydrophobicity of the NP

and affinity for the surrounding environmental surfaces [138].

This concept is further applied to describe the interaction of NPs with

organisms. Hydrophobic NPs have shown to interact with the lipid bilayer

of organisms, and evidence suggests increased uptake relative to hydrophilic

NPs [109]. Once taken up by an organism, NP surface hydrophobicity has

been shown to directly affect toxicity, circulation time, and bioaccumulation

[95, 136]. Additionally, hydrophobicity dictates interaction of the NP surface

with biological components such as proteins and biomolecules which adsorb to

the surface, further altering biological interaction [2].

Nanoparticle-specific considerations add to the complexity of measurement

and interpretation of hydrophobicity metrics. NPs can be comprised of various

sizes and surface functionalization, both of which affect partitioning behavior

and interactions. Hou et al. found that the size of Au NPs affected how quickly

NPs distributed to solid-supported lipid membrane, while surface functionality

and solution chemistry determined the "apparent" steady state concentrations

[74]. Agglomeration can also affect fate and complicate measurements by caus-

ing settling of NPs over time and preventing true partitioning behavior [204].

NPs are often functionalized with various surface coatings and alter surface hy-

drophobicity. Previous studies have found that changes in hydrophobicity of

the particle surface can alter cell interaction and consequent uptake [139]. It

was found that attachment of Ag NPs to hydrophobic collector surfaces was di-

rectly proportional to hydrophobicity of coatings (citrate, PVP, and GA) [188].
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Therefore a useful measure of hydrophobicity is needed that accurately repre-

sents complex and dynamic NP behavior.

Traditional methods to quantify the hydrophobicity of chemicals and solid

surfaces rely on partitioning or other equilibrium dependent measurements.

However, NPs do not reach thermodynamic equilibrium, so kinetically controlled

parameters are more relevant and appropriate [162]. Progress has been made to

obtain values for attachment efficiency (α) of NPs which can be directly applied

to model the deposition of NPs to a collector surface as using the Smoluchowski

equation. This method is well established to modeling the coagulation of par-

ticles and have been shown to successfully quantify the attachment of NPs to

surfaces in complex environments [19, 65, 160, 161, 202]. However, α must be

experimentally determined for each pair of surfaces and is dependent on me-

dia properties such as ionic strength, pH, and concentration of organic matter.

There is a need to quantify the inherent surface hydrophobicity of NPs to pre-

dict attachment of NPs to surfaces using computational fate models in a manner

parallel to forecasting the partitioning of chemicals into environmental compart-

ments.

Existing methods for characterizing the hydrophobicity of substances have

been applied to NPs and met with varying degrees of success. Examples of these

methods include contact angle, which is typically used to evaluate the hydropho-

bicity of solid surfaces, octanol-water partitioning, which is commonly used for

chemicals, and hydrophobic interaction chromatography, which provides a rel-

ative measure of the hydrophobicity of proteins. In some cases, these methods

have been modified for NP specific behavior.

Contact angle measures the wettability of a solid surface by a probe liq-

uid, typically using the sessile drop technique, and measuring the angle at the

solid-liquid-vapor interface. When using water as a probe, an angle (θ) of < 90○
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indicates a hydrophilic surface and θ > 90○ hydrophobic surface (90○ is consid-

ered amphiphilic). To apply this technique to nanomaterials, a NP suspension

is first pressed into a flat disk, often by filtration, before applying the probe

liquid. This method was performed across a series of rare earth oxide NPs and

all were found to be hydrophobic, with water contact angles between 100○ and

115○ [16]. A similar method was applied to fullerenes, fullerols and coated Ag

NPs at the liquid, liquid, solid interface and all were found to be hydrophilic,

which was inconsistent with other measurements [223]. Arnaudov et al. used a

gel trapping technique to eliminate the need to press NPs into a flat disk, but

this method requires advanced techniques such as atomic force microscopy and

does not consider effects of agglomeration or functionalization [12]. A major

limitation of using contact angle for hydrophobicity is that is does not allow for

experimental in situ measurements [16, 45, 223]. Additionally, it does not take

into account NP size, shape, surface roughness, or heterogeneity [124].

If NP suspensions are modeled as homogeneous, the partitioning behavior

between two immiscible liquid phases has been used to evaluate hydrophobicity.

The octanol-water partitioning coefficient (KOW ) is commonly used for chemi-

cals and is a powerful descriptor to model environmental fate and bioavailability

for risk assessment [129]. Octanol is used as a surrogate for organic rich material,

such as the sediment or a lipid membrane. This measurement, when applied to

dissolved chemicals, assumes that solutes move freely between two phases, and

the equilibrium concentrations represent the "affinity" for each phase.

NP suspensions violate the basic assumptions of solubility and equilib-

rium associated with KOW , but many studies still apply this measure to eval-

uate the hydrophobicity of NPs [162]. The shake flask method has been most

commonly applied to fullerenes, and although they are generally characterized

as very hydrophobic, exact values are not consistent among studies and span



34

orders of magnitude [80, 223]. This method has also been applied to carbon

nanotubes, in which the obtained KOW values were found to not be predictive

of bioaccumulation in earthworms or oligochaetes. The KOW of nanomateri-

als has been reported to be inconsistent with organic compounds of a similar

chemical structure, with aggregation, size and surface coatings all being cited

as possible explanations [156].

Some studies have attempted to obtain a KOW value for NPs while ac-

knowledging the shortcomings or making efforts to adapt the results for particle-

based systems. When applying the shake-flask method to measure KOW , a

fraction of some nanomaterials have been observed to partition at the interface

between the aqueous and octanol phases. A two parameter distribution coef-

ficient has been proposed to analyze measurements in this scenario, where the

mass ratio of NPs in the aqueous, organic, and interface are all taken into ac-

count [75]. The resulting measurements are system-dependent and a function

of area of the interface, particle count, and time. Another proposed adaptation

is to evaluate the KOW of the surface functional groups alone, and assume that

the core has a negligible effect on surface hydrophobicity [107]. This is likely

most suitable for NPs with small cores and large, branched organic coatings.

KOW measurements of this nature may be useful to compare within a class of

nanomaterials but have not been widely implemented.

An alternative method to evaluate hydrophobicity of NPs is hydrophobic

interaction chromatography (HIC). HIC is typically used to separate proteins

based on their relative hydrophobicity [165]. Proteins are eluted through a

column by a stepwise decrease in salt concentration, where the most hydrophobic

proteins are eluted at the lowest salt concentration. The stationary matrix of the

column is typically comprised of agarose beads functionalized with alkyl chains

of various lengths. While this method is potentially suitable for application
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with NPs due to the similar size range of proteins, it has only been applied

to measure hydrophobicity of NPs in a limited number of studies. Polystyrene

NPs were evaluated at a constant salt concentration and the elution volume

required to completely remove particles from an alkyl-agarose column was used

as a measure of hydrophobicity [29]. Another adaptation was to use multiple

columns with varying alkyl chain lengths to compare hydrophobicity of various

polymeric NPs [85]. HIC can potentially be used for particles with a wide range

of hydrophobicity because the stationary phase can be selected by the user.

The adsorption of hydrophobic dyes to the particle surface is another

method that is potentially well suited to NPs. This method has been applied

to fluorescently labeled polystyrene NPs, latex particles with various functional

groups, and solid lipid NPs using Rose Bengal, an organic dye, as a hydrophobic

probe [50, 139, 170]. Some difficulties identified were interference from sur-

factants, time intensive range-finding for suitable NP concentrations, and dif-

ficulty separating NPs from suspension for absorbance analysis. Rose Bengal

provides robust measurements for hydrophobic NPs but provides limited in-

formation about hydrophilic surfaces. A hydrophilic dye, Nile Blue, has been

proposed as a means to provide resolution to measurements of hydrophilic par-

ticles [223]. The use of both a hydrophobic and hydrophilic dyes is promising to

provide measurements with good resolution to compare NPs with a wide range

of compositions.

In this study, we evaluated HIC and dye adsorption to evaluate the hy-

drophobicity of NPs, and compared them to traditional partitioning methods.

The results were evaluated based on the ability of each method to overcome

major challenges associate with NPs: agglomeration and surface functionaliza-

tion. Uncoated gold (Au) NPs were selected for their small size and ability to

be easily quantified by absorption spectroscopy. Uncoated copper oxide (CuO)
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NPs were used for their known propensity to agglomerate in solution, and silica

(SiO2) with and without amine surface functionalization were chosen to evaluate

the ability of the methods to observe changes in hydrophobicity due to surface

coatings. We adapted protocols to improve use for widespread applicability to

NPs, with the ultimate goal of obtaining useful measurements for future fate

models.

3.3 Experimental

3.3.1 Nanoparticle preparation

Stock suspensions (1000 mg/L) of 14 nm Au (U.S. Research Nanomate-

rials, Inc. Houston, TX), CuO (<50 nm, Sigma Aldrich), 80 nm SiO2 and

aminated SiO2 (NanoComposix, San Diego, CA) NPs were prepared in 20 mL

ultrapure water (Milli-Q 18.2 Ω resistivity, Merck Millipore, Burlington, MA)

and sonicated with a cup horn style sonicator equipped with a circulating water

bath to maintain temperature (Vibracell VCX 750, Sonics & Materials, Inc.,

Newtown, CT) at 40% amplitude for 2 minutes (40.1 W, 4812 J). Stocks were

further diluted in ultrapure water.

3.3.2 Nanoparticle characterization

The hydrodynamic diameters (HDD) of CuO, Au, SiO2, and Ami-SiO2

NPs were evaluated in ultrapure water immediately following dispersion and

sonication. A volume of 1.5 ml was placed in a disposable cuvette for measure-

ment. Zeta potential measurements were performed in 0.5x phosphate buffered

saline (PBS) to provide sufficient ionic strength to carry an electrical charge.

The detailed parameters for HDD and ZP measurements are described in Table

B1.
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3.3.3 Octanol-water partitioning

The OECD shake flask method [145] was applied to obtain a KOW value

for Au NPs. A volume of 4 mL each of ultrapure water and 1-octanol were

equilibrated for 24 hours with 0.2 mg Au NPs. The liquid phases were allowed

to separate for 4 hours, after which samples were collected from each phase and

Au NPs were quantified using a SpectraMax M2 spectrophotometer (Molecular

Devices,Sunnyvale, CA, USA) at λ= 530 nm. Absorbance was converted to

concentration using a standard curve prepared in ultrapure water or 1-octanol.

The same method was used to evaluate CuO NPs except the absorbance was

evaluated at 640 nm.

3.3.4 Hydrophobic Interaction Chromatography

HiTrap Octyl FF prepacked HIC columns were purchased from GE Life

Sciences (Piscataway, NJ). The bed volume was 1 mL and the stationary phase

consisted of a sepharose support matrix of 90 µ m beads functionalized with

hydrophobic octyl ligands, which were selected to parallel the octanol reference

phase of the KOW method. The column was loaded with 2 mL of a 10 mg/L

Au NP suspension at a flow rate of 1 mL/min. A lower concentration was used

(10mg/L) relative to theKOW method to limit agglomeration, which would block

flow through the pore space. After loading the column, a syringe pump (Model

No. NE-1010, New Era Pump Systems, Inc. Farmingdale, NY, USA) was used

to flow 20 mL of 0.5x PBS through the column at 1 mL/min and the eluent was

collected in 1 mL fractions. To remove Au NPs retained in the column during

PBS elution, a surfactant (0.1% Triton X-100, laboratory grade, Sigma-Aldrich,

St. Louis, MO), was pumped through the column at 1 mL/min for another 20

minutes, and the eluent was again collected in 1 mL fractions every minute. The

collected samples from both elution phases were placed in a 96-well plate and
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the absorbance at 530 nm was evaluated using UV-vis spectroscopy to determine

Au concentration.

3.3.5 Dye Adsorption

The relative adsorption of a hydrophobic probe (Rose Bengal, 85% ACROS

Organics, New Jersey, USA) and a hydrophilic probe (Nile Blue A, ACROS Or-

ganics, New Jersey, USA) to the NP surface was used as a measure of hydropho-

bicity (Fig 1). Dye concentrations (0.5-30 µM) were prepared in ultrapure water.

Equal volumes of dye and NP stock were combined in 1.5 mL microcentrifuge

tubes for each concentration and incubated in a tube rotator for 90 minutes.

Controls were prepared by adding dye to ultrapure water to account for any

observed loss of dye due to adsorption to the vials. To evaluate potential degra-

dation of dye by reactive oxygen species (ROS) from the NP surface, controls

were prepared with various concentrations of H2O2. Each sample was prepared

in triplicate. Following incubation, NPs were removed from solution by centrifu-

gation for 30 minutes at 14000 rpm. The remaining concentration of dye in the

supernatant was analyzed using UV-Vis spectroscopy at λ= 543 nm for Rose

Bengal and λ= 620 nm for Nile Blue. This method was performed with final

concentrations of 500 mg/L SiO2 and Ami−SiO2 and 250 mg/L CuO. A lower

CuO concentration was selected to optimize results with the dye concentrations

while minimizing agglomeration effects.

The amount of dye adsorbed to the NP surface (qe) was calculated using

Eq.3.1:

qe = (C0 −Ce)V
m

(3.1)

where C0 is the initial dye concentration, Ce is the concentration of dye re-
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FIGURE 3.1: Structures of the hydrophobic (Rose Bengal) and hydrophilic (Nile Blue)
probes.

maining in the supernatant after centrifugation, V is the volume (L) and m is

the mass of NPs (g). The adsorption of dyes was fit to Linear (Eq. 3.2), Lang-

muir (Eq. 3.3) and Freundlich (Eq. 3.4) type isotherm models. Each model was

fit by minimizing the sum of squared errors in SigmaPlot (Systat Software, San

Jose, CA, USA) to determine the linear adsorption constant, klin (L/g), the ad-

sorption capacity, qmax (µmol dye/gNP ), the Langmuir adsorption constant , KL

(L/µmol) for the Langmuir model, and the adsorption capacity, Kf (L/µmol)

and adsorption intensity, 1/n for the Freundlich model.

qe = klinCe (3.2)

qe = qmaxKLCe

(1 +KLCe) (3.3)

qe =Kf C
1
n
e (3.4)
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3.3.5.1 Environmental transformations

To simulate the environmental release of NPs and evaluate the effect on

dye adsorption, natural water samples were collected from Mill Creek Park in

Sheridan, Oregon. The pH and conductivity were measured at the time of

collection. The samples were later filtered using a 0.44 µmWhatman GF/F glass

fiber filter to remove particulate matter prior to alkalinity and hardness tests.

Concentrations (0-250 mg/L) of TiO2 NPs were prepared in the water samples

and allowed to incubate for 24 hours. NPs were then removed by centrifugation

and resuspended in ultrapure water, after which the previously described method

for dye adsorption was performed. Instead of a range of dye concentrations,

methods were adapted from Xiao et al. using 10 mg/L of each dye and a range

of TiO2 NP concentrations, which were later converted to surface area using the

measured hydrodynamic diameter [223].

3.3.6 Statistical analysis

SigmaPlot version 13.0 (Systat Software, San Jose, CA, USA) was used to

perform all statistical analyses. All experiments were performed in triplicate.

Area under the curve (AUC) measurements for HIC analysis were performed in

SigmaPlot using the built in graphical integration function.

3.4 Results and Discussion

3.4.1 Nanoparticle characterization

Au, SiO2, and Ami-SiO2 NPs were all stable in suspension and had an

average HDD of 76.8 ± 1.5 nm, 100.3 ± 0.3 nm, and 113.5 ± 0.5 nm in ultrapure

water, respectively, which is similar to their primary particle size (Fig 3.2A).

CuO NPs showed a high degree of agglomeration, with an average HDD of 556
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FIGURE 3.2: Hydrodynamic diameter of Au, CuO, SiO2, and Ami-SiO2 evaluated in
ultrapure water and zeta potential evaluated in 0.5x PBS.

± 87 nm in ultrapure water compared to a primary particle size of < 50 nm.

Agglomeration is expected to be more significant in complex media such as the

0.5x PBS buffer used for zeta potential measurements [93]. The ZP of the CuO

NPs was -31.7 mV, indicating that despite high agglomeration, the suspension

was stable. The zeta potential shows that all particles had a negative surface

charge in 0.5x PBS (Fig 3.2B). The surface charge of Ami-SiO2 was neutralized

relative to SiO2. The isoelectric point of Ami-SiO2 is pH 7.5 compared to 2.5 for

SiO2, so below this pH the surface would be expected to be positively charged.

The pH of the PBS solution was approximately 7.8.

3.4.2 Octanol water partitioning (KOW )

Au and CuO NPs were selected to evaluate octanol-water partitioning

because the particles can be easily quantified using UV-Vis spectroscopy. Au

particles partitioned to the aqueous phase and remained suspended (Fig. B.1).

No visible Au NPs were observed at the octanol-water interface. A log KOW of

approximately -2.1± 0.6 was calculated, suggesting Au NPs are hydrophilic.

The logKOW of Au NPs measured in this study was compared to published
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values for Au, and it was found that the reported hydrophobicity of elemental

gold is not consistent among studies. Native gold flakes were found to be hy-

drophobic and floated in water [7]. However, Smith et al. performed a compre-

hensive review of studies that characterized the contact angle of Au, and found

opposing conclusions about its hydrophobic or hydrophilic nature. Performing

Auger electron spectroscopy before and after each measurement revealed that

organic impurities were causing hydrophobic measurements, and clean gold sur-

faces were determined to be inherently hydrophilic [186]. The modeled value

of log KOW for elemental Au was found to be slightly hydrophobic (log KOW

Au = 0.03), while ionic forms were hydrophobic (log KOW AuCl3 = 0.16) or

hydrophilic (log KOW AuCl = -0.46) depending on the valency [32].

CuO NPs were visually observed to aggregate at the liquid-liquid interface

and settled to the bottom of the vial over time (Fig B.2). Additionally, CuO

in the octanol phase could not be accurately quantified because they did not

disperse in octanol (Fig B.3). The measured log KOW was -0.34 ± 0.39. Modeled

log KOW values of the bulk and dissolved phases were estimated to be -1.10 for

CuO, 0.52 for CuCl2, and 0.16 for elemental copper [32]. This is consistent

with experimentally determined contact angle measurements of Cu films, which

showed a change from slightly hydrophobic to slightly hydrophilic as the surface

oxidized to CuO [115]. CuO is known to exhibit some dissolution of Cu2+ in

aqueous systems which may also affect the hydrophobicity at the surface [212].

Despite some limited success in this study and others, the octanol-water

partitioning method cannot be widely applied across classes of NPs or systems

and should be limited to comparisons among classes of NPs. The overall con-

clusion of hydrophobic or hydrophilic was in agreement with other measures of

hydrophobicity in the literature, so this method may be useful as a preliminary

qualitative observation, but measured values do not provide sufficient resolution
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or consistency for use in fate models. NP suspensions do not reach a thermo-

dynamic equilibrium between liquid phases, and values for KOW are dependent

on NP concentration, time, and size of the vial which affects the area of the

liquid-liquid interface. This was particularly evident for CuO NPs, which ex-

hibit significant agglomeration and settling.

3.4.3 Hydrophobic Interaction Chromatography

The HIC method was adapted to measure hydrophobicity of NPs by inter-

action with hydrophobic octyl ligands. Salt concentration was not varied, and

instead the mass of particles retained in the column was compared to the mass

of particles eluted by an aqueous phase (0.5x PBS). Concentration of Au plotted

as a function of cumulative eluent volume (Fig 3.3) shows that a high concen-

tration of Au NPs was initially flushed out in the first column volume, which

was likely residual from the loading step. Small concentrations of Au NPs were

measured in the eluent throughout the PBS phase. Some Au NPs were initially

eluted with the surfactant and represent a small portion of Au retained in the

column. The concentration of Au retained in the column was difficult to deter-

mine by UV-vis analysis because of interference from the surfactant bubbles, so

higher variance was therefore observed in this elution phase relative to the PBS

phase (Fig 3.3). Degassing the mobile phase under vacuum may minimize this

problem for future studies.

For analysis, the area under the curve (AUC) of concentration vs. volume

was evaluated to determine total Au mass in the PBS and surfactant eluents.

The ratio was used as a measure of hydrophobicity according to Eq 3.5:

KOW,HIC = AUCsurfactant

AUCPBS

(3.5)
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FIGURE 3.3: A) Concentration of Au in the eluent with PBS and Triton mobile
phases as a function of total eluent volume. B) Gold NPs visibly retained in column
after flushing with 20 mL surfactant and 20 mL 20% ethanol.

Log KOW , HIC for Au NPs was calculated to be -0.447 ± 0.006, indicating they

are hydrophilic.

Although the HIC method is rapid, directly comparable to log KOW , and

potentially more appropriate for nanomaterial behavior, several factors limit its

widespread use. Au NPs were not fully recovered from the column, and their size

likely restricted travel through the pore space. Particles were visually observed

to be retained at the top the column, even after flushing with 20 ml surfactant

and further attempts to regenerate the column with 20 mL 20% ethanol (Fig

3.3B). Previous studies have also observed higher rates of NP column reten-

tion than predicted by classical filtration theory, which models interaction of

a single particle with a collector surface, with deposition governed by DLVO

forces (electrostatic and Van der Waals) [207]. Chowdhury et al. observed an

increase in retention of TiO2 NPs in sand columns with increased agglomera-

tion, despite unfavorable electrostatic interactions [34]. This was attributed to

straining, which refers to physical retention in the pore structure, and has been
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reported to occur when the ratio of NP diameter to bead diameter is greater

than approximately 0.002 [108]. In this study, the ratio of the primary particle

size (14 nm) to bead diameter (90 µm) is 0.00016, but using the aggregate size

the ratio is 0.0009. Straining likely plays a role in the observed column retention,

and would certainly be more severe for particles with more significant agglom-

eration, such as metal oxides, but may not be the only explanation. Alternative

reasons for high retention include charge heterogeneity of the stationary phase

and the presence of organic impurities [207].

Theoretically, the columns can ideally be regenerated, but we were unable

to completely remove particles after loading. In addition, it was difficult to ac-

curately quantify NPs in the eluent. UV-vis spectroscopy is generally widely

available, but many NPs may have absorbance interference with plates or cu-

vettes, and concentrations in this case were too low for sensitive quantification.

Absorbance was not a reliable measure in the surfactant eluent due to interfer-

ence from bubbles forming in solution. Other methods may be more suitable,

such as inductively coupled plasma mass spectrometry (ICP) for metal parti-

cles, nanoparticle tracking analysis (NTA) for stable and spherical particles, or

other analytical methods for carbonaceous NPs but these are more costly and

less accessible.

We were unable to perform HIC due to difficulties in recovering and quan-

tifying NPs concentration in the eluent. Columns with larger pores may improve

the usefulness of this method. Salt concentrations can be increased or decreased

to alter hydrophobic interactions within the stationary phase. The column sta-

tionary phase can be selected to be functionalized with alkyl ligands of various

chain lengths, and a lower degree of ligand substitution could also decrease the

retention of particles in the column. However, this would be less comparable to

KOW and these parameters would need to be optimized for specific nanomate-
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rials.

3.4.4 Dye adsorption

The dye adsorption method was successfully performed for agglomerated

and functionalized particles. Adsorption isotherms were fit to linear, Langmuir

and Freundlich models (Table 3.1). The Langmuir model assumes monolayer

adsorption on a relatively regular surface [30]. The Freuendlich model describes

adsorption on a heterogeneous surface. In general, the data were best repre-

sented by the linear and Freundlich models (Table 3.1). The linear adsorption

constant, klin, was used as a measure of affinity for each probe to the NP sur-

face. The relative affinity of RB and NB to the surface was evaluated and then

Eq. 3.6 was used as a unitless measure of hydrophobicity, shown here as a

hydrophobicity ratio (HR).

LogHRRB/NB = klin,RB

klin,NB

(3.6)

Previous studies that used RB adsorption to measure hydrophobicity of NPs var-

ied the NP concentration and held the dye concentration constant, plotting frac-

tion of dye adsorbed (known as the partition quotient) as a function of surface

area [223]. We adapted these methods and instead plotted adsorption isotherms

by varying the dye concentration and using a constant NP concentration. This

eliminates the need to calculate NP surface area, which is difficult to measure

in situ and can contribute to uncertainty in measurements. Additionally, this

reduces NP waste and simplifies preliminary range finding for optimizing NP

concentration. Adsorption isotherms are well established for suspended parti-

cles, and do not require assumptions of spherical geometry or monodispersity to

estimate surface area.
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TABLE 3.1: Summary of isotherm parameters
Linear CuO SiO2 Ami-SiO2
klin,RB 0.090 ± 0.127 0.254 ± 0.044 1.99 ± 0.49
R2 0.02 0.65 0.67
klin,NB 2.90 ± 0.07 13.23 ± 39.70 0.05 ± 0.02
R2 0.99 0.86 0.40
Langmuir
qmax,RB 3.57 ± 1.13 — 44.13 ± 53.01
KL,RB 1.23 ± 1.96 — 0.067 ± 0.10
R2 0.11 — 0.68
qmax,NB 876.86 ± 4944.49 44.81 ± 5.86 2.18 ± 5.77
KL,NB 0.004 ± 0.024 0.77 ± 0.20 0.03 ± 0.10
R2 0.89 0.93 0.41
Freundlich
1/n,RB 0.20 ± 0.21 1.23 ± 0.27 0.82 ± 0.24
KF,RB 2.03 ± 0.84 -0.14 ± 0.10 2.94 ± 1.04
R2 0.06 0.66 0.68
1/n,NB 0.74 ± 0.04 0.65 ± 0.063 0.88 ± 0.50
KF,NB 5.94 ± 0.43 18.29 ± 0.70 0.07 ± 0.07
R2 0.98 0.90 0.40
Log HR -1.51 -1.72 1.60
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FIGURE 3.4: Adsorption isotherms for 250 mg/L CuO with Rose Bengal and Nile
Blue modeled with linear, Langmuir and Freundlich adsorption models.

For CuO NPs, both dyes adsorbed to the surface, but NB had higher

adsorption than RB (Fig 3.4). CuO NPs had a high degree of agglomeration

(Fig 3.2), which can affect the available surface for adsorption. However, this

effect is likely similar for both dyes, and is essentially normalized when Eq. 3.6

applied. This suggests that the dye adsorption method can be used for particles

that agglomerate in solution.

SiO2 particles with and without amine functionalized groups were com-

pared using the dye adsorption method (Fig 3.5). Both have low solubility at

pH 2-8 and remain stable in suspension. Bare silica was predicted to be hy-

drophilic (log KOW is -0.66), which is consistent with our results [32]. More NB

adsorbed to the SiO2 surface and negligible RB was adsorbed.

Amine groups at the surface drastically altered the hydrophobic interac-

tions of the SiO2 core. Ami-SiO2 showed the opposite trend of SiO2 NPs and

had high adsorption of RB and minimal NB adsorption (Fig 3.6). The klin for

RB was 1.99 ± 0.49 and log ( klin,RB

klin,NB
) was 1.60. The observed hydrophobic nature
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FIGURE 3.5: Adsorption isotherms for 500 mg/L SiO2 NPs with Rose Bengal and
Nile Blue, modeled with Langmuir adsorption model.

is consistent with the log KOW for amine groups, which become more hydropho-

bic with increasing alkyl chain lengths [32]. The results indicate that the dye

adsorption method is well suited to evaluate NPs with covalently bound func-

tional groups. This method can measure the change in surface hydrophobicity

of NPs due to functionalization and potentially incorporate factors such as size

and surface coverage.

When this assay was applied to TiO2 NPs suspended in natural fresh water,

there was there was high adsorption of NB (Fig. B.5). This was a shift from the

hydrophobic nature of TiO2 NPs observed by high adsorption of RB in ultrapure

water. This change is likely due to ions and organic matter which interacted

with the NP surface to alter its properties. Prior to measuring dye adsorption,

NPs suspended in natural waters were removed and resuspended in ultrapure

water because preliminary studies revealed that high salt concentrations caused

NB dye to precipitate out of solution. Environmental transformations could

still be observed even when the assay was performed in ultrapure water. This
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FIGURE 3.6: Adsorption isotherms for 500 mg/L Ami-SiO2 NPs with Rose Bengal
and Nile Blue, modeled with Langmuir and Freundlich adsorption model.

method is promising to provide a quantitative measure of changes at the NP

surface.

A potential shortcoming of the dye adsorption method is that it is difficult

to distinguish between adsorption due to hydrophobic interaction or due to

electrostatic interaction. The probes used here are oppositely charged: RB

is anionic and NB is cationic. The Ami-SiO2 NPs had a positively charged

surface and therefore likely experienced electrostatic interaction with RB. Amine

functionalized mesoporous hollow shells were previously found to completely

remove another anionic dye, Congo Red, from solution and this was attributed

to the oppositely charged surface [211]. However, Congo Red is also hydrophobic

(log KOW = 3.57) which could have contributed to the high rate of adsorption.

In the current study, CuO suspensions were negatively charged but adsorbed

some anionic Rose Bengal, indicating that despite repulsive electrostatic charges,

hydrophobic interactions led to adsorption.

The major advantages and limitations of the three methods shown here



51

are summarized in Table 3.2. Most notably, the dye adsorption assay does not

require direct quantification of NPs. This is a major advantage because various

methods are used to quantify nanomaterials depending on material composition

and availability of instruments, and this can lead to inconsistent values among

studies. For metal and metal oxide NPs that dissolve in solution, metal ions

could interfere with measurements to quantify NPs, particularly in the octanol-

water partitioning method. If dissolution is sufficient to alter the local ionic

strength, adsorption processes occurring in both the HIC and dye adsorption

methods could be affected [77]. For the dye adsorption method, an ionic control

could be used to account for potential complexes that form between the probe

dyes and metal ions.

The dye adsorption method, unlike the other methods, produced mean-

ingful results despite high agglomeration of CuO NPs. This method allows for

in situ measurements without the need for stabilizing agents and potentially

can be applied to evaluate the surface hydrophobicity of NPs in more complex

environments. Although the probes selected here may produce measurement

artifacts due to opposite surface charges, relative differences between NPs can

be observed and alternative probes may be explored in the future. We conclude

that dye adsorption is most suitable for broad application with NPs.

3.5 Conclusions

Adsorption isotherms using RB and NB were successfully used to compare

the surface hydrophobicity of NPs. When compared to alternative methods cur-

rently being employed, we conclude that the dye adsorption assay is the best in

terms of ability to overcome difficulties associated with agglomeration, function-

alization, and quantification of nanomaterials, and can likely be widely applied
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TABLE 3.2: Comparison of methods to evaluate NP hydrophobicity

Method Advantages Limitations

KOW

Simple Violates equilibrium assumptions
Directly comparable to existing
measurements and fate models

Must directly quantify NPs

Settling of NPs affects measurements
Measurement depends on particle
count, area of interface, etc.

HIC Rapid Movement limited through pore
space

Minimal NP waste Must directly quantify NPs

Dye Adsorption
Do not have to directly quantify
NPs

Difficult to interpret if no adsorption

Suitable for NPs that agglomerate Charged probes contribute to ad-
sorption

Does not require extensive range
finding

Octanol is not reference phase

Can be applied in natural systems

to across NP materials and potentially to suspensions in complex environments.

The octanol water partitioning method is only suitable for select particles that

are small, stable and easily quantified and strongly suggest against future ap-

plications with NPs. HIC is theoretically suitable for future use with NPs, but

would require thorough optimization of a reference column for wide application,

and it is unlikely a single column could evaluate wide classes of NPs. The dye

adsorption method is rapid and can be readily implemented to assess the hy-

drophobicity of broad classes of NPs, with the ultimate objective of application

in future predictive fate models.
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4.1 Abstract

As nanomaterial production and complexity increases, there is a need to

rapidly assess relevant parameters to prioritize hazard testing and ultimately

predict behavior upon release into the environment. A quantitative measure of

redox behavior is needed to inform the design of catalytic nanomaterials and to

model potential toxic interactions. Experimentally determined values for redox

potential are typically carried out with an electrode, but studies have shown

this method cannot be used for nanomaterials. In this study, we propose the

use of methylene blue (MB) as a colorimetric probe to quantify the catalytic

redox behavior of NPs. The reduction of MB by sodium borohydride was cat-

alyzed by NPs, and the reaction was fit to a first order kinetic model and used

as a metric of redox potential. We compared this method with existing abiotic

methods to evaluate reactive oxygen species (ROS) production (dichlorofluores-

cein diacetate, DCFH-DA) and antioxidant capacity (Trolox Equivalent Antiox-

idant Capacity, TEAC) of NPs to determine relationships and trends based on

methodology used and NP properties. We applied the three methods across a

series of lanthanide oxide NPs (Ce, Nd, Er, Sm, Gd, Ho, Eu). We found that

the three assays generally had similar elemental periodic trends across the LnOx

series when normalized by NP surface area. The assays were further compared

in terms of wide applicability, ease of use and interpretation of results. The MB

method is suitable to determine relative redox behavior of NPs within a given

range of reduction potentials. However, studies which aim to directly predict

toxicity by a known mechanism may also choose to perform DCFH or TEAC,

which report results in terms of a biologically relevant equivalent.
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4.2 Introduction

Nanoparticles (NPs) are widely used in a variety of industrial and con-

sumer products for cosmetic, agriculture, medical and energy applications [92].

NP use in consumer and industrial markets has a projected yearly global in-

crease of approximately 20% [20]. Nano-enabled technology for a diversity of

applications has led to the development of novel NPs, which can be composed of

a wide variety of materials, including composites and alloys, with various sizes,

morphology, and surface functionalization [28, 44, 67, 125, 157]. Despite the

growth of nanotechnology, information is limited regarding the potential risk of

NPs throughout their life cycle.

A number of in vitro and in vivo testing models have demonstrated the

toxicity of some NPs [68, 183, 184]. Comprehensive screening of all NPs using

conventional toxicity testing is cost prohibitive, and as NP production and com-

plexity increases, there is a need to rapidly assess relevant parameters to move

toward predictive models of NP behavior upon release into the environment.

Several paradigms have been proposed as predictive measures of toxicity with

the most widely assessed being band gap and dissolution. However, these de-

scriptors are specific to certain NP compositions (metal/metal oxides) and may

not be relevant in complex biological systems [144].

The redox behavior of NPs is a more general and useful measure to de-

scribe surface reactivity, and has implications for risk assessment and NP ap-

plications. Redox potential is important for comprehensive physicochemical

characterization of broad classes of NPs as it has been shown to influence toxi-

city and potentially disrupt normal biological redox processes [14, 15, 148]. As

particle size decreases to the nanometer range, the physical and chemical prop-

erties, including redox, of some materials differ from those associated with their

bulk form [51]. The redox properties of some NPs combined with a high sur-
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face area to volume ratio makes them ideal for applications in heterogeneous

catalysis [28, 44, 67, 125, 157] and promising in therapeutics as antioxidants

[56, 64, 141]. However, nano-specific behavior presents additional challenges in

obtaining useful measurements needed to understand the influence of nanoma-

terials on natural redox processes should they be released into the environment

[196].

Currently there is no standard method to determine the redox potential

of NPs. Approaches that are commonly used to measure the redox of dissolved

species are not suitable for NPs [162, 184]. The Organization for Economic

Cooperation and Development (OECD) evaluated the testing guidelines for two

standard methods, potentiometry and OxoDish O2-detection, using CeO2, SiO2,

and ZnO NPs and deemed both methods unsuitable for application with NPs

[148, 196]. Potentiometry, the most widely used method which uses an oxidation-

reduction probe (ORP) to measure electrochemical potential, produced results

that were dominated by solution conditions as opposed to the NPs themselves,

and a stable equilibrium between NPs and the probe surface could not be

achieved. Evaluation of O2-detection determined that dissolved oxygen does

not conclusively correlate with redox potential for all NPs.

Due to high surface reactivity of some NPs, reactive oxygen species (ROS)

or reactive nitrogen species (RNS) can be generated at or near the surface of

cells, or once taken up into the cell [214]. Although ROS is used in normal

cell signaling processes, an excess of ROS/RNS can overwhelm antioxidant ca-

pacities of cells and induce damage to proteins, lipids and DNA [180, 205].

This phenomenon, known as oxidative stress, has been recognized as the general

mechanism of toxicity of many NPs [140].

Various probes are used to detect specific species of ROS in abiotic or bi-

otic conditions (Table 4.1). Abiotic assays quantify ROS generation by NPs in
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a given medium, typically a buffer solution. Based on the selection of the probe,

interaction with a certain species of ROS can be detected by absorbance or

fluorescence, making these methods inexpensive, rapid, simple, and easily stan-

dardized across labs for initial screening. Due to the complex nature of ROS

mediated cellular redox signaling, abiotic assays may not be easily extrapolated

to in vivo conditions [118]. For use of these methods in biotic conditions, a rel-

evant cell line is selected, and the probe must first interact with and penetrate

the cell membrane. Oxidation of the probe by intracellular ROS is observed and

quantified by absorption, fluorescence spectroscopy, or flow cytometry. Assays

performed in biotic conditions are generally more common, but results are dif-

ficult to directly compare across studies. Results can vary greatly, depending

on specific cells used, cell culture conditions, affinity of a probe or NP for the

membrane surface, NP concentrations, and cytotoxicity of NPs [73]. In addition,

it is difficult to determine if ROS measured is directly generated from the NP

surface, generated from disruption of cellular redox balance, or produced as a

cellular response.

Abiotic versions of these assays have been applied to NPs to detect gener-

ation of ROS. For example, dithiothreitol (DTT), which detects superoxide, hy-

drogen peroxide, and hydroxyl radicals, was applied to a group of carbonaceous

NPs and used as a metric of structural surface reactivity for groups of metal,

metal oxide, and carbonaceous nanomaterials [179, 220]. 2,3-Bis-(2-Methoxy-

4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) has been used

with metal oxide NPs to evaluate their ability to generate superoxide [73, 110].

2’7-dichlorodihydrofluorescein (DCFH) is among the most widely used

probe, in part because it nonspecifically detects ROS generation and the assay

is simple and inexpensive to perform [228]. However, when applied to nanoma-

terials, results vary widely across studies [151, 228]. This is likely due to the
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lack of a standard methodology. Studies differ in buffering media used, reac-

tion time, DCFH concentration, and use of the enzyme horseradish peroxidase

(HRP) [151, 228]. HRP is thought to be necessary to catalyze the oxidation of

DCFH and enhance fluorescence for detection, but interaction with HRP can

either increase or decrease the catalytic ability of nanomaterials, depending on

the species. HRP can also directly oxidize DCFH and has been shown to in-

crease fluorescence of the DCFH control by 4-5 orders of magnitude, depending

on the media used and sonication time [151]. In addition, autoxidation of DCFH

controls can lead to apparent negative values of ROS generation by NPs.

The redox behavior of some NPs results in the ability to scavenge and re-

duce concentrations of free radicals, thereby preventing oxidative damage. Sev-

eral assays have been employed to quantify antioxidant capacity (AOC) of NPs

using either fluorescence or absorbance detection methods. The oxygen radical

absorbance capacity (ORAC) assay has been applied to evaluate antioxidant

capacities of nanomaterials such as selenium nanoparticles (nanoSe0)-ascorbic

acid (Vc) sol and nanoSe0/Vc/selenocystine (SeCys) sol-gel compounds [18].

Terephthalic acid (TPA) was applied to evaluate the antioxidant capacity of

palladium oxide nanoparticle modified electrodes and to evaluate the quantum

yield of hydroxyl radical production during TiO2 photocatalysis [79, 113]. The

Trolox Equivalent Antioxidant Capacity Assay (TEAC) is a colorimetric method

in which OH· generated from the reaction between H2O2 and HRP oxidizes col-

orless ABTS2– to a long-lived green-blue radical anion ABTS·– . Following the

addition of NP antioxidants, the decrease in absorbance is used to measure the

antioxidant capacity. Results are converted to Trolox equivalent, a biologically

relevant water-soluble Vitamin E analog. Because this assay has been widely

used and applied in food science it is amenable to the assessment of complex ma-

trixes, such as nanoparticle dispersions [11, 101]. Although antioxidant capacity
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assays have been applied in some cases to NP, they have several limitations

regarding broad applicability and sensitivity to variations in testing conditions

(Table 1). In general, free radicals are short lived, so ROS and AOC assays are

highly dependent on reaction time and protocol used.

Methylene blue has been used as a redox indicator in electrochemical DNA

assays to detect hybridization events [58]. Its reduction potential lies in the range

of many biomacromolecules so it has been used as an electron transfer mediator

[217]. For application with NPs, MB is used as an indicator of photocatalytic

ability [206]. In the presence of a reducing agent, MB has been applied in

some studies to evaluate the effect of size and substrate loading the on catalytic

ability of silver NPs [155, 213], assess the effect of a surfactant on the catalytic

ability of palladium NPs [81], and to detect the presence of NPs in complex

media [41]. The reduction of the colorimetric probe, methylene blue (MB), by

sodium borohydride (NaBH4) is thermodynamically but not kinetically favorable

at ambient conditions and will therefore only occur in the presence of a catalyst.

A successful catalyst has a redox potential intermediate of the reagents (-1.33

eV for NaBH4 and -0.21 eV for MB) [81]. When NPs are used to catalyze this

reaction, we propose that the rate of MB reduction is indicative of the reduction

potential of the NP catalyst. Like the DCFH and TEAC methods, the MB probe

can be easily and rapidly detected using spectrophotometry and will change from

blue to colorless as the redox reaction proceeds.

In this study, the reduction of MB as a colorimetric indicator of NP redox

behavior was modified and adapted for use as a high throughput functional as-

say. This method was applied to evaluate a series of lanthanide oxide (LnOx)

NPs. Lanthanide metal oxides (LnOx) are widely used as the catalyst, support

or substrate for catalysts [40, 153, 193, 227, 230], solar cells [39, 90, 106, 114],

electromagnetism, electrochemistry [35, 227], fuel cells [49, 123, 233], phos-
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phor/luminescence and laser materials [178], gas sensors [134, 143], metallur-

gical and glass/ceramic applications [57, 169, 182]. In addition to the diversity

of applications of for this class of nanoparticles, LnOx NPs are of interest be-

cause studies have revealed evidence of toxicity. For instance, cerium dioxide NP

(CeO2NP) has been demonstrated to reduce cell viability in human bronchoalve-

olar carcinoma-derived cells [111]. Blaise and colleagues showed that samarium

(III) oxide NP (Sm2O3 NP), erbium (III) oxide NP (Er2O3 NP), and holmium

(III) oxide NP (Ho2O3 NP) exhibited toxicity across serveral taxonomic levels

for aquatic and sediment species [24]. Harper et al. demonstrated toxicity of

Ho2O3, Er2O3, and Sm2O3 NPs in zebrafish embryos [69].

In this study, we propose a methylene blue assay as a rapid, robust and

systematic method to determine the relative redox potential of NPs. Unlike pre-

vious approaches to characterize NP reactivity by ability to produce or quench

various species of ROS, we suggest that this assay directly characterizes redox be-

havior and can potentially be used across classes of nanomaterials (not just metal

oxides). This method was compared with a modified DCFH assay to evaluate

reactive oxygen species (ROS) production, and the TEAC ABTS2–/H2O2/HRP

decoloration assay as a measure of antioxidant capacity. DCFH and TEAC were

selected based on their widespread use, simplicity, sensitivity of the probes and

potential to be applied to a wide variety of NP compositions. All three assays

were performed in abiotic conditions and applied across a series of lanthanide

oxide (LnOx) NPs. The crystal structure, d orbital electron configuration, stoi-

chiometry, primary particle size, and limited solubility of metal ions are mostly

the same across the series, so comparing reactivity allows for systematic com-

parison of gradual periodic trends. It was hypothesized that the redox activity

of the lanthanide oxide nanoparticles will be related to their intrinsic properties

and be a function of elemental periodicity.
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4.3 Experimental

4.3.1 Nanoparticle preparation and characterization

Seven lanthanide oxide nanoparticles (LnOx NPs) were purchased from

Sigma Aldrich (St. Louis, MO): cerium oxide (CeO2), neodymium oxide (Nd2O3),

samarium oxide (Sm2O3), europium oxide (Eu2O3), gadolinium oxide (Gd2O3),

holmium oxide (Ho2O3), and erbium oxide (Er2O3). All metal oxides were pur-

chased as a nanopowder with a primary particle size < 100 nm. A 1000 mg/L

aqueous stock solution was prepared for each LnOx NP and ultrasonicated for 2

minutes at 40% amplitude using a 750 watt Vibra Cell ultrasonicator (40.1 W)

with a cup horn configuration and a circulating bath to minimize temperature

increase (Sonics & Materials Inc., Newtown, CT). Dynamic light scattering was

performed on a 100 mg/L suspension of each LnOx NP diluted in the respective

buffer solution (HEPES for methylene blue, 0.1x PBS for DCF and TEAC).

A Zetasizer (ZEN3600, Malvern Instruments, Westborough, MA) was used to

measure hydrodynamic diameter (HDD) and zeta potential (ZP) at 25○C. As-

suming spherical geometry for the LnOx NPs and that the suspensions were

monodisperse, HDD was converted to surface area using the density of each

material.

4.3.2 Methylene blue catalytic reactivity assay

The methylene blue assay was adapted from Corredor et al. and modi-

fied to be performed in a 96-well plate for high throughput data collection, as

described below [41]. MB was selected because its oxidized form is blue and as

it is reduced to leucomethylene blue (LMB) the solution becomes colorless and

the rate of reduction can be measured spectrophotometrically (Fig 4.1).

Reagent stock solutions were prepared in Milli-Q ultrapure water (MQ)

and placed in a 96-well plate (final working volume in each well = 200µL) with
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FIGURE 4.1: Reaction scheme of methylene blue reactivity assay.

final concentrations of 0.04 mM MB, 10 mM N-(2-hydroxy- ethyl) piperazine-

N’-(2-ethanesulfonic acid) (HEPES) buffer solution, 1.5 mM sodium hydroxide

(NaOH), and 10 mM NaBH4. The NaBH4 stock solution was prepared in ice

water to slow down and therefore limit reaction with water. MB, HEPES,

NaOH, and NaBH4 were first mixed in each well of the 96 well plate. LnOx

NP suspensions were added last with a final concentration of 250 mg/L. This

concentration was selected for limited absorption interference, rapid kinetics,

minimal mass transfer limitations between reactants, and to limit settling of

NPs during the reaction time. Following the addition of the LnOx NP catalyst

the absorbance of each well was measured in a SpectraMax spectrophotometer at

a wavelength of 665 nm every 30 seconds for 90 minutes. The plate was agitated

between readings for 3 seconds to reduce the interference of bubbles produced

by NaBH4. Control wells without LnOx NPs were prepared to account for any

uncatalyzed reduction of MB by NaBH4. The absorbance interference of the

LnOx NPs was also measured over time and subtracted. The reduction of MB

to LMB over time was fit to a 3 parameter first order exponential decay:
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A(t) = A0 e
−kt + β (4.1)

where A(t) is the absorbance at time t, k is the first order reaction rate constant

(min−1), β is the final asymptotic absorbance value, and A0 is the difference be-

tween the initial absorbance and β. Adsorption of MB to the LnOx NP surface

was evaluated by allowing 250 mg/L LnOx NP incubate at room temperature

with 0.04 mM MB (no NaBH4) for 90 minutes. The NPs were removed by

centrifugation (14000 rpm, 30 minutes) and the concentration of MB in the

supernatant was evaluated by UV-Vis (λ = 665 nm).

4.3.3 Abiotic dichlorofluorescein assay

Dichlorofluorescein diacetate (DCFH-DA) was purchased from Millipore

(Burlington, MA) and a 1 mM stock solution was prepared in 95% ethanol.

DCFH-DA was chemically hydrolyzed to DCFH with 0.01 N NaOH in the dark

at room temperature for 30 minutes (Fig 4.2). A volume of 55 µL of this

mixture was added to each well of a black 96-well plate. LnOx NPs (145 µL)

suspended in 0.1x PBS were added to each well for final concentrations of 50,

100, and 250 mg/L. The assay was performed at 25○C instead of the standard

37○C to allow for direct comparison with the MB assay. A temperature of

37○C is standard for biotic assays involving cell lines but is not required in the

absence of cells. Fluorescence was measured every 5 minutes for 90 minutes

at an excitation wavelength of 485 and emission wavelength of 530 nm. The

fluorescence was converted to H2O2 equivalent for biological relevance using a

standard curve of DCFH and H2O2 (0-125 µM). Control wells of DCFH and 0.1x

PBS were prepared to account for autoxidation of DCFH to DCF. Horseradish

peroxidase (HRP) was not added to the reaction because it has been shown to be
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FIGURE 4.2: Schematic of the abiotic DCF assay. 2’,7’-Dichlorofluorescein diaceteate
(non-fluorescent) is chemically hydrolyzed with 0.01 N NaOH. DCFH (non-fluorescent)
is oxidized by ROS and forms the fluorescent product, DCF.

unnecessary to catalyze the oxidation of DCFH and could interfere with results

by directly oxidizing DCFH or become deactivated by certain metals [151]. The

reaction was evaluated over 90 minutes to allow for direct comparison to the

MB assay.

The DCFH assay was performed at 50, 100, and 250 mg/L for each LnOx

NP. A linear regression was performed to determine if there was concentration

dependent ROS generation.
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4.3.4 Trolox equivalent antioxidant capacity assay

A 1 mL ABTS radical (ABTS·– ) working solution was comprised of 1 mM

ABTS2– , 51 µMH2O2, 4 U/ml HRP, and 50 mM PBS (pH = 7.45). Temperature

was held constant at 26 ○C. The working solution was combined with LnOx

NPs for a final concentration of 40 mg/L in each well of a 96 well plate. The

decrease in absorption at 8 minutes was evaluated using UV-Visible spectroscopy

(SpectraMax) at a wavelength of 734 nm. A calibration curve of a series of Trolox

concentrations (0 - 25 µM) vs. ABTS·– working solution was made to determine

the relationship between absorption and an equivalent concentration of Trolox,

a water soluble Vitamin E analog. The antioxidant activity of LnOx NPs is

presented as AOC per unit surface area. All experiments were performed in

triplicate.

4.3.5 Principle component and correlation analyses

Compositional and structural properties of lanthanide oxide and elemental

lanthanide metals were collected from literature sources (Table C1). Values were

scaled between 0 and 1 by mean centering and normalizing by the maximum

and minimum. Principle component analysis was performed on the properties to

identify how LnOx NPs cluster. The contribution of properties was determined

for the first two principle components.

4.3.6 Statistics

SigmaPlot version 13.0 (Systat Software, San Jose, CA, USA) was used to

perform all statistical analyses. All experiments were performed in triplicate.

Differences in reactivity among LnOx NPs in each assay were compared using

analysis of variance (ANOVA) with Tukey post-hoc analysis. Differences were

considered statistically significant when p ≤ 0.05. Error bars represent standard
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error of the mean. Linear regression was performed to create a standard curve

of H2O2 equivalent (DCFH assay) or Trolox equivalent (TEAC). The decrease

in absorbance of MB as a function of time was fit to a first order exponential

decay model for the MB assay using the curve fitting function in SigmaPlot.
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4.4 Results

LnOx NPs had large agglomerates in both media, and the average HDD

in 0.1x PBS was higher than in HEPES (Fig 4.3). CeO2 had a much smaller

HDD than the rest of the LnOx series when suspended in 0.1x PBS but not in

HEPES. The polydisperisity index (PDI) values ranged from 0.36 (Nd2O3) to

0.62 (Er2O3).

FIGURE 4.3: Hydrodynamic diameter (nm) of 100 mg/L LnOx NPs in A) 0.1x PBS
and B) HEPES buffer. LnOx NPs are shown in order of increasing periodicity.

All seven LnOx NPs used in this study catalyzed the reduction of MB by

NaBH4, resulting in a decrease in absorbance over time (Fig 4.4). The variance

in absorbance readings increased over time due to an increased production in

hydrogen bubbles by reaction of NaBH4 with water. The rate constants from Eq.

4.1 are plotted for each LnOx NP in Fig 4.5 and shown in order of increasing

atomic number, which shows that catalytic reactivity did not correlate with

periodicity. Sm2O3 did not have a good fit with the model and therefore has a

high variance.

The slope of fluorescence over time was converted to ROS production in
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FIGURE 4.4: Decrease in absorbance at λ = 665 nm over time from the reduction of
MB by NaBH4 catalyzed by 250 mg/L Nd2O3.

units of µM H2O2 equivalent. A linear standard curve of H2O2 concentration (0-

125 µM) vs. fluorescence (RFU/min) was generated for each experiment (R2 =

0.98). Although horseradish peroxidase was not used, DCFH was able to detect

ROS generated by H2O2 upon interaction with PBS. The ROS produced by 250

mg/L LnOx NPs is shown in Fig 4.5 and normalized by surface area. Er2O3 had

the highest production of ROS per surface area and CeO2 had the lowest. The

DCFH assay also showed a concentration dependent increase in ROS generation

for all LnOx NPs testing (Fig S2).

The antioxidant capacity of LnOx NPs was measured by detecting the

decrease in absorption relative to control (no NPs), which detects the reduction

of ABTS·– to ABTS2– . After 8 minutes of reaction time, Sm2O3 had the highest

AOC (101 µm Trolox/cm2) and CeO2 had the lowest AOC (22 µm Trolox/cm2)
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FIGURE 4.5: Reduction rate of MB catalyzed by 250 mg/L LnOx NPs, concentration
of ROS (µM H2O2 equivalent) generated by 250 mg/L LnOx NPs measured using
DCFH, and AOC determined by TEAC (40 mg /L LnOx) shown in order of increasing
periodicity. a, b and c represent significance differences among LnOx NPs (p< 0.05,
one-way ANOVA, Tukey post-hoc). All measurements were normalized by NP surface
area.

(Fig 4.4). Absorbance by the LnOx NPs in PBS at 734 nm was subtracted from

the results.

The results for all three abiotic assays were normalized by surface area.

The three assays reflect similar trends when plotted by elemental periodicity of

the Ln metal (Fig 4.6). A Pearson correlation (p < 0.05) revealed a correlation

between the normalized results of MB and TEAC. When Er2O3 is excluded from
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FIGURE 4.6: Reaction rate constant for the reduction of MB, ROS generation, and
antioxidant capacity normalized by surface area in order of elemental periodicity.

analysis, all three assays have a positive correlation.

Principle component analysis performed on scaled structural and compo-

sitional properties of Ln and LnOx was performed and PC1 and PC2 captured

approximately 82% of the variation (Fig 4.7). CeO2 and Gd2O3 clustered sep-

arately from the other Ln/LnOx materials. A component loading analysis of

PC1 and PC2 revealed that band bap had a high contribution.
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FIGURE 4.7: Plot of first and second component from principle component analysis
performed using compositional and structural properties of Ln and LnOx.

4.5 Discussion

This study evaluated a potential method to determine the redox potential

of NPs and compared it to existing methods to quantify ROS production and

antioxidant capacity. We applied three methods: a MB colorimetric assay, the

abiotic DCFH fluorescence assay, and the TEAC colorimetric assay across a

series of seven lanthanide oxide NPs and observed a correlation between catalytic

reactivity, ROS production, and AOC. Our findings suggest that the MB assay

is suitable to describe the redox behavior of nanomaterials.

The MB colorimetric assay, which has previously been used to evaluate

catalytic behavior of metal NPs, was applied here to characterize the redox
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potential of LnOx NPs [155, 213, 231]. The reduction of the methylene blue

probe indicates that the redox potential of a NP catalyst lies between the redox

potential of the probe and the reducing agent (between -1.33 and -0.21 eV)

[81]. In this study, the seven LnOx NPs successfully catalyzed the reaction,

suggesting their redox potentials were all in this range. However, this assay

would not inform studies of nanomaterials with a redox potential outside this

range, which may limit broad applicability.

The MB redox method was rapid and inexpensive to perform. The colori-

metric probe allowed for the direct measurement of absorbance by spectropho-

tometry which is widely available. However, there were some aspects that led to

high variance in our data. The production of hydrogen gas bubbles in the wells

by the hydrolysis of NaBH4 created interference in absorbance measurements

[181]. NP settling likely occurred during the 90-minute reaction time. A surfac-

tant was not used to stabilize the NP suspensions because it has been shown to

affect surface reactivity [83]. Similar to previous observations using colorimetric

assays, absorbance of NPs showed some interference, although controls revealed

that this was minimal for LnOx at the wavelength used [99]. Additionally, the

reaction catalyzed by Sm2O3 did not fit the exponential decay model well and

it is possible alternative models may be required for NPs with different compo-

sitions, which would make comparison across classes of nanomaterials difficult.

The low adsorbance of MB to the LnOx NP surface indicates that dif-

ferences in affinity of dye to the NP surface did not contribute to reactivity

differences observed (Fig. C.3). This may also explain the relatively slow reac-

tion rate catalyzed by LnOx NPs. The low affinity of reagents to the surface of

the catalyst did not provide a surface to maximize interaction between MB and

NaBH4.

The abiotic dichlorofluorescein assay was selected here to evaluate ROS
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production of LnOx NPs because it nonspecifically detects species of ROS. The

method was adapted to overcome limitations observed by previous studies [105,

151]. There was a linear concentration dependent generation of ROS by LnOx

NPs in the range evaluated here, but previous studies have found a lack of dose

response [151]. This might be attributed to the negligible dissolution of LnOx

NPs. The dissolution of metal ions can lead to the generation of ROS and affect

DCF results. For other classes of nanomaterials, the assay would have to be

optimized across a range of concentrations to understand this relationship.

To evaluate antioxidant capacity of LnOx NPs, the TEAC assay was se-

lected, which has been most commonly applied in food science. Although this

method was simple to perform, NPs have the ability to stabilize free radicals

and form a metastable complexation of LnOx-ABTS·– , leading to an underesti-

mate of AOC [235]. Absorbance interference of the NPs restricted the range of

concentrations that could successfully be evaluated, but the reaction time was

shorter than the MB assay, so settling of NPs out of suspension was less likely

to alter results.

The three abiotic assays tested here across seven LnOx NPs utilized dif-

ferent chemical probes to quantify reactivity in aqueous systems. The elemental

periodic trends among the LnOx NPs was similar for the MB, DCFH, and TEAC

assays when normalized by NP surface area. The ability of NPs to produce and

quench ROS is generally attributed to the catalytic ability of the NP surface,

dissolution of metal ions, and adsorption/desorption of biomolecules onto the

surface [205]. Since LnOx NPs have negligible dissolution and the assays here

were performed in abiotic conditions, the catalytic potency of the NP surface

is the predominant mechanism for ROS production and scavenging behavior.

This suggests that catalytic electron transfer observed by the MB assay might

also lead to the generation of ROS upon interaction with the reaction media. A
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previous study also observed a correlation between ROS generation measured

with DCFH and catalytic activity of Pd and Ni NPs [142].

In all three assays, CeO2 NPs had low observed reactivity, despite being

recognized as a good scavenger for ROS [88]. Unlike the other six LnOx studied

here which are present as sesquioxides, CeO2 is found mostly in the +4 oxidation

state, and can alternate between +3 and +4 oxidation states. This dynamic

change in oxidation state causes oxygen vacancies that are associated with the

redox activity of CeO2 [33, 141]. It is possible that CeO2 NPs produce and

quench ROS at the surface without being detected by DCFH or ABTS probes.

Alternatively, Ce2O3 makes up a small fraction of the Ce based NPs here and

may be the only active component.

The three abiotic assays evaluated in this study showed similar periodic

trends across a series of LnOx NPs. However, catalytic activity, ROS produc-

tion, and AOC were found to not be a function of elemental periodicity. Previous

studies which evaluated the rate at which bulk sized LnOx catalyzed the degra-

dation of various hydrocarbons and other reactions also found that despite have

the same d-orbital electron configuration and similar crystal structure, period-

icity alone did not explain differences in catalytic ability [25, 175]. Depending

on the reaction, paramagnetic properties, lattice oxygen mobility, and variable

valence of the metal cation have been suggested to play an important role in

governing redox behavior [175]. PCA analysis of Ln metal and metal oxide prop-

erties in this study revealed CeO2 clustered separately from the other LnOx NPs

based on compositional and structural properties (Fig 4.7). This is consistent

with the low rate of MB reduction catalyzed by CeO2, ROS production, and

AOC. Gd2O3 also clustered separately from the rest of the LnOx series. Gd2O3

had a relatively high AOC as observed in the TEAC assay, but did not directly

correlate with the other two assays. A component loading analysis of PC1 and
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PC2 revealed that band bap had a high contribution. Gd2O3 had the highest

band gap energy (5.4 eV) and CeO2 had the lowest band gap energy (2.4 eV).

This suggests that band gap energy is most relevant for comparison with AOC,

but other parameters may dominate for MB and DCF assays. Properties com-

piled for analysis mostly described the bulk materials, with the exception of

HDD (Table S1). Most of the properties fall within a narrow range and have

structural similarities due to proximity on the periodic table and similar electron

configuration and oxidation state. Materials with a larger range of properties

should be evaluated before extrapolating trends to other nanomaterials.

Although the three methods showed correlations along the LnOx NP se-

ries when applied broadly across nanomaterials there are certain characteristics

that might make one method more suitable over the others (Table 4.2). The

results of the DCFH and TEAC assays are reported in terms of a biologically

relevant equivalent, H2O2 and Trolox, respectively, which is useful when consid-

ering specific mechanisms of toxicity. The MB assay, on the other hand, reports

reactivity in terms of reduction rate of the probe and is not converted to a

standard equivalent, so the results provide a more relative measure. Another

consideration is the ability to perform these assays in complex media to evalu-

ate the effect of environmental or biological transformations on NP reactivity.

The MB assay has been performed with NPs in natural waters and biological

media [41]. The TEAC assay has been widely used and conducted to assess

complex food matrixes [11, 101], so we believe it is amenable to assess NPs in

complex media. However, the DCFH has typically been performed in a standard

buffer solution, and complex media components could artificially alter results by

quenching ROS or contributing to ROS production.

We adapted all three assays here to accommodate a 96-well plate to facil-

itate rapid data collection and allow for simultaneous comparison across several
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TABLE 4.2: Advantages and limitations of three reactivity assays
MB DCF TEAC

Advantages
Biologically relevant equivalent ✓ ✓
Can be applied in complex media ✓ ✓
Measures absorbance ✓ ✓
Measures fluorescence ✓
Stable probe ✓
96-well plate ✓ ✓ ✓

Limitations
NP settling interference ✓ ✓
Fluorescence interference ✓
Temperature sensitive ✓
Requires HRP ✓

materials. Differences in materials and methods of each individual assay still

contribute to cost and time considerations. MB is a stable probe that can be

stored relatively long term at room temperature whereas DCFH and ABTS must

be stored at -4 ○C. ABTS radicals must be generated the day of the experiment

for the TEAC assay and NaBH4 must be prepared daily for the MB assay. Flu-

orescence interference of DCF from neighboring wells on a 96-well plate was a

concern in this study and specific plates must be used to limit this. However,

unlike MB and TEAC assays, settling and absorbance interference of NPs mini-

mally impacts the results. HRP is required to generate ROS in the TEAC assay,

but it can directly interact with NPs and the probe itself and alter results.

4.6 Conclusion

Understanding the redox potential of nanomaterials is vital to inform the

responsible design of nanomaterials as they continue to become integrated into

consumer products and industry. This study evaluated a simple and rapid
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method to determine the redox potential of NPs using a colorimetric abiotic

assay. This approach has the potential to be widely applied across nanomate-

rials, including those with surface ligands and in complex environments. The

MB reactivity assay was applied in this study across a series of LnOx NPs and

the correlated with the abiotic DCFH and TEAC assays. This provides a bet-

ter understanding of how electron transfer at the NP surface can result in the

generation and quenching of ROS. Additionally, this correlation suggests that

existing data from ROS production and antioxidant capacity assays can be used

to inform redox behavior of NPs. Unlike previous methods, however, the MB

assay likely encompasses all redox behaviors, such as dissolution and complex-

ing with environmental constituents, which may be more directly applicable to

model environmental behavior of NPs.
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5 Conclusion

The findings in this dissertation address challenges associated with NP

evaluation. As NP production and complexity continues to grow, reliable frame-

works for risk assessment are necessary for the responsible development of nano-

materials. This dissertation presents promising methods that, if widely imple-

mented, will help facilitate reproducible and robust data collection for future

predictive fate and toxicity models.

Current practices for NP stock preparation were reviewed in Chapter 2 and

found that despite many published protocols to standardize dispersion prepa-

ration, significant discrepancies exist in sonication procedures and reporting in

nanotoxicology studies. Some of the discrepancy was due to the diversity of

available instrumentation. Calorimetric calibration which normalized for the

surface area of the sonicator probe was used to deliver equal sonication energy

and therefore produce similar NP dispersions using three sonicator configura-

tions and different power inputs. This technique should be routinely applied

in addition to reporting associated sonication metadata to improve compliance

with existing standard methods and significantly increase reproducibility in tox-

icity studies.

Chapters 3 and 4 address clear data gaps that have been identified for

comprehensive NP characterization. In chapter 3, previous attempts to measure

hydrophobicity of nanomaterial were reviewed. When compared to methods de-

signed for solids (contact angle) and chemicals (octanol-water partitioning), we

conclude that the dye adsorption assay is the best in terms of ability to overcome

difficulties associated with agglomeration, functionalization, and quantification

of nanomaterials, and can likely be widely applied to across NP materials and

potentially to suspensions in complex environments. However, alternative dyes



81

should be explored to understand the contribution of electrostatic interaction

to observed dye adsorption. HIC had significant shortcomings for broad appli-

cation, but future studies may perform further optimization for small, stable

particles. Hydrophobicity is a critical descriptor to describe environmental fate

and bioavailability. Although the dyes used for adsorption studies do not nec-

essarily have environmental significance, they can be used as a reference phase

to obtain relative measures across suites of materials in a similar framework to

chemicals.

In chapter 4, a method to measure the relative redox potential of NPs

was evaluated using LnOx NPs. Results from the MB assay were compared to

ROS generation and AOC. It is generally understood that redox behavior at the

NP surface is responsible for in situ ROS generation and subsequent oxidative

stress. However, the short-lived nature of free radicals and quenching ability

of the media and NP themselves makes it difficult to determine inherent redox

behavior of NPs by measuring one or more species of ROS. This study confirmed

a positive correlation between catalytic redox behavior, ROS generation, and

AOC, across the LnOx NP series. However, further studies should be conducted

to include NPs with dissolution and functional groups. Additionally, the LnOx

NPs behaved similarly and this assay should be validated to include NPs with

different oxidation states and reactivity. Ultimately, this method is promising for

obtaining a relative quantitative measure of inherent redox potential at the NP

surface. Unlike band gap and dissolution paradigms which only apply to select

materials, the MB assay can be widely applied to materials with a reduction

potential in the range of the reagents.

Overall, the methods shown here were developed with the objective of uti-

lizing common laboratory instrumentation, simple techniques, and inexpensive

reagents. Although more advanced instrumentation might provide better reso-
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lutions for characterization, the aim here was to provide a basis for widespread

data collection. In addition, the functional assays presented here evaluate NP

properties in situ. NP behavior has shown to be strongly dependent on the

local environment. While environmentally relevant systems were not used in

this dissertation, the methods presented can potentially be applied in complex

systems and future studies should focus on incorporating the effects of envi-

ronmental transformations at the NP surface on observed hydrophobicity and

redox. The approaches shown here will contribute to robust NP characterization

that is ultimately needed for predictive fate and toxicity models for sustainable

nanotechnology development.
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TABLE A.1: Review of of sonication practices in recent nanotoxicology
studies

NP Sonicator Time Power Energy
(J)

Conc (µg mL) DLS? Media Ref

ZnO,
TiO2

bath 400
W/40
kHz

1.56 to 50 Yes serum
free
DMEME

[76]

Carbon
black

bath 2h, again
10 min
before
exposure

10 to 30 no NaCl,
BSA,
DPPC,
or cell
culture
RPMI
1640
medium

[62]

TiO2
(Aerox-
ide P25)

bath 6h
(again
30 min
before
dosing)

35 kHz 10000 TEM MQ [59]

TiO2
(P25,
Degussa)
and
CeO2

cup horn 30 min 50%
(100W)

1000 Yes 1 mM
KCl

[10]

TiO2 bath 10 min +
10 min
before
exposure

10 yes 1x PBS [229]

Zn bath 5 min 22 W 6600 Yes DI [215]

TiO2
(P25
Degussa)

probe 1 min 60000 Hz 500 Yes DI [203]

CuO bath 30 min. 50 Yes ISO
daphnia
medium

[1]

SiO2 probe 120 s 50% (10
W)

1200 2000 no DI [38]

bath 15 min 50Hz-
150
W

135000 3000 DI

ZnO bath 30 min 50-300 sea water [192]

Cu bath 10 min. 140 W,
37 kHz

200 Yes culture
media

[189]
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polystyrene bath 10 min. 18-24 Yes DW [94]

ZnO approx
30 min.

50 Yes MQ [117]

TiO2
(anatase,
Sigma
Aldrich)

probe 15 min. SEM ultrapure
water

[198]

Ag bath 6 hrs +
15 min
before
dosing

400 TEM DI [13]

Ag and
CuO

bath 1 or 2 h 40 kHz 100-500 Yes moderately
hard wa-
ter

[84]

TiO2
(Degussa
P25)

not reported 10 min.
+ 10 min
before
dosing

50 W/L,
40 kHz

450 1000 Yes MQ [237]

Al2O3 not reported 30 min. 750 W
(20 kHz)

1350000 3-192 Yes algal
medium

[176]

Ni bath 15 min 40 W 36000 1000 Yes DI [4]

CuO bath 15 min 300W,
35 kHz

270000 10000 DI [127]

Ag not reported 2 min 100 yes nanopure,
BG-11,
and
McLach-
lan

[150]

SiO2 bath 15 min 40 W 36000 200 yes Water
and cell
culture
medium

[5]

NiFe2O4 bath 10 min 40 W 24000 YES Cell
culture
medium

[3]

Ag not reported 15 min. Yes moderately
hard
recon-
stituted
water

[8]

SiO2 probe 20 s 60 W
(130W,
56-60Hz)

3600 YES DI [154]

Cu and
Cu-Zn

probe 2x20 s 2000 yes PBS [89]
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SiO2 bath 5 min. 160 W,
20 kHz

48000 Yes [53]

TiO2,
SiO2,
MWCNT

bath 60 s 40
W

2400 10-1000 Yes PBS
and
cul-
ture
medium

[187]

TiO2
(P25,
Aerox-
ide)

probe 30 min
(pulsed
mode, 1
s on, 1 s
off)

10000 Yes ultrapure
water

[104]

Ag probe 2x20 s 14 W 560 1000 Yes serum-
containing
medium

[42]

ZnO and
CuO

not reported 30 min,
then
stored

40000 SEM MQ [135]

Ag bath 1.5 h 15 kHz 1000 TEM MQ [100]

CeO2
and
TiO2

bath 20 min. TEM K-
medium

[174]

TiO2 (5
types)

not reported 30min 100W,
40 kHz

180000 500 Yes ultrapure
water

[112]

Ag bath 10 min. 2 Yes DI [31]

SWNT bath 4 h 120W,
40 kHz

1728000 1000 no HEPES
+ BSA

[219]

carbon
black,
C60,
TiO2,
SiO2

probe 15 min 100W,
50%
on/off
cycle

45000 100 artificial
sea water

[27]

ZnO, Ag,
TiO2

bath 20 min.
stock,
then
20 min
diluted

37 kHz,
effective
power 25
W, max
peak
perfor-
mance
280 W

30000 1000 Yes cRPMI [158]

SiO2,
Ag/SiO2,
CeO2,
Fe2O3,
TiO2

probe varies 400 W
60 Hz:
actually
delivered
= 3.14
W

2000 1000 Yes DI [36]
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ZnO not reported 30 W 5000 Yes DI [222]

ZnO bath 30 min 100 W 180000 1000 DI [133]

CNTs
(single
and
multi, 8
types)

probe? 5 h 1400 Yes 10
mg/mL
BSA

[226]

perovskite
nanoma-
terials
(PNMs)
(LaFeO3,
YFeO3,
BiFeO3,
LaMnO3,
LaCoO3)

not reported 30 min 100 Yes SM7
media
with and
w/o 200
mg/L
GA

[232]

graphene
oxide

probe 0.5-85
min (de-
pending
on GO)

10 W 300–5e5 2000 Yes sterile
water

[66]

TiO2 probe 15 min 20 W 18000 1000 Yes MQ [102]

CeO2 bath 30 min 100 W,
40 kHz

180000 3000 TEM MQ [224]

ZnO,
CuO,
TiO2,
Cr2O3,
Fe2O3,

bath 30 min. 250 W,
50 Hz

1000 Yes distilled
water

[86]

CoO,
Ni2O3,
CuO,
Co3O4,
TiO2

bath 15 min.
100 W,
42 kHz

90000 5000 no DI water [26]

TiO2 bath 15 min. 40 kHz,
600 W

540000 2000 Yes PBS [208]

Ag cup horn 10 min power
of 5.71
(200W)
and 20%
duty
cycle

120000 1000 sterile
RNase
free
water
with 2%
Adult
Bovine
Serum
(ABS)

[191]
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TiO2,
SiO2,
and
ZrO2

bath 30 min. Yes ultrapure
water

[116]
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TABLE A.2: Average PDI Values

Ultrapure water KCl FW

CeO2 TiO2 CeO2 TiO2 CeO2 TiO2

No Sonication 0.71 0.76 0.75 0.91 0.81 0.89

probe 20% 0.36 0.8 0.38 0.8

30% 0.36 0.73 0.36 0.73

40% 0.35 0.79 0.4 0.7

cup horn 20% 0.29 0.59 0.35 0.67 0.34 0.73

30% 0.42 0.58 0.39 0.65 0.39 0.66

40% 0.45 0.73 0.38 0.68 0.5 0.68

Bath 0.43 0.74 0.49 0.71 0.41 0.65
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FIGURE A.1: Rating of quality of reported metadata (1-7) by publication year (n=56
studies).
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TABLE B.1: Standardized information for determining the zeta potential in 0.5x PBS
Shape spherical
Model used to compute zeta potential Henry’s Equation (Smoluchowski approximation)
Applied voltage 148 V
Replicate measurements 3
Equilibration time 120 s
Concentration NPs 10 mg/L (Au) 50 mg/L (CuO) 100 mg/L (SiO2 and

Ami-SiO2)
0.5x PBS

pH 7.8 ± 0.2
Temperature 25○C
Ionic strength 83 mM
Viscosity 0.8508 cP
Macromolecules/NOM present none
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FIGURE B.1: The shake flask method for octanol water partitioning performed using
Au NPs. Particles were visually observed to partition to the aqueous phase.
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FIGURE B.2: The shake flask octanol-water partitioning method performed with CuO
NPs. NPs are visually observed to sit at the octanol-water interface.
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FIGURE B.3: CuO NPs suspended in octanol and water. A standard curve could
not be performed to quantify CuO concentration in octanol because NPs could not be
uniformly dispersed.
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The dye adsorption assay was performed using H2O2 as a positive control.

The H2O2 concentrations used were higher than have been observed to be gen-

erated by CuO NPs [48].

FIGURE B.4: Percent decrease in dye concentration as a function of hydrogen peroxide
concentration.
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FIGURE B.5: Change in dye adsorption after incubation in natural fresh water. TiO2
NPs had high adsorption of RB in ultrapure water and low adsorption of NB, but after
incubation with fresh water NPs adsorbed NB. NP surface area was approximated
using the measured HDD.

Mill Creek properties

pH 8.53

Conductivity (µS/cm) 100

Alkalinity (mg/L) 37.6

Hardness (mg/L) 25
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TABLE C.1: Properties of lanthanide and lanthanide oxides

Property CeO2 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Ho2O3 Er2O3 Me/MeOx?
Standard enthalpy
of formation of
gaseous RE atoms
(298 K)

420.1 326.9 206.7 177.4 397.5 300.6 361.4 Me

Freezing Point (○ C) 2210 2233 2269 2291 2339 2330 2344 MeOx
Boiling Point (○ C) 3730 3760 3780 3790 3900 3900 3920 MeOx
Band Gap (eV) 2.4 4.7 5 4.4 5.4 5.13 5.3 MeOx
Standard enthalpy
of formation of
RE sesquioxides
(kJ/mol, 298 K)

1796 1808 1828 1652 1816 1881 1898 MeOx

Lattice Energy
of sesquioxides
(kJ/mol)

-12901 -13008 -13181 -13271 -13330 -13588 -13665 MeOx

BertzCT (topologi-
cal index meant to
quantify "complex-
ity" of molecules

23.77 34.16 4.85 34.16 4.85 34.16 34.16 MeOx

ExactMolWt
(g/mol)

171.89 331.8 351.82 353.82 363.833 377.84 379.84 MeOx

MolLogP -0.2376 -0.306 -0.3564 -0.306 -0.3564 -0.306 -0.306 MeOx
Valence Electrons 12 26 30 32 34 40 42 MeOx
Unpaired e’s 1 3 5 6 7 4 3 Me
Ionization Energy
(eV)

36.76 40.41 41.4 42.7 44 42.5 42.7 Me

electrons in 4f 1 3 5 6 7 10 11 Me
HDD (nm) 2934.33 866.47 1875.33 971.13 1875.33 1507.67 1728 MeOx
Ln-O Bond length
(A)

2.27 2.35 2.31 2.3 2.29 2.25 2.24 MeOx

Ionic Radius (A) 1.15 1.12 1.1 1.09 1.08 1.04 1.03 Me
Electronegativity 2.79 2.81 2.82 2.83 2.81 2.83 2.83 MeOx
Density (g/cm3) 6.77 7.01 7.52 5.24 7.9 8.79 9.07 MeOx
Contact Angle 103 101 107 104 109 115 108 MeOx
Boiling Point (○C) 3468 3027 1900 1429 3000 2600 2900
Oxidation State 4 3 3 3 3 3 3 Me
Lattice Energy
(kJ/mol)

-12901 -13008 -13181 -13271 -13330 -13588 -13665 MeOx

Reduction potential
to neutral (3)

-2.34 -2.32 -1.55 -1.99 -2.28 -2.33 -2.33 Me

Atomic Number 58 60 62 63 64 67 68
Polarizability
(Angstroms3̂)

7.53 14.78 15.13 15.31 15.49 16.02 16.2 MeOx

Log S 0.08 0.39 0.46 0.48 0.54 0.63 0.65 MeOx
Van der Waals vol-
ume (âĎń3)

53.03 92.48 92.48 92.48 92.48 92.48 92.48 MeOx

Van der Waals Sur-
face Area (2)

91.51 143.54 143.54 143.54 143.54 143.54 143.54 MeOx

Solvent accessible
surface area (2)

235.61 339.64 339.64 339.64 339.64 339.64 339.64 MeOx
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Topological polar
surface area (2)

34.14 43.37 43.37 43.37 43.37 43.37 43.37 MeOx
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FIGURE C.1: Reactive oxygen species (ROS), reported in units of µM H2O2 equiva-
lent, generated by 50, 100, and 250 mg/L LnOx NPs. Error bars represent standard
error (n=3).
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FIGURE C.2: Reactive oxygen species (ROS), reported in units of µM H2O2 equiva-
lent, generated by 50, 100, and 250 mg/L LnOx NPs. Error bars represent standard
error (n=3).
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FIGURE C.3: Percent methylene blue (concentration = 0.04 mM) adsorbed to the
surface of 250 mg/L LnOx NPs. Error bars represent standard error.


