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ABSTRACT

Understanding the impact of engineered nanoparticles (ENPs) physicochemical
properties such as size, surface coating and concentration; and environmental factors such
as ionic strength, media composition and natural organic matter (NOM) on NP fate,
behavior, and toxicity is crucial for ENP risk assessment. Thus, the overall aim of this
dissertation is to evaluate the effects of ENP properties and water chemistry on the

behavior, bioavailability, and toxicity of AgNPs and PtNPs.

The aggregation behavior of PtNPs was typical of Derjaguin, Landau, Verwey, and
Overbeek (DLVO) type aggregation and the critical coagulation concentration of PtNPs
was independent of particle size. PtNPs aggregate size increased with increases in NP
concentration and with decreases in PtNP primary particle size in moderately hard water
(MHW) and synthetic seawater. NOM enhanced the aggregation of 20 nm PtNPs (PtNP2o)
in MHW due to the bridging of NOM-coated PtNPs by divalent counterions but had no
effect on the aggregation of 95 nm PtNPs (PtNPgs). PtNP2o aggregate size increased with
the increase in NOM elemental ratio of H to C and the relative abundance of lignin
formulae. However, PtNP2o aggregate size decreased with the increase in NOM molecular
weight, SUVA2s4, elemental ratio of O to C, and the relative abundance of condensed
hydrocarbon and tannin. Whereas PtNPs did not undergo significant dissolution (i.e., <
15% after 24 h) in synthetic seawater regardless of the NP exposure concentration; AgNPs

dissolved faster and to a greater extent with the decrease in NP concentration. This finding



suggests that NP aggregation became less significant and NP dissolution became more

dominant at lower concentrations.

PtNP influx rate constant (kuw) in Lymnaea stagnalis decreased with decreases in
PtNP size, possibly due to increased aggregation with the decrease in PtNP size. NOM did
not have a significant impact on the bioavailability of PtNP2o but suppressed the
bioavailability of PtNPgs. The bioavailability of PtNPgs increased by 6-fold (from kuw=
0.07520.05 to 0.456+0.037 L g D!) with the increase in NOM sulfur content. Reduced
sulfur (Sreq) content - in form of exocyclic and heterocyclic reduced sulfur- in the NOMs
exhibited a strong positive correlation with kyw, which was attributed to the higher affinity

of reduced S to PtNPs relative to the oxidized S.

A concentration dependent increase in Amphiascus tenuiremis mortality was
observed in AgNPs and dissolved Ag exposures, at environmentally relevant sub-lethal
concentrations (i.e., 20-75 pg L™2). A sharp decline of 1.8-7 folds in the reproduction (i.e.,
fecundity) were observed in the AgNOs exposure, whereas, fecundity was not impacted by
the AgNPs exposure. Slower release of dissolved Ag from AgNPs and/or reduced Ag

uptake in the nano form attributed these sharp contrasts in responses.

Overall, the results suggest that the NP’s physio-chemical properties, water
chemistry, and NOM compositions are key factors that contribute to the behavior,
transformation, bioavailability, and toxicity of metallic NPs in the aquatic environment.
Hence, scientists, regulators, and policy makers should carefully consider NP colloidal
stability, NP concentration, and NP-NOM interactions while assessing the risk of released

NPs from consumer products.

Vi
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CHAPTER 1

INTRODUCTION



1.1. Nanoparticles and the environment

Engineered nanoparticle (NP) are generally defined as any particle with at least one
dimension between 1-100 nm *. At this scale, materials exhibit unique and novel properties
(e.g., mechanical, optical, reactivity etc.) relative to their bulk material and dissolved
counterparts 2. NP vary widely in their composition and include metal or metal oxide based
NPs (e.g., Ag, Au, Pt, TiO2, CuO etc.), carbon based NPs (e.g., fullerenes, carbon
nanotubes etc.), and composite NP (e.g., bimetallic, core-shell NP etc.) 2.

Metal and metal oxide NPs have been widely used in consumer products (e.g.,
clothes, cosmetics etc.) 7, food packaging 8, medicine *1°, and environmental remediation
11,12 hased on the NP composition, size, and coating > 17, AgNPs are widely used because
of their antimicrobial properties and they could be found in textiles, wound dressing, soaps,
personal care products, and plastic-based medical equipment 8. TiO; and ZnO are
generally used because of their photocatalytic properties and found in sunscreens, solar
cells, paints, and product packaging °2L. CeO; is used as a fuel additive to boost the
combustion of fuel in diesel engine 22, while PtNPs are used as catalyst in vehicle’s catalytic
convertor that reduce pollutants in the exhaust 2. AuNPs are used as seeds for creating
other composite NPs and are used to increase drug delivery efficacy 2+ 2°. The use of NPs
in consumer products is predicted to increase as new and novel uses of these NPs are being
discovered. According to the Nanotechnology Consumer Products Inventory, the number
of nano-enabled products increased from 50 to nearly 2000 products in past decade 5.
Disposal of nano-enabled products at the end of their life creates scenarios where these
NPs may potentially be released in the environment and human systems. Hence, NPs are

listed as emerging contaminants of environmental concerns (CEC) 2 and there is imminent



need for in-depth understanding of NPs’ environmental and biological interactions.
Understanding the environmental fate, transformation, and behavior of NPs is a research
priority not only for the fundamental understanding of the NPs, but also for the regulatory
purpose to protect environmental public health. This dissertation focuses specifically on
metallic NPs (e.g., Ag and Pt) because of their greater potential environmental risk
compared to other types of nanomaterials due to their elevated, and thus their release, use

compared to other materials ** 17,

1.2. Silver nanoparticles’ application and release

Silver nanoparticles (AgNPs) are the most widely used NPs in consumer products
due to their antimicrobial, electrical, and optical properties 8. Several studies reported Ag
release from nano-enabled products including fabrics 8, paints ?°, building facades *°, and
plastic food containers 3. The use of AgNPs in a high number of consumer products will
likely result in increased AgNPs release, and thus concentration, in the environment, which
may pose potential risk to environment and human health 2. In wastewater treatment plants
(WTP) employing activated sludge for treatment, probabilistic flow modeling suggest that
NPs will partition into the sludge phase. A small fraction might remain in aqueous phase
after treatment and will be released in WTP effluent > 2, of AgNPs are in range of 0.01-
0.1 ng L in surface water and 1.6 mg Kg* in sludge 3% 33, Despite the low PEC (ng L™ to
ug LY of AgNPs in different environmental media, environmental loadings are likely to
increase with time as AgNPs use increases.

Despite the low PEC of AgNPs, most studies have focused on evaluating the fate
and behavior of AgNPs at relatively high concentrations (ca. mg L) 3442, This is mainly

because of the high detection limit of the popular analytical techniques (e.g., dynamic light



scattering (DLS), Ultraviolet visual spectroscopy (UV-vis) etc.) typically used to
investigate the AgNPs behavior “3. In environmental and biological media, AgNPs undergo
numerous transformations; among others, aggregation, and dissolution are the key
processes which determine AgNPs fate, behavior and effects ** #5. Several studies
investigated the transformations of AgNPs under variety of experimental conditions 34 3%
42,4650 These studies demonstrated that transformations (e.g., dissolution and aggregation)
of AgNPs depends on their physicochemical properties (e.g., size, shape, surface coatings
etc.), concentration %!, aggregation %254 and the characteristics of surrounding media (e.g.,
pH, temperature, presence of natural organic matter, and ligand type and concentration,
etc.) >°. However, most studies were performed at relatively high NP concentrations (ca.
mg L) %57 using different analytical techniques, complicating direct comparison between
the measured aggregation and/or dissolution rates. Hence, there is a need to (re)evaluate
the transformations and behaviors of AgNPs at low environmentally relevant

concentrations.

1.3. Platinum nanoparticles’ application and release

The global production of platinum group elements (PGE) has grown steadily since
1970, and the global production of platinum (Pt) alone increased to 190 tons with an annual
demand of 257 tons in 2016 *8. The main use of Pt is in the catalytic convertors of cars,
trucks, and buses, accounting for approximately 50% of Pt demand each year. Mandatory
installation of catalytic convertors in motor vehicles reduced the emission of harmful
exhaust emissions (e.g., carbon monoxide, nitrogen and sulfur oxides, hydrocarbons,
aldehydes, and heavy metals etc.) 5%, but it resulted in an increased release of PGE (i.e.,

Pt, Pd, Rh, Ru, Os and Ir) to the environment ®, and some studies demonstrated the release



of Pt in the form of nanoparticles (PtNPs) %% ¢3, The concentration of Pt in environmental
samples, such as road dust, soil, surface water, sediments and plants has increased
significantly in recent decades 648, The concentration of Pt in aquatic ecosystems (0.4-
10.8 ng-Pt LY) is relatively low compared to their concentration in the immediate vicinity
of roads (50 ng-Pt g of road dust) ®. Even higher Pt concentration (> 300 pg g*) has
been reported in Mexico city road dust . Additionally, Pt complexes (e.g., cisplatin,
carboplatin) are used for cancer treatment ®°, and PtNPs have shown promise in this use °.
The majority of drugs containing Pt complexes are excreted in patients’ urine (about 70%)
and enter wastewater systems 5. Treatment removal methods for these active compounds
are lacking which contributes to environmental Pt contamination 6% 7°,

Despite of PtNPs application in different commodities the release of PtNPs into the
environment, and reported toxicity of Pt and/or PtNPs to aquatic organisms "%, freshwater
oligochaetes 2, freshwater microalgae "3, and marine ", very little is known about the
environmental behaviors of PtNPs such as aggregation and dissolution in environmental
media. Understanding the nature of exposure and the transformations of PtNPs’
physiochemical properties during toxicology exposures is essential to interpret and
quantify any dose-response relationships. These transformations, which are likely to occur
in toxicological media during acute to chronic exposure periods, have been investigated
extensively for other NPs (e.g., AgNPs, AuNPs, CeO2-NPs etc.) 77, but not for PtNPs.
According to previous studies (with other NPs), aggregation and/or dissolution can
significantly alter NP behavior (e.g., dosimetry, uptake, toxicity) and fate (e.qg.,
pharmacokinetics, bioavailability, and biodistribution) 88 Hence, there is a need to

understand the aggregation and/or dissolution behavior of PtNPs in different environmental



media, at low concentrations and evaluate the subsequent uptake, bioaccumulation, and

toxicity.

1.4. Natural organic matter and interaction with nanoparticles

Natural organic matter (NOM) is ubiquitous in the environment with concentrations
in the range of 0.1 to 10 mg-C L, depending on biochemical and climatic conditions 882,
NOM is a complex mixture of polyelectrolytic and polyfunctional organic molecules (e.g.,
polysaccharides, proteins, lipids, nucleic acids, and fulvic and humic substances) 88 that
vary spatially and temporally in terms of molecular composition, acidity, molecular weight,
structure, and charge density 8. Adsorption of natural organic matter (NOM) on NP
surfaces results in formation of a surface coating (i.e., NOM-corona). NOM-corona is the
primary interface that determines NP environmental (e.g., aggregation, dissolution, and
sulfidation) and biological interactions (e.g., bioavailability and toxicity). The widely
diverse composition and properties of NOM will significantly impact the molecular
composition of NOM-corona, thereby influencing NPs fate, behavior, bioavailability and
toxicity.

Adsorption of NOM on NPs % results in the formation of NOM-corona &', giving
NPs unique surface identity. This unique surface identity is determined by the ligands that
interact with the NP surface with the highest affinity for adsorption 8. The molecular
composition of NOM-corona is determined by the competitive sorption of NOM molecules
on the NP surface. The composition of NP NOM-corona depends on: 1) NP properties such
as composition, size, surface charge, and functional groups 8, 2) NOM properties such as
composition, hydrophobicity, charge, and functional groups %, and 3) water chemistry such

as pH, ionic strength and ionic composition. Furthermore, NOM-NP interactions can be



driven by one of the following mechanisms: 1) electrostatic interactions, 2) hydrophobic
interactions, 3) hydrogen bonding, 4) cation bridging, 5) ligand exchange-surface
complexation, and 6) chelation (Figure 1.1) °-%. In most systems, a combination of several
interactions describes the complex behavior of NOM. Thus, there an imminent need for in-
depth investigation of the molecular composition of NOM-corona formed on the surface
of NPs via sorption of NOM, having different properties and subsequent fate, behavior,

and bioavailability.

1.5. Environmental transformations of nanoparticles

The environmental fate and behavior of NPs are determined by physical, chemical,
and biological transformation of NPs as described in Figure 1.2 4. Physical factor include
formation, replacement, or degradation of surface coating, dispersion, advection,
aggregation, disaggregation, deposition, and re-suspension > 7 44 % Chemical factors
include dissolution, complexation with other chemicals, redox reactions, sulfidation, and
phase transformations 2 1”45 %, Biological factors include degradation of the capping agent
or phase transformations “°. Interaction between NP and NOM also affects the
transformations, fate, bioavailability, and toxicity of NP by altering their surface properties,

and reactivity %%,

1.5.1. Effect of NP intrinsic properties on transformations

Transformations (e.g., Aggregation and dissolution) of NP depend on
nanoparticle’s intrinsic properties (e.g., NP size, shape, surface charge, concentration etc.)
5 Currently there is a limited and often contradictory knowledge on the effect of intrinsic

properties of NP (on the aggregation of NPs. For instance, recent studies reported



contradictory results on the dependence of critical coagulation concentration (CCC), the
minimum counterion concentration required to fully destabilize the dispersion 1, on NP
size. Results from previous studies include a decrease in CCC with a decrease in NP size
(e.g., hematite %, TiO, 192), with an increase in NP size (e.g. CdSe NP %), and an
independence of CCC of NP size (e.g., AuNPs %4 AgNPs %, PtNPs 1%). In addition, some
studies reported a linear correlation between the CCC and NP size (e.g., anatase TiO 1%2),
others found that the CCC better correlated with NP specific area (e.g., TiOz 1%, CdSe NP
103y and another study reported no correlation between CCC and NP size and/or surface
area in presence of monovalent and divalent electrolytes (e.g., PtNP 1%). Previous studies
also reported the important role of stabilizing agent %, impurities introduced during
synthesis process 1% on NPs aggregation. However, a systematic approach to evaluate the
role of NP intrinsic properties on NP aggregation is lacking.

Although the concentration of NPs does not influence the sticking efficiency
(slow/fast aggregation rates), the decrease in NP concentration results in lower collision
frequency, and the formation of smaller NP aggregates °. Additionally, at lower
concentrations, NPs (e.g., AgNPs) are more susceptible to dissolution °!. The
concentration-dependent behaviors (e.g., aggregation and dissolution) of NPs are critical
as they are likely to determine the fate and transport of NPs in the environmental media.
For instance, smaller aggregates are known to remain in suspension, travel for long
distances. At higher concentrations, NPs forms larger aggregates and are more prone to
sedimentation. In contrast, at lower concentrations, increased dissolution of NPs will
complicate the assessment of NP-specific toxicity and may result in a wide spread of NP

byproduct (e.g., dissolved ions) 1%, Studies investigating NP transformation, fate, and



effects at environmentally relevant low concentrations are scarce in the literature, and

further research is required to fill this knowledge gap.

1.5.2. Effect of media chemistry on transformations

The physiochemical properties of media — such as ionic strength, counter-ion
concentration and valency, type of counter-ions, and pH — are key determinant of NP
aggregation and dissolution 343%42:45-50.55.94 Thg jncrease in media ionic strength increases
NP aggregation 1. Multivalent electrolytes are more efficient in destabilizing NP
suspension compared to monovalent electrolytes according to Schulze-Hardy rule 10,
Although buffers are used to maintain a constant pH in the suspension, but their presence
can result in substantial changes in NP surface chemistry ! and stability '*2. Dissolution
is a key environmental transformation process that may determine the effects of NPs (i.e.,
AgNPs) in the environment and within the organisms. Liu et al. (2010) concluded that
silver ion (Ag*) released from AgNPs is a cooperative oxidation process requiring both
protons and dissolved O, . The effects of dissolved Oz, pH, ionic strength, chloride and
ammonia content, and salinity on the dissolution of AgNPs are well documented in the
literature 3% 4% 113-115 - Additionally, aggregation was found to become an important factor
controlling silver release in natural surface water 3. Unlike AgNPs, PtNPs are resistant to
oxidative dissolution and release of dissolved Pt ions and present at low natural background
concentration. Although Pt exhibit significant effects on aquatic organisms >4 116 |jttle
is known about PtNP transformation in different environmental media, especially at

environmentally relevant low concentrations.



1.5.3. Effect of NOM on NP transformations

NOM can act as a competitor to displace intentional engineered coatings (e.g.,
citrate, PVP) on NPs. For instance, NOM molecules (i.e., both HA and FA) were reported
to displace citrate coatings from the surfaces of AgNPs 7 and AuNPs '8 due to the higher
affinity of NOM molecules to NP surfaces. Likewise, cysteine can replace a PVP coating
on AgNPs via strong chemical interaction (thiolate bonding) '° and possibly reduce
environmental bioavailability.

NOM enhances NP stability by enhancing NP electrostatic repulsion and/or steric
hindrance 2122, Also, the introduction of NOM to aggregated NPs may lead to
disaggregation 22, The role of NOM in aggregating/disaggregating NPs depends on the
physicochemical properties of NOM such as charge density, functional groups, and
molecular weight 123, For instance, higher molecular weight NOM increases the stability
of AuNPs due to increased electrosteric repulsion 122126, Another study demonstrated that
aggregation of ZnS NPs decreased with increasing NOM concentration, molecular weight,
and aromatic content of NOM fractions, while carboxylate and reduced sulfur had little
effect 1%/,

The literature presents conflicting results regarding NOM effect on NP (e.g., Ag,
Cu and ZnO) dissolution. Some studies reported that Suwannee River humic acid (SRHA)
and fulvic acid (SRFA) did not affect AgNP dissolution 28, while other studies reported
suppression of AgNP dissolution by SRHA and SRFA *?°. Similarly, whereas one study
reported that Pony Lake fulvic acid (PLFA) decreased AgNP dissolution due to PLFA’s
sulfur and nitrogen content *2, others reported that PLFA increased AgNP dissolution 3,

Furthermore, NOM has been shown to enhance the dissolution of other NPs such as ZnO
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131 and Cu **2, due to complexation between Zn?* and Cu?*, and NOM functional groups.
These variable results likely can be attributed to differences in the molecular composition
of the studied NOMs 2, Thus, to explain the discrepancies of NOM effects on NP
environmental behaviors, there is a critical need for 1) studying NOM:NP interactions over
a library of NOMs having a wide range of properties compared to the few NOMs that have

been studied to date, and 2) molecular-level characterizations of NOM and NOM-corona.

1.6. Nanotoxicity

Toxicity testing for NPs initially focused on establishing toxicity tests that relate
nominal dose to observed effects. These effects vary based on particle type, exposure
concentration, test media, and organism type ** with reported effects ranged from
mortality 34 to change swimming behavior 3, reproduction **¢ or no toxicity at all **3,
Despite the abundance of reported toxicity data, toxicity evaluation of NPs has been
overwhelmed by a number of issues specific to NPs, such as general inability to maintain
exposure dose over the course of the test and co-toxicity of carrier solvents 3% %7, Dose
changes observed in a test can be caused by NP aggregation, dissolution, sulfidation or a
combination of all these processes 3. To overcome this variable nature of organism dose,
researchers started to perform static renewal tests to continually maintain the desired dose
and include dissolved fraction controls to elucidate potential dissolution based effects of
NPs during exposure testing 1% 136 13°  Moreover, majority of previous studies employed
high NPs concentrations (e.g., mg L) with far less than lifecycle exposure times for most
multicellular models. However, few studies have measured chronic toxicity under lower
concentrations (e.g., ug L) for AgNPs % and other NPs 140142 Another fundamental

question driving toxicity testing for metal NPs is whether the metallic NPs are more or less
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toxic and bioaccumulate than their simple mass equivalent dissolved fractions. This type
of experimental setting is required for NPs where dissolution is possible (i.e., AgNPs).
Hence, comparative toxicity and/or accumulation study of metal NPs and equivalent
dissolved fractions with a NP (e.g., PtNPs), that shows no or minimum dissolution in
exposure media, is required to tackle this challenge.

Natural organic matter (NOM) can significantly impact NP bioavailability and
toxicity to aquatic organisms by altering NP dissolution, aggregation, and sedimentation.
The role of NOM on NP bioavailability and toxicity is complex; i.e., even for the same
type of NPs, enhanced %, mitigated °” % and non-significant effects ° have been observed.
For instance, uptake of PVP-AgNPs by a freshwater gastropod was either increased or not
strongly affected in the presence of 1-10 mg L™ SRHA. In contrast, cysteine substantially
reduced PVP-AgNP uptake 3. This was attributed to the fact that humic substances
contain relatively few strong ligands for Ag*, whereas cysteine is rich in thiol groups with
high affinity for Ag*. Similarly, PLFA mitigated AgNPs toxicity to the nematode
Caenorhabditis elegans more effectively than SRFA 14, which was attributed to the higher
metal binding capacity of PLFA compared to SRFA due to compositional differences
between these two NOMs. PLFA has higher N and S content (6.5% N, 3.0% S) than SRFA
(0.72% N, 0.44 % S), suggesting that PLFA has a higher percentage of amine ligands and
reduced sulfur groups that provide more binding sites for Ag* and AgNPs surfaces 45 146,
Tannic acid (TA) has also been shown to reduce ZnO toxicity more efficiently than FA and
HA by reducing bioavailability of free Zn?* in aqueous media *4’. This is because TA has
the highest complexation ability among tested NOMs due to formation of stable TA-Zn?*

complexes with the highly concentrated O-diphenol groups on the TA surface. These
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differences in the role of NOM in NP uptake and toxicity may be due to differences in
NOM molecular composition and consequently NOM-corona molecular composition; and

schematic approach to evaluate both is highly required.

1.7. Dissertation organization

The environmental behavior and effects of NPs at environmentally relevant
concentration are not yet fully understood. In particular, the role of NP’s physiochemical
properties (e.g., particle size, capping agent etc.) and environmental condition (e.g., NP
concentration, presence of NOM, interaction with NOM etc.) on NPs behavior (i.e.,
aggregation, dissolution etc.), fate (i.e., bioavailability), and toxicity is not fully understood
yet. Therefore, the aim of this dissertation is to investigate the effects of NP properties (i.e.,
particle size, NP concentration) and media compositions (i.e., Chloride concentrations,
NOM composition, and NOM-NP interaction) on nanoparticle aggregation, dissolution,
bioavailability, bioaccumulation, and toxicity. This dissertation is organized into seven
chapters.

Chapter 1 provides a general overview of NP characterization, environmental fate
and effect. It also includes the overall research goals of this work and overall dissertation
organization.

Chapter 2 describes the synthesis, characterization, and dissolution behavior of
polyvinylpyrrolidone coated silver nanoparticles (PVP-AgNPs) in synthetic seawater
(SW).

Chapter 3 reports a reproducible protocol for the synthesis of citrate- and PVP-
coated PtNPs of five different sizes (i.e., 20, 30, 50, 75, and 95 nm), together with the

characterization of their properties and environmental behaviors in relevant biological and
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toxicological media using a multimethod approach including DLS, UV-vis, TEM, AFM,
sp-ICP-MS, and FFF.

Chapter 4 investigates the life-cycle chronic toxicity of sublethal exposures of PVP-
AgNPs relative to a dissolved silver nitrate (AgNO3) for the estuarine meiobenthic
copepod, Amphiascus tenuiremis, over a range of environmentally relevant concentrations
(i.e., 20, 30, 45, and 75 pg-Ag LY.

Chapter 5 investigates the role of NP size and NOM composition on the colloidal
stability of PtNPs in MHW using PtNPs of five different sizes of PtNPs (i.e., 20, 30, 50,
75, and 95 nm) and six different NOM fractions, isolated from surface waters.

Chapter 6 investigates the influence of PtNP size and NOM composition on the
bioavailability, uptake, elimination, and bioaccumulation of PtNPs and dissolved Pt (added
as HoPtCle) using a model freshwater snail, Lymnaea stagnalis.

Chapter 7 discusses the overall conclusions of the dissertation, the environmental
implications of the different studies performed as part of this PhD dissertation, and the

recommendations for future studies.
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CHAPTER 2

A RAPID APPROACH FOR MEASURING SILVER NANOPARTICLE

CONCENTRATION AND DISSOLUTION IN SEAWATER BY UV-VIS!

! Sikder, M., Lead, J.R., Chandler, G.T., Baalousha, M. “A rapid approach for measuring
silver nanoparticle concentration and dissolution in seawater by UV-vis”, Science of the
Total Environment, 2018, 618, 597-607

17



Running title: A rapid approach for measuring silver nanoparticle concentration and
dissolution in seawater by UV-vis

Author for correspondence:

Dr. Mohammed Baalousha, Ph.D. Center for Environmental Nanoscience and Risk,
Department of Environmental Health Sciences, Arnold School of Public Health, University
South Carolina, Columbia, South Carolina 29208, United States; Phone: (803)-777-7177;
email: mbaalous@mailbox.sc.edu.

Abstract

Detection and quantification of engineered nanoparticles (NPs) in environmental
systems is challenging and requires sophisticated analytical equipment. Furthermore,
dissolution is an important environmental transformation process for silver nanoparticles
(AgNPs) which affects the size, speciation and concentration of AgNPs in natural water
systems. Herein, we present a simple approach for the detection, quantification and
measurement of dissolution of PVP-coated AgNPs (PVP-AgNPs) based on monitoring
their optical properties (extinction spectra) using UV-vis spectroscopy. The dependence of
PVP-AgNPs extinction coefficient (¢) and maximum absorbance wavelength (Amax) on NP
size was experimentally determined. The concentration, size, and extinction spectra of
PVP-AgNPs were characterized during dissolution in 30 ppt synthetic seawater. AgNPs
concentration was determined as the difference between the total and dissolved Ag
concentrations measured by inductively coupled plasma-mass spectroscopy (ICP-MS);
extinction spectra of PVP-AgNPs were monitored by UV-vis; and size evolution was
monitored by atomic force microscopy (AFM) over a period of 96 hours. Empirical
equations for the dependence of maximum absorbance wavelength (Amax) and extinction
coefficient (¢) on NP size were derived. These empirical formulas were then used to

calculate the size and concentration of PVP-AgNPs, and dissolved Ag concentration
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released from PVP-AgNPs in synthetic seawater at variable particle concentrations (i.e.
25-1500 pg L) and in natural seawater at particle concentration of 100 pg L.

These results suggest that UV-vis can be used as an easy and quick approach for
detection and quantification (size and concentration) of sterically stabilized PVP-AgNPs
from their extinction spectra. This approach can also be used to monitor the release of Ag
from PVP-AgNPs and the concurrent NP size change. Finally, in seawater, AgNPs dissolve
faster and to a higher extent with the decrease in NP concentration toward environmentally

relevant concentrations.

2.1. Introduction

Silver nanoparticles (AgNPs) are the most frequently used type of NPs in nano-
enabled consumer products; AgNPs are used in 435 out of 1814 consumer products 5.
Several studies have demonstrated the release of AgNPs from nano-enabled consumer
products such as fabrics 2% 18 and building facades 3> 1%°, resulting in increased AgNPs
concentration in the environment and posing potential risk to environmental and human
health 20, Currently modelled predicted environmental concentrations (PEC) of AgNPs
are in the range of 0.01 ng L™ to 10 pg L in surface waters 32 33, These predicted AgNP
concentrations might not be an accurate representation of the actual environmental
exposure concentration to AgNPs as they are predicted based on mathematical models that
have not yet been validated °1. Additionally, these concentrations are expected to increase
in the future with the increased use of AgNPs in nano-enabled consumer products 2.
Despite the low predicted environmental concentrations of AgNPs, most studies have
focused on evaluating the fate and behavior of AgNPs at relatively high concentrations (ca.

mg L) 3% Recent studies at near-environmentally relevant NP concentrations
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demonstrated faster dissolution of NPs such as AgNPs °!, formation of smaller aggregates
of NPs such as AuNPs !, lower removal of NPs such as AuNP from the water column in
aquatic systems 3,

In environmental and biological media, AgNPs undergo numerous transformations.
Among others, dissolution is one of the key processes which determines AgNPs fate,
behavior and effects 4+ %°, Several studies investigated the dissolution kinetics of AgNPs
under a variety of experimental conditions 3 3 42:46-50 These studies demonstrated that
dissolution of AgNPs depends on their physicochemical properties (e.g., Size, shape,
surface coatings etc.), concentration °!, aggregation 5> and the characteristics of
surrounding media (e.g., pH, temperature, presence of natural organic matter, and ligand
type and concentration etc.) *°. However, most studies were performed at variable NP
concentrations ° > using different analytical techniques, complicating direct comparison
between the measured dissolution rates.

The most commonly applied approach to measure NP dissolution is based on
separation of dissolved ions from the NPs using ultrafiltration %4, or dialysis % 156
followed by detection of the dissolved Ag ions by ca. inductively coupled plasma-mass
spectroscopy (ICP-MS). Other methods such as atomic force microscopy (AFM) and UV-
vis monitor changes in particle size and plasmon resonance to quantify NP dissolution 1#
157 ICP-MS along with centrifugal ultrafiltration has the advantage of directly measuring
the dissolved ions at low concentrations (ca. ng L™?) but falls short in providing a direct
measure of silver concentration remaining in AgNPs when conditions favor Ag
precipitation (e.g., formation of AgCI precipitates). AFM has the advantage of directly

measuring NP size and provides an evaluation of the evolution of NP size distribution
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during the dissolution process. However, size measurement obtained by AFM can be
biased by the formation of salt precipitates. UV-vis is one of the most widespread analytical
techniques due to its simplicity, reliability, and low-cost instrumentation. It also does not
require a separation step to measure the dissolution of AgNPs, and thus is a rapid
measurement. However, assessment of AgNP dissolution can be complicated by NP
aggregation and sorption of ligands that could influence NP extinction coefficients .
Dissolution data obtained by ultrafiltration coupled with ICP-MS, UV-vis and AFM have
not been systematically compared yet, leading to a knowledge gap in understanding of the
comparability of the dissolution data obtained by these different methods.

Furthermore, NP detection and quantification in environmental systems is
challenging and requires sophisticated equipment such as transmission electron
microscopy (TEM) or AFM 14158159 field flow fractionation coupled with ICP-MS 34 48
160 or single particle-ICP-MS 61, The distinct optical properties of plasmonic NPs (e.g.,
Ag and Au) can be used for their detection and quantification in environmental systems 6%
163 Analysis of NP extinction spectra can provide valuable information about NP size,
structure, concentration and aggregation properties 164,

The aims of this paper are: 1) to develop a fast method, based on surface plasmon
resonance (SPR), to detect and quantify sterically-stabilized AgNPs, 2) investigate and
rationalize the observed variability in PVP-AgNPs dissolution behavior measured by ICP-
MS and UV-vis, 3) investigate the dissolution behavior of PVP-AgNPs in synthetic
seawater at a range of AgNPs concentration (25-1500 pug L) and 4) compare the

dissolution of PVP-AgNPs in synthetic and natural seawater.
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2.2. Materials and methods

2.2.1. Materials/Chemicals

A 99% pure sodium citrate (NasCesHsO7) supplied by VWR (West Chester, USA),
99.9% pure silver nitrate (AgNO3), greater than 98% pure sodium borohydride (NaBH4)
supplied by Alfa Aesar (Ward Hill, USA), and 99% pure polyvinylpyrrolidone of
molecular weight 10,000 (PVVP10) supplied by Sigma Aldrich (St. Louis, USA) were used
for synthesis of AgNPs. Trace metal grade nitric acid (68-70% HNO3) supplied by Fisher
Scientific (Nazareth, USA) was used to acidify samples for ICP-MS analysis. An internal
standard mix supplied by Perkin Elmer Pure Plus was used as internal standard for ICP-
MS analysis, and the ARISTAR PLUS silver (Ag) standard manufactured by British Drug
House (BDH chemicals) was used to prepare standards for ICP-MS calibration. A natural

seawater was collected near the cost of Charleston in South Carolina, USA.

2.2.2. Synthesis and characterization of PVP-AgNPs

Citrate-coated AgNPs (cit-AgNPs) were synthesized by reduction of Ag* ions using
sodium borohydride as a reducing agent and citrate as a capping agent following methods
described elsewhere 1. Briefly, 100 mL of 0.31 mM sodium citrate, 100 mL of 0.25 mM
silver nitrate and 10 mL of 0.25 mM sodium borohydride (NaBH4) were prepared in
ultrahigh purity water (UPW, 18.2 MQ.cm) and kept in dark at 4°C for 30 minutes. Silver
nitrate and sodium citrate were mixed in a flask and stirred at 700 rpm for 10 minutes. Then
6 mL of NaBH4 was added and the resulting mixture was heated for 90 minutes at 115°C
while stirring at 350 rpm. The resulting AgNPs suspension was then left overnight at room

temperature to cool. cit-AgNPs were then washed by ultrafiltration (Amicon, 1 kDa
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regenerated cellulose membrane, Millipore) to remove the excess reagents. 200 mL of cit-
AgNPs suspension was cleaned by pressurized stirred-cell ultrafiltration (Amicon, 1 kDa
regenerated cellulose membrane, Millipore) to remove excess reagents before use. AgQNPs
suspension volume was reduced to 100 mL and then replenished by 100 mL of 0.31 mM
sodium citrate solution. This process was repeated at least three times to avoid further
AgNP growth.

PVP-AgNPs were obtained by a ligand exchange approach using cit-AgNPs as
precursors . Briefly, 200 mL cit-AgNPs were converted into PVP-AgNPs by adding 1
mL of 0.94 M PVP10 solution under vigorous stirring (e.g. 700 rpm) for at least 1 hour.
This amount of PVP was required to obtain full surface coverage of AgNPs by PVP
molecules to impart full steric stabilization 2 .

AgNPs were characterized using a multi-method approach including surface
plasmon resonance (SPR), dynamic light scattering (DLS), zeta potential, inductively
coupled plasma mass spectroscopy (ICP-MS) and atomic force microscopy (AFM) 166-168,
Both cit-AgNPs and PVVP-AgNPs had a single peak plasmon resonance centered on 393nm
and 404nm, respectively. The z-average hydrodynamic diameter (Z-avg), polydispersity
index and zeta potential of cit-AgNP were 17.2 + 0.2 nm, 0.26 £ 0.01, and -37.3 + 1.1 mV,
respectively. The z-average hydrodynamic diameter, polydispersity index and zeta
potential of P\VP-AgNPs were 21.6 £ 0.3 nm, 0.27 £ 0.01, and -23.4 £ 5.4mV. The number
average particle size (N-avg) measured by AFM was 10.1 + 1.3 nm and 12.3 = 2.0 nm for
cit- and PVP-AgNPs, respectively. The shift in the UV-vis absorbance, the increase in the

Z-avg- and N-avg- diameters and the decrease in AgNPs zeta potential further confirms the
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replacement of citrate molecules by PVP molecules. The concentration of PVP-AgNPs
stock suspension was measured by ICP-MS and was 10.81 + 0.28 mg L.

PVP coated AgNPs were used to avoid interferences in the UV-vis signal caused
by NP aggregation. The lowest concentration of AgNPs selected was 25 pug L™ due to the
detection limit of UV-vis. The highest AgNPs concentration of 1500 pg L was used as a

benchmark to enable comparison with data widely available in the literature.

2.2.3. Monitoring PVP-AgNP properties during dissolution in synthetic seawater

A 100 mL of 100 pg Ag Lt PVP-AgNP suspension was prepared by diluting 0.925
mL of AgNPs stock suspension in 75 mL of 30 ppt synthetic seawater (Crystal Seas®
bioassay grade sea salts in carbon-scrubbed 18-mQ deionized H20). All samples were
prepared in triplicate. A 10 mL aliquot of PVP-AgNPs suspensions in seawater was
withdrawn at different time points (ca. 1, 3, 6, 9, 24, 48, and 72 hours post mixing with
seawater) for analysis by UV-vis, ICP-MS and AFM. Samples were processed prior to
analysis as described below. Solution pH was monitored throughout the experiment and

was approximately 8.1 + 0.1.

2.2.4. Total, dissolved and AgNP concentration measurement by ICP-MS

Dissolved Ag species were separated from PVP-AgNPs using centrifugal
ultrafiltration units (3KDa regenerated cellulose membranes, Amicon Ultra-4). The
samples were centrifuged at 3250 g for 15 minutes using an Eppendorf 5810R centrifuge.
The original and filtered samples were then acidified to 10% HNO3 using concentrated
acid (70% HNO:s). Finally, all samples were diluted 200-fold in 1% HNO3 prior to the

analysis by ICP-MS (NexION™ 350D, PerkinElmer Inc., Massachusetts, USA) in order
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to minimize matrix effects and avoid salt formation. Indium (In115) was used as an internal
standard to correct for non-spectral interferences during analysis %°. Each sample was
measured in triplicate and data are presented as mean + 1 standard deviation.

The potential retention of dissolved Ag, or Ag-PVP complexes on the ultrafilters
170,171 plys their sorption to the ultrafiltration unit itself, was evaluated by filtering 101.0 +
2.6 ug Lt Ag (as AgNOs) dissolved in 30 ppt seawater in the absence/presence of 0.036
ug Lt PVP (equivalent to the total PVP in PVP-AgNPs suspension). Samples were
ultrafiltered in triplicate as described above. Ag ion recoveries in absence/presence of PVP
(97.9 £ 1.5% and 95.9 £ 1.8% Ag respectively) were not significantly different (two tailed
T-test, p-value = 0.083). Thus, under the experimental conditions of this study, there was
no retention of Ag ions due to interaction with PVP, complexation to ultrafiltration

membranes, or sorption to the walls of the ultrafiltration unit.

2.2.5. Size evolution measured by AFM

The evolution of NP size distribution during the dissolution processes was
monitored using AFM in order to achieve better understanding of NPs dissolution
processes and comparability among results obtained by the different analytical techniques.
AFM was selected because of 1) the low particle concentration used in this study; which
limits the utility of other NP sizing techniques such as DLS, and 2) the higher sensitivity
of AFM compared to light scattering methods (e.g., DLS), allowing measurements of small
changes in NP size due to dissolution.

The size of PVP-AgNPs (100 pug-Ag L) was monitored over time (e.g., 0, 24, 72
and 96 hour) following mixing with synthetic seawater by AFM (Cypher ES™ AFM,

Asylum Research, an Oxford Instruments company, Santa Barbara, USA). Height
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measurements of AgNPs were made using Igor Pro data analysis software (Asylum
Research, an Oxford Instruments company, Santa Barbara, USA).

AFM samples were prepared by ultracentrifugation of PVP-AgNPs suspensions at
163,000 g for 1 hour onto a freshly cleaved mica substrate using an ultracentrifuge (Sorvall
MTX 150 Micro-ultracentrifuge, Thermo Fisher Scientific Inc., USA) with a swing out
rotor. Mica substrates were then rinsed thoroughly with UHPW three times and left to dry
under ambient air conditions in a covered petri dish. In order to create a flat support for the
mica substrate a Teflon insert was inserted at the bottom of each centrifuge tube %8, All
samples were diluted 10 times in synthetic seawater to avoid overloading of PVP-AgNPs
onto the AFM substrate.

AFM analyses were carried out in true non-contact mode under ambient conditions.
All images were recorded in ACAirTopography mode with 256x256 pixel size resolution
and a scan rate of 1.0 Hz. At least five different areas on each substrate were analyzed and
a minimum five images from each area were collected, resulting in at least 25 images per
analysis for each substrate. At least 140 height measurements were performed for each
sample, which are sufficient to produce a representative particle size distribution (PSD) 266,
In order to construct number particle size distribution histograms (NPSD) measured heights
were classified into intervals of 1 nm. The NPSD was then converted to volume PSD

(VPSD) as described elsewhere 172,

2.2.6. Extinction spectra evolution by UV-vis

Extinction spectra of PVP-AgNPs aliquots collected at different time points
following suspension in seawater were recorded over the wavelength range of 200 to 800

nm using a UV-vis spectrometer (UV 2600, Shimadzu Co., Kyoto, Japan) with a 10-cm
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path-length quartz cuvette. PVP-AgNPs with full surface coverage by PVP molecules are
sterically stabilized and do not undergo aggregation even at very high salt concentrations
46 (the absence of aggregation is discussed further in the results and discussion section).
Thus, the observed reduction in UV-vis absorbance at Amax is attributed to the dissolution
of PVP-AgNPs 7. The % of Ag released from PVP-AgNPs after mixing with seawater
can be calculated according to Equation. 2.1 assuming that the extinction coefficient of
AgNPs does not change with size. Zook et al. (2011) %7 suggested that in the absence of
aggregation this decrease in absorbance is a robust measure of AgNPs dissolution, and the
results obtained by UV-vis absorbance loss correlates well with dissolution measurements
obtained by ultrafiltration coupled with ICP-MS. Here, we first test this hypothesis, and

then we account for size-dependent extinction coefficient as discussed below.

Ag released from Ag NPs (%) = ”Vm;’;“"””m“'tx1oo Equation 2.1
Amax,to

2.2.7. Calculation of NP concentration and dissolution from UV-vis

The extinction coefficient (€) of light is the net effect of scattering and absorption
and describes the effect of the interaction between radiation and the matter upon which it
impinges. The extinction coefficient can be calculated from NPs absorption (A) at
maximum absorbance wavelength (imax) and molar concentration (C, mol L™?) using the

Beer-Lambert law 17

g= 2 Equation 2.2
C.L
N .
C=— Equation 2.3
Na
Cnyp = Nmyp Equation 2.4
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Where L is path length of light through the sample (i.e., 10 cm), N is number density
of NPs (NP L), Na is Avogadro’s number, Cnp is the total mass of silver in PVP-AgNPs
suspension, myp is mass of a single NP, Vnp is volume of a single NP, d is the diameter of
asingle NP and p is density of the nanoparticle material (i.e., 10.5 x 10* kg m™ for AgNPs).
Substituting equations 2.3-2.5 in equation 2.2 results in equation 6, which relates the total

mass of silver in PVP-AgNP to their size and extinction coefficient

ﬂdSpANA
6Le

Cyp = Equation 2.6

The volumetric cross-section of AgNPs plays an important role in changing NP
extinction spectra. For a population containing equal concentrations of two sizes of AgNPs,
the larger NPs contribute more to the extinction spectra, or extinction coefficient value.
Therefore, we used volume weighted mean size (v-avg.) to calculate AgNPs extinction
coefficients. Additionally, despite having small differences in theoretically calculated
extinction coefficient depending on NPSD and VPSD, Paramelle et al. (2014) suggested
that volume average size would be more accurate in calculating these parameters (e.g.,
Amax, €) particularly when AgNPs are smaller than 20 nm "3, The Amax Was measured for
each of the collected spectra (Table S1) and was correlated to volume-weighted mean size
of PVP-AgNPs to obtain an empirical equation describing the dependence of Amax 0n AgNP
size.

The dissolution of PVP AgNPs in synthetic seawater was also measured at different
NP concentrations (i.e., 25, 50, 500, 1000 and 1500 ug-Ag L™?). All samples were prepared
in triplicate and analyzed by UV-vis as discussed above. The Amax Was measured for each

of the collected spectra, which was then used to calculate P\VP-AgNPs volume average size

(Equation 2.8), extinction coefficient (Equation 2.9) and concentration (Equation 2.6) (see
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results and discussion). The % Ag released from PVP-AgNPs can then be calculated

according to Equation 2.7

% Ag released from AgNPs in seawater = M * 100 Equation 2.7
NP,t0

Where Cnpo and Cneyi are the total mass of silver in PVP-AgNPs suspension at
time 0and i=3, 6, 9, 24, 30, 48, 72 and 96 h following mixing in seawater. The % dissolved
Ag over time was then fitted using a first order kinetic dissolution model as described

elsewhere ** and dissolutions rates are summarized in Table A.2.
2.3. Results and discussion

2.3.1. Concentration of dissolved Ag measured by ICP-MS

Total and dissolved silver concentrations [Ag] as a function of time after mixing
with synthetic seawater and measured by ICP-MS with ultrafiltration are presented in
Figure 2.1. Total [Ag] was 97.9 + 4.5 pug-Ag L and dissolved [Ag] was approximately
23.6 + 0.7 ug-Ag L immediately (within the preparation and centrifugation time ca. 20
minutes) after mixing with seawater and increased to 89.8 + 1.6 pg-Ag L™ within 168 hours
(7 days). Figure 2.1 demonstrates that under the experimental conditions of this study, the
dissolution of PVP-AgNPs does not reach equilibrium (i.e., no plateau of dissolved [Ag])
and AgNPs almost completely (ca. 92%) dissolved within 7 days. The absence of
equilibrium is due to the high concentration of CI-, which acts as a sink for Ag" ions
released from PVP-AgNPs following oxidative dissolution of PVP-AgNPs through the
formation of AgClz” and AgCls* complexes, thus maintaining a high Ag* gradient between

the surface of AgNPs and the bulk solution "4
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2.3.2. Particle size evolution due to dissolution

Representative AFM micrographs of PVP-AgNPs in UHPW and at different time
points (i.e. 0, 24, 48, 72, 96 hours) after dilution in 30 ppt seawater are shown in Figure
A.la and Al(b-f), respectively. Qualitatively, AFM images show that PVP-AgNPs are
randomly distributed on the mica substrate. The number particle size distributions (NPSD)
of PVP-AgNPs in UHPW and at different time points (i.e. 0, 24, 48, 72, 96 hours) after
dilution in 30 ppt seawater are shown in Figure 2.2. These NPSD were converted to
volume particle size distributions (VPSD), which is required for the calculation of [Ag] in
NPs using UV-vis (see materials and methods). Number and volume weighted average size
(n-avg. and v-avg., respectively) and polydispersity indices are presented in Table 2.1.

In UHPW, PVP-AgNPs show a monomodal distribution with number (n-avg.) and
volume average sizes (v-avg.) of 14.7 £ 5.0 and 19.4 £ 5.1 nm, respectively (Figure 2.2a).
Immediately after mixing with 30 ppt seawater, the NPSD and VPSD of PVP-AgNPs shifts
to slightly higher sizes with number and volume average sizes of 15.8 £ 5.2 and 20.6 + 5.3
nm, respectively. This change in NP size after mixing with seawater is small but
statistically significant (Two-tailed t-test for unequal variances; p-value = 0.018). This size
shift in the NPSD and VPSD can be attributed to the rapid dissolution of smaller AgNPs
(ca. < 7nm) immediately after mixing with seawater *°. The disappearance of smaller PVP-
AgNPs is congruent with the faster dissolution rates of smaller AgNPs relative to larger
ones .

As PVP-AgNPs dissolve over time (> 24 hours, Figure 2.2c-f), the NPSD and

VPSD of PVP-AgNPs shift towards smaller sizes, with a decrease in the number- and
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volume-weighted average sizes, increased frequency of smaller NPs and narrower size
distributions (i.e., reduced polydispersity, Table 1).

In sum, AFM analysis suggests that in seawater smaller PVP-AgNPs (ca. <7 nm)
fully dissolve rapidly (within hours), but larger NPs dissolve at slower rates and become
smaller over time. This decrease in NP size over time may complicate the assessment of
AgNPs size relationships relative to fate and toxicity. For instance, many studies have
reported size-dependent toxicity of AgNPs 3¢ 5177 while others did not find any

correlation between NP size and toxicity **.

2.3.3. Evolution of PVP-AgNPs extinction spectra in seawater

Extinction spectra of 97.9 + 4.5 ug-Ag L™t PVP-AgNPs in seawater at different time
points following mixing of PVP-AgNPs with seawater are presented in Figure 2.3a. PVP-
AgNPs have a single plasmon resonance peak, which decreases with time. The decrease in
the UV-vis absorbance is attributed to NP dissolution due to the absence of peak
broadening, shoulder formation or the formation of a second peak at higher wavelengths
that can be attributed to NP aggregation and/or shape transformation "8 1°, Several studies
used the loss in UV-vis absorbance as a measure of NP dissolution 5% 129157, 180-182 Figyre
2.3b shows the % loss in UV-vis absorbance with time which follows the same trend as
the increase in dissolved Ag concentration measured by ICP-MS coupled with Ag
separation by ultrafiltration (Figure 2.1). However, the dissolved Ag (%) calculated from
the loss in UV-vis absorbance assuming a constant extinction coefficient of PVP-AgNPs
during the dissolution process is higher than those calculated from direct measurement of
dissolved ions by ICP-MS following ultrafiltration (Figure 2.4). The differences in the %

dissolved Ag measured by UV-vis from ICP-MS along with ultrafiltration could be
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attributed to several factors; 1) sorption of dissolved Ag ions to free PVP molecules, 2)
formation of AgCl precipitates in the seawater matrix, and/or 3) reduction in the extinction
coefficient of AgNPs correlated with a decrease in NP size due to dissolution, as
demonstrated by AFM 173

PVP released from AgNPs could contain some Ag ions that can be retained on the
filter during the ultrafiltration step. It is well known that there is a strong interaction
between functional groups (C=0 and C-N, more likely with C-N in case of Ag) of PVP
and metal ions 7% 171183 p\/P may provide adsorption sites for the removal of Ag ions.
However, control experiments using 101.0 + 2.6 pg-Ag L (from AgNOs) in 30 ppt
seawater containing 0.036 pg L™ PVP (i.e., equivalent to the total [PVP] in the 97.9 + 4.5
ug-Ag LT PVP-AgNPs suspension) showed no significant reduction of dissolved Ag ion
(total dissolved Ag concentration is 95.3 + 3.0 pug-Ag L™ after ultrafiltration) attributable
to sorption onto free PVP molecules. Thus, PVP molecules do not account for the
differences in the measured dissolution between UV-vis and ICP-MS.

The concentration of silver used was below the saturation level of silver chloride
(AgClI) in seawater. Thus, within the concentration range used in this study (25-1500 ug L
1, no AgClI precipitates would be expected. Therefore, the quantitative differences in the
measured % dissolved fraction by UV-vis and ICP-MS can be attributed to the reduction
in extinction coefficient occurring with the decrease in NP size due to their dissolution in
seawater 1”3, The UV-vis absorbance depends not only on NPs concentration, but also on
their extinction coefficient. Thus, the reduction in UV-vis absorbance at Amax IS @ combined

effect of NP dissolution and the corresponding reduction in AgNPs extinction coefficient.
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2.3.4. Size-dependent maximum absorbance wavelength and extinction coefficient for

PVP-AgNPs

The maximum absorbance wavelength (Amax) for PVP-AgNPs gradually shifts
towards shorter wavelengths with time (blue shift, Figure 2.3a and Table A.1), which can
be attributed to NP size reduction as a result of their dissolution 84, The spectra of AgNPs
are highly sensitive to particle size distribution, where the maximum absorbance
wavelength shifts to shorter wavelengths due to decrease in NP sizes as larger AgNPs
contribute more to absorbance and scattering 3. The shift in the Amax iS in agreement with
the reduction in NP mean size and dispersity observed by direct measurement of NP size
distribution by AFM 84 Figure 2.5a and Eq.8 show the correlation (R? = 0.96) between
PVP-AgNP volume average size and the maximum absorption peak position (Amax), Which
can be used to calculate PVP-AgNPs size in seawater.

d = 0.11 (Angy)? — 89.88 (Anay) + 17,775.94 Equation 2.8

Similarly, the calculated extinction coefficient of P\VP-AgNPs decreases with the
decrease in NP volume-weighted mean size (Figure 2.5b, Equation 2.9), as reported by
others 12173 The calculated extinction coefficients for PVP-AgNPs (2.4 to 34 x 108 M*
cm™ for 9.7-20.6 nm volume average size) are lower than those reported for cit-AgNPs
(5.56 to 41.8 x 108 Mt cm™ for 10-20 nm volume average size) *"3. The difference in
extinction coefficient between cit- and PVP-AgNPs might be due to the differences in the
capping agent or the media composition 4. Eq. 6 enables us to calculate the concentration
of PVP-AgNPs and dissolved Ag from extinction spectra in a nondestructive way.

£ = 0.202¢0-251%d Equation 2.9
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2.3.5. Validation of the concentrations calculated by UV-vis

To validate the results obtained by UV-vis, the concentration of PVP-AgNPs at
different nominal [Agttal] cONcentrations in seawater were measured both by ICP-MS (as
the difference between [Agiotal] and [Addissoived]) and UV-vis (Table 2.2). The calculated
[PVP-AgNPs] by ICP-MS and UV-vis are in good agreement (within <10% error),

ensuring the accuracy of UV-vis to measure the concentration of plasmonic NPs.

2.3.6. Case study 1: Impact of NP concentration on their dissolution in synthetic seawater

The dissolution of PVP-AgNPs in synthetic seawater at a range of PVP-AgNP
concentrations  (25-1500 pg L71) was investigated using the validated UV-vis
spectrophotometry approach. UV-vis was used due to practicality, cost and speed, as UV-
vis does not require a fractionation step to separate Ag ions from AgNPs prior to analysis.
PVP-AgNP size and the corresponding extinction coefficient were calculated using Eq.8
and 9, respectively. These parameters were then used to calculate the concentration of PVP-
AgNPs (using Eq. 6) and the % of Ag ions released from PVP-AgNPs (using Equation. 7).
The % loss in UV-vis absorbance of PVP-AgNPs in seawater at different NP
concentrations is presented in Figure 2.6a, which were converted to % Ag ion released
from PVP-AgNPs as described above (Figure 2.6b). The maximum absorbance
wavelength position (Amax) Of PVP-AgNPs in seawater decreases with time (Figure 2.6¢)
due to reduction in NP size by dissolution, which was converted to volume-average particle
size (Figure 2.6d).

At high NP concentration (1500 pg L) only a small fraction of PVP-AgNPs (ca.

10 £ 2.5%) undergo dissolution within 96 hours. As the concentration decreases, the
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fraction of dissolved AgNPs increases and reaches near complete dissolution (83 = 4%)
within 48 hours at 25 pg L™t Ag concentration. The dissolution profiles were fitted using a
first-order kinetic dissolution model **. The rate of dissolution increases with the decrease
in NP concentration and it follows a logarithmic profile as a function of NPs concentration
(Figure 2.6e, Table A.2).

AgNPs dissolve via oxidative dissolution mechanisms, where AgP at the surface of
AgNPs oxidize and form Ag", followed by the diffusion of Ag* to the bulk solution due to
the concentration gradient of Ag* between the surface of AgNPs and the bulk solution 85,
Due to the high concentration of CI™ in sea water, the speciation of Ag is dominated by the
formation of AgCl,, and AgCls®> complexes. These complexes act as a sink for Ag* and
therefore maintain Ag* gradient between the surface of AgNPs and the bulk solution. The
slower dissolution of AgNPs at higher NP concentration may be attributed to the closeness

to saturation concentration of AgCl,” and AgCls? formation at high NP concentrations.

2.3.7. Case study 2: dissolution of PVP-AgNPs in synthetic vs. natural seawater

The extinction spectra of 100 pg-Ag L™ PVP-AgNPs in 20 ppt synthetic and natural
seawaters at different time points following mixing PVP-AgNPs with seawater are
presented in Figures 2.7a-b, respectively. In both cases, PVP-AgNPs have a single
plasmon resonance peak, which decreases with time to a larger extent in synthetic
compared to natural seawater. The decrease in UV-vis absorbance is attributed to NP
dissolution due to the absence of NP aggregation and/or shape transformation as discussed
above®. The % loss in UV-vis absorbance at Amax, the % Ag released (as calculated from
the UV-vis spectra taking into account the size dependent extinction coefficient), the shift

in Amax OVer time and the PVP-AgNP size-change over time are presented in Figures 2.8a-
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d. Figure 2.8 shows that the dissolution behavior of PVP-AgNPs in synthetic and natural
seawaters follows the same trend with some differences in dissolution rate. PVP-AgNPs
dissolve faster (Table 3) in synthetic seawater (dissolution rate = 0.008 h™') compared to
natural seawater (dissolution rate = 0.005 h') at the same salinity (i.e., 20 ppt), which can
be attributed to the differences in the chemical composition of natural and synthetic
seawater, and most notably the presence of natural organic matter in the natural seawater.
Natural organic matter has been shown to reduce dissolution of AgNPs under different

environmental conditions 42115186

2.3.8. Advantages, limitations and potential future development

Advantages of this approach include simplicity, low-cost instrumentation, lower
NP size detection compared with many analytical methods, and wide availability of UV-
vis instrumentation in most analytical laboratories. This method can be widely used for
polymer coated NPs in inorganic media (e.g., exposure media) such as USEPA synthetic
waters and natural seawater (see case study presented above), charge stabilized NPs in low
ionic strength media or electrolyte solutions 1’8, and for all NPs in low ionic strength natural
waters such as Shield lakes in Canada and northern Scandinavia &’

Limitations of this approach include interferences in the UV-vis absorbance due to
aggregation of electrostatically stabilized NP, chemical sorption of water constituents on
the surface of PVP-AgNPs, the poor detection limit of UV-vis when using cuvettes with
short path length (e.g., the commonly used 1 cm path length) cuvettes in most laboratories
178,18 and the lack of tabulated values for NM extinction coefficient as a function of their
size in different environmental matrices. The interferences limitation due to NP

aggregation can be overcome by developing approaches to break NP aggregates into
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primary particles, or by developing approaches to deconvolute the absorbance peaks of
individual and aggregated NPs.

The use of liquid waveguide capillary cells — sample cells with optical path length
up to 500 cm compared to the conventional UV-vis cuvettes with optical path length of 1
cm — can increase significantly UV-vis sensitivity (up to 500 times) and thus can reduce
detection limits (ca. sub pg L) toward NP concentrations even lower than those studied
in this work (e.g., 25 pug L™) 8. Such developments will enhance the capability of UV-vis
as a NM detection and quantification tool. Future research should generate data on NM
extinction coefficient as a function of NP size in different environmental and biological
matrices. Finally, further validation of the presented approach for highly polydispersed
samples, for NPs with different capping agents, and in the presence of naturally occurring

particles is required.

2.4. Conclusions and environmental implications

This study demonstrates the application of UV-vis spectroscopy for the
quantification of sterically stabilized PVVP-AgNPs concentration and dissolution in a high
ionic strength aqueous solution (seawater). We calculated the correlation between NP size,
Amax and &, which overcomes the need to measure NP size by more direct measurement
methods. This implies that UV-vis can be used as a detection method to measure the
concentration of AgNPs in seawater and potentially other environment matrices. Because
NPs exhibit unique size-dependent properties, particle size cannot be overlooked and must
be explicitly monitored so that a fundamental understanding of the underlying size-
dependent processes and the influence of NP dispersity on the nanoscale can be discerned

6. The concentration-dependent dissolution of AgNPs in toxicological media (e.g.,
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seawater) means that NP size changes differently at different exposure concentrations. At
lower concentrations, NP size decreases faster and to a higher extent than at higher NP
concentrations. This differential change in NP size should be considered when
investigating toxicological effects and risks of AgNPs in the environment. For instance,
smaller NPs may be more efficient in crossing biological barriers *’>. For ecotoxicological
assays, the nature of the toxicant (e.g., dissolved, number and size of primary AgNPs) will
be different at different concentrations due to their concentration-dependent dissolution.
Higher dissolution rates and consequently faster reduction in primary NP sizes at lower NP
concentrations suggest that, at lower concentrations, NPs and their dissolution products
may be more bioavailable than has been considered toxicologically in most cases. Toxicity
results obtained at high NP concentration may produce inaccuracies in risk assessments
when extrapolated to the often much lower but environmentally-relevant concentrations
seen in the field. In order to approach realism and to avoid underestimation of potential
risk, we suggest that environmental fate and effects studies of NPs, and the characterization
of NPs underpinning these studies, be performed at environmentally-relevant NP

concentrations.
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Figure 2.1. Evolution of dissolved [Ag] measured by ICP-MS. All experiments were
performed in triplicates and are reported as mean concentration * standard deviation. The
dashed line indicated the total Ag concentration (97.9+4.5 pg-Ag L™?)
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Figure 2.2. Number particle size distribution (NPSD) measured by atomic force
microscopy and calculated volume particle size distribution (VPSD) of 97.9+4.5 ug Ag L-
1 PVP-AgNPs in (a) ultrahigh purity water, and in synthetic seawater after (b) O hr, (c) 24
hr, (d) 48 hr, (e) 72 hr and (f) 96 hr. Corresponding number of measured particles and their
number and volume mean sizes are summarized in Table 2.1.
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Figure 2.3. (a) UV-vis spectra of 97.9+4.5 pg-Ag L™ PVP-AgNPs in seawater as a function
of time, and (b) % loss of UV-vis absorbance at Amax.
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Figure 2.4. Comparison between the measures of PVP-AgNPs dissolution; loss in
absorbance measured by UV-vis and release of dissolved Ag ions measured by ICP-MS
along with separation by ultrafiltration
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Figure 2.6. Dissolution behavior of PVP-AgNPs in 30 ppt seawater as a function of AgNPs
concentration: (a) % loss in UV-vis absorbance, (b) % Ag released from AgNPs calculated
by taking into account the size-dependent extinction coefficient, (c) evolution of maximum
absorbance wavelength overtime, (d) size evolution calculated from UV-vis spectra, and
(e) correlation between AgNPs concentration and dissolution rate
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Table 2.1. Number and volume mean size of PVP-AgNPs analyzed by AFM samples at
different time points. Corresponding number particle size distribution histograms are
presented in Figure 2.

Sample n-avg. £ SD (PDI) v-avg. = SD (PDI) | Number of
nm. nm analyzed

NPs
NPs in UPW at O hr 14.7 £5.0 (0.34) 19.4 £5.1 (0.27) 235
NPs in SW at 0 hr. 15.8 £5.2 (0.33) 20.6+ 5.3 (0.26) 192
NPs in SW at 24 hr. 11.6 £3.6 (0.31) 14.8 £4.0 (0.27) 235
NPs in SW at 48 hr. 10.0 £ 2.6 (0.26) 12.3+£2.8(0.23) 140
NPs in SW at 72 hr. 8.7 £2.0(0.23) 10.6 £ 2.6 (0.24) 191
NPs in SW at 96 hr 8.1+1.7(0.21) 9.7 £2.1(0.24) 227

n-avg. =number weight mean size

v-avg. = volume weighted mean size

SD= standard deviation

PDI= polydispersity index (=average size/ SD)
SW = seawater
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Table 2.2. Comparison of concentration of PVP-AgNP measured by ICP-MS and UV-vis

(ug LY

Measured [AgNP]

. by ICP-MS = Calculated PVP-
Nominal [Agota] [AGiol- [AGNP] by UV-vis % error
[Agultrafiltered]
25 13.8 14.6 5.8
50 34.2 31.9 6.7
500 281.5 268.6 4.6
1000 608.9 550.7 9.5
1500 1083.6 1124.7 3.8
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Table 2.3. Dissolution rate (k) and fitted coefficient (A) of 100 pug L™ PVP-Ag NPs in 20
ppt natural seawater and 20 and 30 ppt synthetic seawater. Dissolution rates are presented

as a mean and standard deviation of three independent replicates

Media characteristic

Dissolution rate (k), ht

Fitted Parameter (A)

20 ppt natural seawater 0.005 + 0.001 0.80 £ 0.02
20 ppt synthetic seawater 0.008 + 0.002 0.80 £ 0.01
30 ppt synthetic seawater 0.019 + 0.004 0.79+£0.01
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CHAPTER 3

SYNTHESIS, CHARACTERIZATION, AND ENVIRONMENTAL
BEHAVIORS OF MONODISPERSED PLATINUM NANOPARTICLES!

! Sikder, M., Wang, J., Chandler, G.T., Berti, D., Baalousha, M., “Synthesis,
characterization, and environmental behaviors of monodispersed platinum nanoparticles”,
Journal of Colloid and Interface Science, 2019, 540, 330-341

50



Running title: Synthesis, characterization, and environmental behaviors of monodispersed
platinum nanoparticles

Author for correspondence:

Dr. Mohammed Baalousha, Ph.D. Center for Environmental Nanoscience and Risk,
Department of Environmental Health Sciences, Arnold School of Public Health, University
South Carolina, Columbia, South Carolina 29208, United States; Phone: (803)-777-7177;
email: mbaalous@mailbox.sc.edu.

Abstract

The release of platinum group elements, including platinum nanoparticles (PtNPSs),
has been increasing over the past decades. However, few studies have investigated the fate,
behavior and effects of PtNPs in environmental media. Here, we report a protocol for the
synthesis of five different sizes (8.5+1.2, 10.3+1.3, 20+4.77, 40.5%4.1, and 70.8+4.2 nm)
of monodispersed citrate- and polyvinylpyrrolidone (PVP)-coated PtNPs, together with
their characterization using a multi method approach and their behavior in relevant
biological and toxicological media. In general, PtNPs sizes measured using dynamic light
scattering, field flow fractionation, single-particle inductively-coupled plasma-mass
spectroscopy, transmission electron microscopy and atomic force microscopy, were all in
good agreement when PtNP sizes were larger than the size detection limits of each
analytical technique. Slight differences in sizes measured were attributable to differences
in analytical techniques, measuring principles, NP shape and NP permeability. The
thickness of the PVP layer increased (from 4.4 to 11.35 nm) with increases in NP size. The
critical coagulation concentration of cit-PtNPs was independent of NP size, possibly due
to differences in the PtNPs surface charge as a function of NP size. PtNPs did not undergo
any significant dissolution in any media tested. PtNPs did not aggregate significantly in
Dulbecco's modified Eagle's medium, but they formed aggregates in moderately hard water

and 30 ppt synthetic seawater, and aggregate size increased with increases in PtNPs
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concentration. Overall, this study establishes a general model NP system (i.e., PtNPs) of
different sizes and coatings that can be used to investigate the fate, behavior, uptake, and

eco-toxicity of NPs in the environment.

3.1. Introduction

The global production of platinum group elements (PGE) has grown steadily since
1970, and the global production of platinum (Pt) alone increased to 190 tons with an annual
demand of 257 tons in 2016 °8. The main use of Pt is in the catalytic convertors of cars,
trucks, and buses, accounting for approximately 50% of Pt demand each year. Mandatory
installation of catalytic convertors in motor vehicles reduced the emission of harmful
exhaust emissions (e.g., carbon monoxide, nitrogen and sulfur oxides, hydrocarbons,
aldehydes, and heavy metals etc.) 5% %, but it resulted in an increased release of PGE (i.e.,
Pt, Pd, Rh, Ru, Os and Ir) to the environment ®!, and some studies demonstrated the release
of Pt in the form of nanoparticles (NPs) 62 53, The concentration of Pt in environmental
samples, such as road dust, soil, surface water, sediments and plants has increased
significantly in recent decades %8, The concentration of Pt in aquatic ecosystems (0.4-
10.8 ng-Pt L) is relatively low compared to their concentration in the immediate vicinity
of roads (50 ng-Pt g* of road dust) ®. Even higher Pt concentration (> 300 pg g*) has
been reported in Mexico city road dust %. Additionally, Pt complexes (e.g. cisplatin,
carboplatin) are used for cancer treatment °, and platinum nanoparticles (PtNPs) have
shown promise in this use °. The majority of drugs containing Pt complexes are excreted
in patients’ urine (about 70%) and enter wastewater systems®®. Treatment removal
methods for these active compounds are lacking which contributes to environmental Pt

contamination 6% 7°,
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Several studies have reported Pt toxicity to aquatic organisms including water fleas
(Daphnia magna, 3-weeks LCso= 520 pg L) ™, freshwater oligochaetes (Variegatus
lubriculus, 96-h LCso= 0.4-30 mg L) "2, freshwater microalgae (Pseudokirchneriella
subcapitata, 72-h ECso = 17 mg L) " and marine bacteria (Photobacterium
phosphoreum, ECso= 25 pg L1)™. A recent study also reported reproductive toxicity of
PtNPs to zebra fish after chronic exposure ¢,

Currently little is known about the environmental behaviors of PtNPs such as
aggregation and dissolution in environmental media. Understanding the nature of exposure
and the transformations of PtNP physiochemical properties during (eco)toxicology
exposures is essential to interpret and quantify any dose-response relationships. These
transformations, which are likely to occur in (eco)toxicological media during acute to
chronic exposure periods, have been investigated extensively for other NPs (e.g., AgNPs,
AUNPs, CeO2-NPs etc.) 77 but not for PtNPs. According to previous studies (with other
NPs), aggregation and/or dissolution can significantly alter NP behavior (e.g., dosimetry,
uptake, toxicity) and fate (e.g., pharmacokinetics, bioavailability, and biodistribution) &
80_

The study aims to 1) develop reproducible protocols for the synthesis of
monodispersed PtNPs of five different sizes and two coatings (citrate and
polyvinylpyrrolidone; PVP); 2) evaluate the aggregation kinetics of PtNPs in the presence
of monovalent (i.e., NaNOs) and divalent electrolyte (i.e., Ca(NOz3)2); and 3) evaluate the
colloidal stability (e.g., aggregation and dissolution) of cit- and PVVP-coated PtNPs in three
different media, moderately hard water (MHW), 30 ppt synthetic seawater (SW), and

Dulbecco's modified Eagle's medium (DMEM). Monodispersed PtNPs were synthesized
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to avoid confounding results due to NP dispersity 1. Citrate and PVP surface coatings
were used in this study as model surface coatings because they are well-characterized,;
widely used in published studies; and they impart two mechanisms of NP stabilization (e.qg.,

electrostatic stabilization and steric stabilization, respectively) % 191,

3.2. Methodology

3.2.1. Particle synthesis

Citrate- and polyvinylpyrrolidone-coated PtNPs (cit-PtNPs and PVVP-PtNPs) of five
different hydrodynamic sizes ranging from 20 to 95 nm (labelled as PtNP2, PtNP3p,
PtNPso, PtNP7s5, and PtNPgs) were synthesized by modifying the PtNPs synthesis protocol
developed by Bigall et al. (2008) 1% as described below.

PtNP20. Spherical cit-PtNP seed suspensions (8.7 nm diameter) were synthesized
according to previously published synthesis protocols 1% 1%, Briefly, 36 mL of 5 mM
chloroplatinic acid hydrate (H2PtCle, > 99.9% pure, supplied by Sigma-Aldrich, St. Louis,
USA) was added to 464 mL ultra-high pure water (UHPW, 18.2 MQ- cm) at boiling point.
50 pL of 1 M sodium hydroxide (NaOH, supplied by Sigma-Aldrich, St. Louis, USA) was
then added to the solution because it favors the production of monodispersed small PtNPs
(< 10nm) %4, After 1 minute, 11 mL of 1% sodium citrate solution were added dropwise.
After 30 seconds, 5.5 mL of a solution containing 0.08% sodium borohydride (NaBH4, >
98% pure, supplied by Alfa Aesar, Ward Hill, USA) and 1% sodium citrate (Na3CsHsO7,

supplied by VWR International, West Chester, USA) were added quickly to the boiling

solution. After 10 minutes, the product was left to cool down to room temperature under
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ambient conditions. All reactions took place under vigorous stirring (i.e., 700 rpm) in
covered Erlenmeyer flask.

PtNP20. 10 mL PtNP2o suspension were diluted in 290 mL UHPW, to which 450
pL of 0.4 M H2PtCls were added under constant stirring (700 rpm). 5 mL of 1% sodium
citrate and 1.25% L-ascorbic acid (aqueous) were added dropwise (1 drop per 3 seconds)
to the PtNP and H2PtCle mixture. The temperature was slowly raised (~10°C per minute)
to boiling under vigorous stirring (i.e., 700 rpm) and then poised at boiling point (100°C)
for 30 minutes. The resulting suspension was left to cool at room temperature.

PtNPso, PtNP75, and PtNPgs. Larger PtNPs were synthesized by diluting different
volumes (40, 10, and 2.5 mL) of the PtNPs in 260, 290, and 297.5 mL UHPW,
respectively. 450 puL of 0.4 M H2PtCls solution were added to the diluted suspensions under
vigorous stirring (700 rpm). Then, 5 mL solution containing 1% sodium citrate and 1.25%
L-ascorbic acid were added dropwise. The temperature was raised slowly to boiling, as
above, under vigorous stirring for 30 minutes and left to cool at room temperature.

Purification of PtNPs. All synthesized cit-PtNP suspensions were washed three
times by ultrafiltration to remove excess reagents. 300 mL cit-PtNP suspension were
reduced to 150 mL by ultrafiltration over 3 kDa regenerated cellulose membrane using
Amicon® stirred-cell ultrafiltration unit (EMD Millipore Corporation, MA, USA) under
15 psi pressure (nitrogen). The PtNP suspension was replenished by 150 mL solution of
1% sodium citrate.

PVP-PtNPs were obtained by a ligand exchange approach using cit-PtNPs as
precursors . Briefly, 300 mL cit-PtNPs of different sizes (i.e., PtNP2o- PtNPgs) were

converted into PVP-PtNPs by adding 1, 0.85, 0.48, 0.20, and 0.12 mL of 7.7 mM PVP
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solution, respectively, under vigorous stirring (e.g., 700 rpm) for at least 1 hour. The
amount of PVP was selected to obtain full surface coverage of PtNPs by PVP molecules in
order to impart full steric stabilization %, assuming that PtNPs are spherical and that 8 PVP
molecules/nm? are required to fully cover a PtNP surface.

The concentrations of the synthesized cit- and PVP-PtNPs were measured using a
NexION 350D inductively coupled plasma-mass spectrometer (ICP-MS). 1 mL aliquot of
each PtNP suspension was digested using 1 mL freshly-prepared aqua regia at room
temperature for 24 hours. Aqua regia was prepared by mixing 1 mL hydrochloric acid
(trace metal grade, 35-38%, Fisher scientific, MA, USA) and 3 mL nitric acid (trace metal
grade, 68-70%, Fisher scientific, MA, USA) in acid cleaned glassware. The digested PtNP
solutions were diluted at least 3000 times prior to analysis by ICP-MS, and all samples

were measured in triplicate.

3.2.2. Particle characterizations

The z-average diffusion coefficient and electrophoretic mobility (EPM) of the
synthesized PtNPs were measured by dynamic light scattering (DLS) and laser Doppler
electrophoresis using a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., MA,
USA). All measurements were performed at 25°c after a 2-min temperature equilibration.
The z-average hydrodynamic diameter (dpLs) was calculated from the diffusion coefficient
using Stokes-Einstein equation. The zeta potential ({) was calculated from the
electrophoretic mobility using Smoluchowski’s assumption’®. The dpis and { were
reported as the mean and standard deviation of five and ten replicates, respectively.

Samples for transmission electron microscopy (TEM) analysis were prepared by

depositing a drop of the washed PVP-PtNP suspensions on a copper grid (300 mesh) coated
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with a thin film of continuous carbon (Agar Scientific, Stansted, Essex, UK) at room
temperature. After 20 mins, the grids were washed thoroughly with UHPW to avoid salt
crystallization and NP aggregation artefacts’®. The grids were then left to dry overnight
under ambient conditions in a covered petri dish to avoid atmospheric particle deposition.
Samples were analyzed in a LaBe Jeol 2100 TEM (Joel USA Inc., MA, USA), operated at
200 keV and equipped with a Jeol EX-230 Silicon Drift Detector (SDD; manufactured by
Joel USA Inc., MA, USA) with a 60 cm? window of acquisition of Energy Dispersive X-
ray Spectroscopy (EDS) analysis of elements. Micrographs were acquired at different
magnifications, ranging from 500X to 400,000X, to gather information about the average
size, morphology, and degree of aggregation (if any) of nanoparticles on the grid. At least
150 NPs were analyzed for each sample to construct a representative particle-size
distribution using a Gatan Digital Micrograph software package (GMS 3) 1%,

Samples for atomic force microscopy (AFM) analysis were prepared by depositing
a drop of PVP-PtNPs suspension in the presence of 2 mM calcium on a freshly cleaved
mica substrate for 20 minutes. That was followed by through rinsing with UHPW to avoid
salt crystallization and NP aggregation %8, The mica sheets were then left to dry overnight
under ambient conditions in a covered petri dish. AFM analysis was performed on a Cypher
ES™ AFM microscope (Asylum Research, CA, USA). Images were recorded in
ACAIirTopography mode using a silicon cantilever (Asylum Research, CA, USA) with a
spring constant of 26 (11-54) N m*. The scanning rates were optimized to acquire a stable
and clear image without damaging the tip or detaching the NPs from the AFM substrate ®,
usually 0.25 to 1 Hz scan rate. At least five different areas on each substrate were analyzed

and a minimum of five images (image size = 5 x 5 um) from each area were collected,

57



resulting in at least 25 images for each substrate. For each sample, at least 150 height
measurements were performed, which is sufficient to produce a representative and robust
particle size distribution ¢, This distribution was used to calculate the mean core diameter
(darm) of each PtNP collection.

Flow-Field flow fractionation (FIFFF) analysis was performed using a Wyatt
Ecilipse® DualTec™ asymmetrical FIFFF instrument (Wyatt Technology Corporation,
CA, USA). 1 kDa OMEGA™ Polyethersulfone membrane (Pall Corporation, NY, USA)
was used as an accumulation wall. The carrier phase was 10 mM NaNOs (pH 7). The
channel flow and cross flow were maintained at 1 mL min™. The injection volume was
0.25 mL (particle concentration 1 mg L), and the focus time was 5 mins. Four polystyrene
Nanosphere™ size standards (22 + 2, 41 £ 4, 81 £ 3, and 152 + 5 nm manufactured by
Thermo scientific, CA, USA) were used to calibrate the effective channel thickness for
particle size conversion. All particles were detected with a UV detector at 370 nm.
Hydrodynamic diameter (drrrr) of PtNPs was calculated using the calibration curve
between size and retention time established using polystyrene size standards.

Particle number concentration and number size distribution were measured by
single particle ICP-MS (sp-ICP-MS). All sp-ICP-MS*3 197-200 data were acquired with a
NexION™ 350D ICP-MS (PerkinElmer Inc., MA, USA) operating in a single particle
mode with the Syngistix Nano Application Module. A standard introduction system
consisting of a Meinhard glass concentric nebulizer, a glass cyclonic spray chamber, and a
2 mm ID quartz injector were used. The sample uptake rate was 0.28 mL min. Data were
acquired at an RF power of 1600 W, a 50 us dwell time, a 0 ps settling time, and a 60 s

acquisition time. The transport efficiency for PtNPso, PtNP7s, and PtNPgs were 10.3%,
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10.0%, and 11.1%, respectively. NIST™ Au standard reference material (actual TEM size
of 56 nm; reference material 8013 manufactured by National Institute of Standard and
Technology, MD, USA) was used to determine the transport efficiency. A rinse cycle
consisting of 1 min with 1% aqua regia, and 1 min with UHPW was performed after each
sample run to ensure cleansing of the sample introduction system between samples. All
PtNPs suspensions (PtNP2- PtNPgs) were measured in triplicate at 5 different
concentrations (e.g., 100, 200, 400, 600, and 800 ng . L), and the results are reported as
the mean + standard deviation of the 3 replicates. (dsp-icr-ms). The NIST Au standard

reference material was measured after each set as a QA/QC check.

3.2.3. Aggregation kinetics

The aggregation kinetics of all cit-PtNPs were measured in duplicate in the
presence of different electrolyte (0-70 mM NaNOs, and 0-10 mM Ca(NOs)2)
concentrations at pH 7. The aggregation kinetics of cit-PtNPs were measured by
monitoring the growth of NP z-average hydrodynamic diameter (dp.s), measured by DLS,
over time immediately after mixing (within 10 s) with electrolyte (NaNO3, and Ca(NO3)2)
at an interval of 15 s for 10 min at 25+0.5 °C. The count rate during DLS measurement
increased with time in the range of 30-200 kcps, due to increasing aggregate sizes. The
aggregation rate constant (k) is proportional to rate of change in the dp.s (that is the slope
of the hydrodynamic diameter as a function of time, Equation 3.1) * which was
determined by fitting a linear correlation function to the experimental data collected during

the early stage aggregation.

_ 1 4
ONdO dt

Equation 3.1
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Where N is the initial NP concentration, do is the initial NP diameter, and o is the optical

factor.

The attachment efficiency (o = %) was determined according to Equation 3.2.

l = Ksiow
w Kfast

Equation 3.2

Where W is the colloidal stability ratio, and ksiow and krast are the slow and fast
aggregation rates representing the aggregation rates under the reaction (RLA) and diffusion
(DLA) limited aggregation regimes, respectively. The DLA occurs at counter-ion
concentrations above the critical coagulation concentration (CCC); whereas the RLA
occurs at counter-ion concentrations below the CCC. The CCC represents the minimum
counter-ion concentration required to completely destabilize the NP suspension 21, The
attachment efficiencies under RLA and DLA regimes were fitted by linear functions, with

their intersection yielding the respective CCC.

3.2.4. Colloidal stability of PtNPs in (eco)toxicological media

The colloidal stability of citrate- and PVP- PtNPgs was investigated as a function of
NP concentration (e.g., 20, 200, 2000 pg L) in three (eco)toxicological media including
MHW, 30 ppt SW, and DMEM. MHW media is widely used for acute and/or chronic
toxicity tests with Daphnia magna 2°2 and Lymnaea stagnalis 2%. 30 ppt SW is
recommended for toxicity tests with Amphiascus tenuiremis 24, and DMEM is typically
used as a cell culture medium 2%, MHW was prepared according to US environmental
protection agency (USEPA) guidelines 2%°. Crystal Seas™ bioassay grade synthetic
seawater was purchased from Instant Ocean® (Marine Enterprises International,

Baltimore, MD, USA). DMEM was purchased from American Type Culture Collection

60



(ATCC, Manassas, VA, USA). The chemical composition of MHW, synthetic seawater,
and DMEM is given in Tables S4-6.

PtNPgos was incubated with the (eco)toxicological media in high density
polyethylene (HDPE) sterile plastic vials (Fisher Scientific, MA, USA) under static
conditions in the absence of light ". All vials were washed with 10% nitric acid for at least
24 h and rinsed in UHPW for another 24 h prior to the experiment. PtNP hydrodynamic
diameter and zeta potential were measured by DLS and Laser Doppler Electrophoresis.
Size distribution and number concentration were measured by sp-ICP-MS, and pH was
measured by Mettler Toledo F20-Kit FiveEasy™ Benchtop pH meter (Hogentogler & co.
Inc., Columbia, MD, USA). All parameters were measured immediately after mixing and
24 hours after mixing with different media at different NP concentrations. For the colloidal
stability test, sp-ICP-MS analysis was performed following the same procedure described
above (see particle characterizations section). However, the instrument rinsing time
between samples was increased to 5 mins (1 min with 1% nitric acid, 2 mins with 1% aqua
regia, followed by 2 mins with UHPW). The increased rinse cycle was important to ensure
that all salts, organic matter, and metals were removed from the system as the buildup of
these constituents could contribute to cross- contamination, nebulizer fouling, or changes

in NP transport efficiency.

3.3. Results and discussions

3.3.1. Particle synthesis

A facile seed-mediated growth synthesis protocol was successfully adapted % to

produce spherical cit-PtNPs (PtNP2o- PtNPgs) of five different sizes, ranging from 9.2 to
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72.5 nm. All five cit-PtNP suspensions had a pH of 7.0 £ 0.1, were black in color
immediately after preparation, and were stable over several months when stored at 4°C in
the dark. Initially, the seed (PtNP20) was produced by reducing the Pt precursor (H2PtCls)
using a strong reducing agent (NaBHa, redox potential -1.37 to 0.4 V) 2%’, Larger cit-PtNPs
(cit- PtNP30) were produced via a “seed-mediated growth” process using cit- PtNP2o as a
nucleus to which a Pt precursor was added in the presence of a weak reducing agent (i.e.,
L-ascorbic acid, redox potential -0.55 to 0.35 V) 2%, The weak reducing agent reduces Pt
ions to metallic Pt without inducing a new nucleation event. Thus metallic Pt atoms
precipitate on the surface of already existing nuclei resulting in particle growth 2%, Larger
Cit-PtNPs (cit-PtNP PtNPso- PtNPgs) were synthesized following the same seed-mediated
growth process discussed above but using cit- PtNP3o as the nucleus seeds. Different cit-
PtNP sizes were produced by varying the initial seed concentration. The higher seed
concentration, and thus a higher seed number, provided a higher number of sites for the
precipitation of metallic Pt atoms resulting in the formation of smaller cit-PtNP sizes, and
vice versa. Subsequently, PtNP2o- PtNPgs were obtained from the corresponding cit-PtNPs

by ligand exchange.

3.3.2. Particle characterizations

The physicochemical properties of the synthesized PtNPs were measured using a
multi method approach °7- 18, Representative TEM and AFM micrographs of PtNP2o-
PtNPgs are presented in Figure 3.1a-e and Figure B.1a-e, respectively. All TEM and AFM
micrographs show randomly-distributed NPs, without agglomerates, indicating robust
sample preparation and desired dispersion of PVP-PtNPs 1. TEM images (Figure 1) show

that synthesized PVP-PtNPs (PtNP2o- PtNPgs) are spherical. High resolution TEM images
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of PtNPso- PtNPgs (Figure B.2) illustrate the formation of a thick PVP coating (2.7-5.6 nm
thick) on the surface of PtNPs. Such a PVP coating was not observed on the surface of
PtNP2o and PtNP3o, possibly because the PVP coating thickness around PtNP2o and PtNP3o
was not thick enough to be detected by TEM. Elemental analysis (using EDS coupled with
TEM) of the synthesized NPs confirmed that they are composed of Pt (Figure B.3).
Figure 3.2 presents the PSD of PVP-PtNP2o- PtNPgs obtained by TEM, AFM, sp-
ICP-MS, DLS, and FIFFF. The size distributions measured by TEM, AFM, and FIFFF
show that PtNPs A, B, D, and E exhibit a monomodal PSD, whereas PVP-PtNPs C exhibits
a bimodal PSD. For PtNPs C, the size distribution measured by TEM shows that the main
peak (77% of the total number of NPs) is centered at 19 nm and the minor peak of smaller
particles (23% of the total number of NPs) is centered at 11-12 nm. The size of the smaller
particles in PVP- PtNP3g corresponds to that of PVP-PtNPyo, indicating that some seed
nuclei did not grow to larger particles, and possibly due to the limited concentration of
added Pt precursor. The size distributions measured by sp-1ICP-MS show that PVP- PtNP2o-
PtNPso have similar size distributions within the range 25+2 to 32+3 nm, and that PVP-
PtNP7sand PVP-PtNPgs are characterized by a monomodal PSD. The PSD of PVP- PtNP2o-
PtNPso are characterized by a half Gaussian distribution, possibly due to the detection of
the large PVP-PtNPs only (i.e., PtNPs > the lower size detection limit of approximately 20
nm) 2%°. The size distributions measured by DLS show that all PVVP-PtNPs are characterized
by monomodal PSDs because DLS cannot resolve such small differences in NP size
distribution due to the lower size resolution of DLS compared to TEM, AFM, and FIFFF.
The mean sizes of PVP- PtNP2o- PtNPgs, as measured by five different techniques

(Table 3.1), are different and generally follow the order darm <~ dtem < dsp-icp-ms < drIFFFF
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< dpus with few exceptions. These exceptions likely can be attributed to the inherent
limitations of each analytical technique. For example, dsp-ice-ms > drirrr for PVP-PtNPs A
and B, which can be explained by the lower size detection limit of sp-ICP-MS and
subsequent overestimation of PVP-PtNPs A and B mean size by sp-ICP-MS. The
discrepancies in measured mean sizes obtained by different techniques can be attributed to
differences in (i) measurement principles, (ii) the obtained measure versus PSD weighting,
and (iii) NP structure 166 167,

Whereas TEM, AFM, and sp-ICP-MS all measure particle core size, DLS, and
FIFFF measure NP hydrodynamic diameter (i.e., core size + diffuse layer). Thus, the NP
sizes measured by DLS and FIFFF are generally larger than those measured by TEM, AFM,
and sp-ICP-MS. TEM measures a projected surface area from which an equivalent circular
diameter can be calculated assuming spherical particle shape. AFM measures NP height,
which is typically assumed to be equal to particle diameter assuming all particles are
spheres 219 211 Both TEM and AFM techniques give number-based PSD and number
average size. The mean sizes measured by TEM and AFM were in good agreement (within
+ 10%; darm/drem = 0.92-1.08) for all five PtNPs (Table 3.1).

sp-ICP-MS measures NP number-based core size. The measured PtNP mean sizes
by sp-ICP-MS are in good agreement with those measured by TEM and AFM for PtNPs
(D and E) larger than the lower size detection limit by sp-ICP-MS (i.e., 20 nm for PtNPs)
209 The PSDs of PtNPs suspension A, B, and, C obtained by sp-ICP-MS are monomodal
but represent curtailed log-normal size distribution. This is because the smaller particles
detected by TEM, AFM and FIFFF are below the size detection limit of sp-ICP-MS. Hence,

the dsp-ice-ms Of PtNPs A, B, and C are larger than those measured by TEM.

64



DLS and FIFFF measure NP diffusion coefficients, from which NP equivalent
hydrodynamic diameter can be calculated using Stokes-Einstein equation, assuming that
the NPs are hard spheres 22, Dpis/drirer varied within a range of 0.98-1.39 for PVP-
PtNP20- PtNP75 and was 0.89 for PVP-PtNPgs. The higher hydrodynamic diameter obtained
by DLS compared to FIFFF is because DLS measures intensity-based PSD whereas FIFFF-
coupled to UV-vis measures mass-based PSD. The larger hydrodynamic diameter of PVP-
PtNPs E measured by FIFFF can be attributed to NP-membrane interaction in the FIFFF
channel resulting in retardation in NP elution as indicated by tailing in the FIFFF PSD of
PVP-PtNP E (Figure 3.2¢e).

For cit-PtNP3o, PtNP7s, and PtNPgs, the dpLs decreased with the addition of 20 mM
NaNO3z compared to dprs in UPW (Table 3.1). This was likely due to shrinkage of the
diffuse double layer after addition of NaNOs #2. As a result, docs of cit-PtNPs measured
in 20 mM NaNOs were in closer agreement to those measured by TEM than to those
measured in UHPW. This approach provides a useful way to measure NPs core size using
DLS by increasing the NP suspension ionic strength to screen the diffuse layer without
inducing NP aggregation. For PtNP2o and PtNPso, the dpLs did not change with the addition
of 20 mM NaNOs compared to dpLs in UHPW, which might be attributed to the higher
polydispersity of PtNP2z and PtNPso (o/dtem> 0.13) compared to PtNPso, PtNP7s, and
PtNPgs (o/dteEm <0.09).

For the same PtNP, the dp.s of PVVP-PtNPs were larger than the corresponding dps
of cit-PtNPs by 9-23 nm, depending on the particle (Table 1). This is attributed to surface
coating exchange and the formation of a thick PVP coating (4.4-11.4 nm thick), and is in

good agreement with TEM analysis (Figure B.2a-c) 2*4. Moreover, dpLs/dtem Of Cit-PtNPs
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range from 1.08-1.69 (Table 3.1), and those for PVP-PtNPs range from 1.29-2.88. This
variability between small-ion (citrate) stabilized PtNPs and large polymer (PVP) stabilized
PtNPs is mainly due to structural differences between PtNPs. The higher ratios (dpLs/dtem)
of PVP-PtNPs are due to polymer softness/permeability and because these particles do not
satisfy the assumptions of the Stokes-Einstein relationship for hard spherical NPs. Based
on our data, citrate-coated NPs may be considered hard spheres whereas PVP coated NPs
behave as soft permeable particles, which agrees with previous studies with different NPs
166, 215_

The magnitude of { increase with increase in cit-PtNP size (Figure B.4) can be
attributed to (1) increases in surface Pt oxidation state (e.g., Pt° to Pt*? and/or Pt**) with
decreases in PtNP size, and/or (2) insuffient/partial citrate coating on smaller PtNP surfaces
(i.e., variability in the amount of citrate per unit surface area). The concentration of citrate
molecules is the same for all PtNPs. The spceific surface area of PtNPs increases with
decrease in NP size. Thus the number of available citrate molecules per unit surface area
decreases with decrease in PtNP size. The first mechanism can be ruled out because surface
Pt oxidation state increases only for PtNPs < 6 nm 26, and all PtNPs used in this study were
> 10 nm. To evaluate the second mechanism, the zeta potential of PtNP2o was measured as
a function of sodium citrate concentration (Figure B.5). The  of PtNP2o increased with
increasing sodium citrate concentration which is indicative of an increased surface coating
and corresponding surface charge as sodium citrate concentration increased. Conversely,
the decrease in magnitude of { with decreases in particle size can be attributed to
insufficient coating of smaller PtNPs with citrate molecules due to correspondingly larger

specific surface areas.
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3.3.3. Aggregation behavior of cit-PtNPs

Increases in electrolyte concentrations (NaNOs and Ca(NOs);) lead to a
corresponding increase in dpcs as a function of time up to a certain cation concentration,
above which the dpis does not change (Figure B.6). In the presence of NaNOs, cit- PtNP2g
(9.2 nm) did not show any aggregation up to 50 mM NaNOs as the counter ion
concentration was insufficient to screen the cit- PtNP2o surface charge. At higher NaNO3
concentrations (55-59 mM), cit-PtNP2o aggregation rates slowly increased with increasing
NaNOz concentration as the repulsion barrier decreased according to DLVO (Derjaguin,
Landau, Verway, and Overbeek) theory (Figure B.6a). At a NaNOs concentration higher
than 60 mM, attractive van der Waals forces dominate over electrostatic repulsive forces,
resulting in the fast aggregation of cit-PtNP2o. Growth in z-average diameter as a function
of time did not change further with increases in NaNO3 concentration (up to 90 mM).
Similar aggregation behavior was observed for cit-PtNPs B-E (Figure B.6b-e). In the
presence of divalent electrolyte (Ca(NOs)2), aggregation of cit-PtNPs was observed at
much lower concentration of Ca®* (e.g., 0.5- 2.5 mM) compared to Na* concentration (e.g.,
55-60 mM). Ca?* ions are more efficient in screening the surface charge of cit-PtNPs
compared to Na* (Figure B.6f-j). Additionally, Ca?* ions can interact specifically with the
carboxyl groups of the absorbed citrate molecules on surfaces of the PtNPs 2.

The attachment efficiency of cit-PtNPs as a function of NaNOs (Figure B.7a-f) and
Ca(NOz3). (Figure B.7 f-j) shows two different aggregation regimes, that is RLA and DLA,
typical of DLVO type aggregation behavior. The RLA regime for cit-PtNP occurs within
a narrow NaNOsz and Ca(NOs3). concentration range (ca. 53-65 and 1-3 mM for NaNO3 and

Ca(NOz3)2, respectively), and the CCC values vary within a narrow counter ion
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concentration range for all cit-PtNP sizes. The CCC values in the presence of NaNO3 and
Ca(NOs), are presented in Table 3.2. The lower CCC values in the presence of Ca®*
compared to those measured in the presence of Na* is in good agreement with the Schulze-
Hardy rule (i.e., the CCC is inversely proportional to counter ion valency) and with
previous studies using citrate coated silver nanoparticles 8217,

No correlation was observed between CCC and cit-PtNP size (Table 3.2) for
NaNOgz, or Ca(NOs).. This is likely due to the increase in { magnitude with increasing cit-
PtNP size (Figure B.4). There are currently contradictory data on the dependence of CCC
on NPs size. Studies have reported a decrease in CCC with decreases in NPs size (e.g.,
hematite NPs 1%, TiO,-NPs 192), an increase in CCC with decreases in NPs size (e.g. AgNPs
% CdSe-NPs 1%%), and independence of CCC relative to NPs size (e.g. AuNPs %4). These
contradictory results can be rationalized by taking into account the variability in NPs
surface charges °. Negative correlation between CCC and NP size was observed for NPs
characterized by a narrow range of { (ca. -33+3 to -35+5 for CdSe-NPs %), whereas
positive correlation between CCC and NP size, or a size independence for CCC were
observed for NPs characterized by variable ¢ 0% 102104,

Maximum cit-PtNPs aggregate sizes — measured after 10 minutes in electrolyte
concentrations (e.g., 70 mM NaNOsz and 10 mM Ca(NOs).) greater than the CCC —
decreased with increases in cit-PtNPs initial hydrodynamic diameters (Figure B.8). Under
these experimental conditions, the electrolyte concentration is sufficient to fully screen cit-
PtNPs surface charge and dictate cit-PtNPs aggregation based on their diffusion %°. With
mass concentration held constant, smaller cit-PtNPs have a higher NPs number resulting

in a higher collision probability and a subsequently larger aggregate size. Thus, under the
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same mass concentration and under diffusion limited aggregation conditions, smaller
PtNPs form larger aggregates compared to larger PtNPs. Additionally, the maximum
aggregate size of cit-PtNPs was larger in the presence of Ca?* compared to Na* (Figure
B.8), and likely due to cit-PtNPs aggregation enhancement via bridging mechanisms in the

presence of Ca?* 178,

3.3.4. The concentration-dependent behavior of PtNPs in toxicological media

The concentration-dependent colloidal stability (e.g., dissolution, aggregation) of
cit- and PVP-PtNPgs was evaluated by monitoring the change in dpis, {, number particle
size distribution, and number particle concentration for PtNPgs (dtem= 72.5+£3.9 nm) over
24 h in the three media (i.e., MHW, SW, and DMEM). The pH of the PtNPs in DMEM,
MHW, and SW media was 7.3£0.1, 8.0£0.1, and 8.1+0.1, respectively.

The dpis, and { were monitored by DLS at an initial PtNPs concentration of 2000
ug. L. The dps of cit- and PVP-PtNPs in UHPW (control) were 89.5 + 1.5 and 88.6 *
1.9 nm, respectively (Figure 3.3a, b). The dpLs of cit- and PVP-PtNPs E increased slightly
but significantly (two tailed t-test, p-value < 0.05) immediately after mixing with DMEM
to 104.7+£3.9 and 105.4+2.1, respectively, compared to the UHPW control (Figure 3.3a,
b). This increase in the NP dpLs might be attributed to sorption of organic compounds from
the media “® 5! and/or the lower viscosity of DMEM media (0.94 mPa. s) compared to UPW
(1 mPa s) 28, The larger PtNPs hydrodynamic diameter in the DMEM media was likely
due to the inverse correlation between size and viscosity (Stokes-Einstein relationship).
The absolute  values of cit- and PVP-PtNPgs decreased from 48.3+7.5 and 17.3+1.5 mV
in UPW to 11.2+9.2 and 6.9+£0.7 mV immediately after mixing with DMEM media (Figure

3.3c, d). This indicates the replacement of citrate and PVVP coatings by organic compounds
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in DMEM, and/or the screening of PtNPs surface charge by the abundant counter ions in
DMEM. The dpis and  of cit- and PVP-PtNPs E did not change significantly (t-test, p-
value > 0.05) in DMEM after 24 h compared to those measured at O h, indicating the
colloidal stability of both cit-and PVP-PtNPs in DMEM media despite a significant
reduction in the { absolute value. DMEM media is rich with organic compounds (e.g.,
amino acids, vitamins, proteins) that are known to sorb on NP surfaces forming a surface
coating called “protein-corona” which may enhance NP colloidal stability via steric
stabilization #® 5, The z-average hydrodynamic diameter decreased after 24 hours and can
be attributed to the change in the nature and/or formation mechanisms of the protein-corona
over time &, Formation of the protein-corona is dynamic in nature. Initially proteins with
high concentrations and high association rate constants are adsorbed onto NP surfaces, and
then they dissociate quickly to be replaced by proteins of lower concentration, slower
exchange, and higher affinity 2'°. Hence, the thickness of the protein-corona can change
over time due to changes in protein conformation following sorption onto NP surfaces.
The dp.s of cit- and PVP-PtNPgs increased immediately after mixing with MHW
and SW, and the dpcs increased further after 24 hours (Figure 3.3a, b), indicating
aggregation of cit- and PVVP-PtNPs in both media. At 24 hours, the dps of cit- and PVP-
PtNPs E was higher in SW (954.3+240.1 and 810+282.4, respectively) compared to those
measured in MHW (778.2+140.6 and 670.6+19.8, respectively), indicating higher
aggregation in SW. The absolute { of cit- and PVVP-PtNPs was lower in SW after 24 hours
(7.1 1.2, and 7.6+ 0.8 mV) compared to those measured in MHW (22.4+ 0.6 and 11.4+
0.9 mV; Figure 3.3c, d). The higher aggregation and surface charge screening in SW is

due to the to the higher ionic strength of SW compared to MHW.
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The cit-PtNPs and PVP-PtNPs did not undergo significant aggregation in DMEM
despite the significant reduction in their absolute {’s, whereas they formed large aggregates
in MHW despite the higher absolute {’s of PtNPs in MHW relative to DMEM. This
indicates that PtNPs are charge-stabilized in MHW and sterically stabilized in DMEM.
DMEM is rich with organic compounds (e.g., amino acids, vitamins, proteins etc.) whereas
MHW does not contain organic molecules. Hence, the organic molecule sorption onto the
surface of PtNPs seems to enhance the colloidal stability of PtNPs in DMEM media via
steric stabilization “3 5L,

The concentration-dependent aggregation and dissolution of cit- and PVP-PtNPgs
in DMEM, MHW and SW was further investigated by monitoring NP number
concentration and number size distribution using sp-ICP-MS for initial NP concentrations
between 20-2000 pg L. The higher end of this concentration range coincides with that
used to investigate PtNPgs aggregation by DLS. The lower end of the concentration range
was selected as a more environmentally-relevant concentration 8,

At 2000 pg L1, PVP-PtNPs size distribution did not change in UPW (Figure 3.4c
and B.9a), increased slightly in DMEM (Figure 3.4c and B.9b), and increased
significantly (two tailed t-test, p > 0.05) in MWH (Figure 3.4c and B.9c) and SW (Figure
3.4c and B.9d) over time. These results are in good agreement with the increase in PVP-
PtNPs size measured by DLS (Figure 3.3). However, the aggregate sizes measured by sp-
ICP-MS are generally smaller compared to those measured by DLS due to differences in
measured parameters and measurement principles as discussed above.

In DMEM, the size distribution of PVP- and cit-PtNPs did not change over time at

20 pg L (Figure 3.4a and S10a,d). It increased slightly with the appearance of a second
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peak at 90-100 nm at 200 pg L* (Figure 3.4b and B.10b,e) and 2000 pg L PtNPs (Figure
3.4c and B.10c,f), concurrent with a decrease in the total particle number concentration
(Table B.5). In MHW and SW, cit- and PVP-PtNPs size distributions extended to larger
sizes with mean sizes increasing with PtNPs concentrations (Figure Bll, B12).
Concurrently, primary NP number concentration (Figure B.11, B.12) and total particle
number concentration (Table B.5) decreased with increasing PtNPs concentrations.

For direct comparison, the % change in NP mean diameter and number
concentration over 24 hours as a function of NP concentration in the three media is
presented in Figure 3.5. At a given concentration, PtNPs mean size increased and the
particle number concentration decreased following the order SW > MHW > DMEM
(Figure 3.5b, d). For a given media, the % increase in PtNP mean size and the % decrease
in PtNP total number concentration increased with increasing NP concentration. For
DMEM, the PtNP mean diameter and number concentration did not change significantly
over time (Figure 3.5 a, ¢). For MHW and SW, the particle diameter increased with the
increase in initial NP number concentration (Figure 3.5a, ¢) and concurrent with a decrease
in total particle number concentration (Figure 3.5b, d), indicating particle aggregation.

Despite PtNP aggregation in MHW and SW, a fraction of PtNPs remained as
primary particles (Figures 3.6 and B.9-B.12). The % of primary (unaggregated) particles
increased with the decrease in NP concentration (Figure 3.6). This is due to a decrease in
collision frequency, resulting in the formation of smaller aggregates and/or the lack of NP
aggregation. These findings suggest that NP aggregation becomes less significant at lower
concentrations, and that NPs may remain as primary particles for an extended period at

environmentally relevant concentrations —even in high ionic strength media such as MHW
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and SW. This is in good agreement with the decrease in AuNP aggregate size with the
decrease in their concentration 3. Furthermore, the % of primary particles was higher for
MHW than for SW (Figure 3.6) due to the lower ionic strength of MHW compared to SW.

Initial dissolved Pt concentration (at 0 h) was < 4% of total PtNPs concentration in
all NP suspensions. After 24 h, 5-15% of PtNPs dissolved in different toxicological media
(Figure B.13). However, the % of dissolved Pt in different media (e.g., DMEM, MHW,
and SW) were not statistically different (t-test, p-value > 0.05). Moreover, we did not
observe any concentration-dependent dissolution of PtNPs, but a previous study has
reported concentration-dependent dissolution of AgNPs 1% 220, This might be attributed to
the higher solubility of AgNPs compared to PtNPs (Figure B.14). The aggregation and
dissolution behavior of cit- and PVP-PtNPs was not significantly different. This might be
attributed to the partial surface coating of PVP-PtNPs %, Thus, both cit- and PVP-NPs

behave as charge-stabilized NPs independent of the media ionic strengths evaluated here.

3.4. Conclusions

Here, we report a reproducible protocol for the synthesis of monodispersed citrate-
and PVP-coated PtNPs of five different sizes, together with their characterization using a
multi method approach and their behavior in relevant biological and toxicological media.
In general, the sizes of PtNPs measured using DLS, FIFFF, sp-ICP-MS, TEM and AFM,
were all in good agreement when PtNP sizes were larger than the size detection limits of
each analytical technique. The thickness of the PVP layer increased with increases in NP
size. The aggregation of PtNPs is typical of DLVO type aggregation behavior as observed
for other types of NPs (e.g., Ag, Au, TiO,, and iron oxide NPs) 10% 221223 The critical

coagulation concentration of cit-PtNPs was independent of NP size, possibly due to
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differences in the PtNPs surface charge as a function of NP size. The aggregation and/or
dissolution of PtNPs depend on media composition, NP concentration, and ionic strength.
PtNPs tend to remain stable in DMEM regardless of NP surface coating or concentration,
whereas they tend to aggregate in MHW and SW for both cit- and PVP-PtNPs.
Additionally, PtNPs exhibit an increase in aggregate size concurrent with increases in NP
concentration.

The synthesized PtNPs undergo very limited transformations (e.g., aggregation
and/or dissolution) at environmentally relevant concentrations (< 20 pg L™) and do not
change appreciably over time, even in high ionic-strength SW, in good agreement with the
decreased aggregation of other types of NPs (e.qg., iron oxide, AuNPs, AgNPs, and Au@Ag
core—shell Nanoparticles) with the decrease in their concentration 4351224 Taken together,
limited aggregation and lack of dissolution suggest that these PtNPs present an excellent
model NP for future fundamental studies of NP uptake and NP environmental fate and
transport, as they will reflect the behavior of primary NPs and not that of dissolved Pt or
aggregates of varying NP clusters.

The concentration of platinum group elements (PGE) in the environment has
significantly increased over the past decades due to the increased release of Pt from
automotive catalytic converters in the form of nanoparticles. The limited aggregation and
dissolution of PtNPs at environmentally-relevant particle concentrations suggest that they
may persist in the environment and may travel for longer distances in surface waters than
other NPs. The concentration-dependent aggregation of PtNPs implies that in
(eco)toxicological studies, the nature of PtNP exposure will change as a function of NP

concentration; that is, organisms will likely be exposed to primary nanoparticles at low NP
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concentrations (< 20 pg L) and predominantly exposed to NP aggregates at higher
concentrations. Such concentration-dependent differences in NP exposure dynamics are
likely to influence NP uptake, elimination and ultimately toxicity as a result of these unique

aggregation behaviors, and they should be investigated further.
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Figure 3.1. Typical transmission electron microscopy (TEM) micrographs of synthesized
PVP-PtNPs for (a-e) PVP- PtNP2o, PtNP3o, PtNPso, PtNP7s, and PtNPgs, respectively.
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Figure 3.2. Particle size distributions (PSD) of PVP-PtNPs using (a) transmission electron
microscopy (TEM), (b) atomic force microscopy (AFM), (c) single particle inductively-
coupled plasma mass spectroscopy (sp-ICP-MS), (d) dynamic light scattering (DLS), and
(e) field flow fractionation (FFF) with UV-vis as a detector, cross flow and channel flow
of 1 mL/min, and elution time of 60 min.
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Figure 3.3. (a, b) the equivalent hydrodynamic diameter (dpcs.) and (c, d) the corresponding
zeta-potential () of (a, c) cit-PtNPs and (b, d) PVP-PtNPs in ultra-high pure water (UPW),
Dulbecco's modified Eagle's medium (DMEM), Moderately hard water (MHW), and 3030
ppt synthetic seawater (SW) media after 24 h of adding PtNPs in the correspending media.
PtNPs concentration in all suspensions are 2000 pg L™.
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mentioned otherwise.

Table 3.1. Summary of PtNPs sizes measured by different sizing techniques. The reported sizes are for PVP-PtNPs, except where it is

Method/measured or calculated
parmaeter

Size of PtNPs suspensions (hm)

PtNP2o PtNP39 PtNPsg PtNP75 PtNPgs
AFM, darm + o4 85+1.2 10.3+1.3 20+ 4.77 405+4.1 708+ 4.2
TEM, drem £ o4 (drem/ od) 9.2+1.2(0.13) | 10.9+ 0.8 (0.09) | 185+ 5.0 (0.27) | 44.5 + 2.7 (0.06) | 72.5 % 3.9 (0.05)
sp-ICP-MS, dsp-icp.ms + 6d 26.3+1.5 32425 247+1.6 42.9+0.8 77.1+0.8
FIFFF, dree + o4 19.3+15 256 +2.7 36.7+35 59.6 +5.2 1054 +4.1
DLS, dous + oq (PDI) 18.9+ 0.3 (0.36) | 3L.4+0.8 (0.19) | 51+0.7 (0.20) | 74.7+0.2 (0.03) | 93.4 + 1 (0.10)
?d"s (CI-PINPs in UPW), doLs £ 1 1 5 4 3 17.0+0.3 31.6+0.2 59.3+ 0.3 835+ 0.3
B[aﬁc()(;;t,_gétlspi g]dzo mM 101+19 140+ 0.6 326+13 52.8 + 0.7 70.7+0.9
dpLs-pvp — dDLScit-20 mM NaNO3 8.8 17.4 18.4 21.9 22.7
PVP thickness 4.4 8.7 9.2 11 11.4
darv/dreEMm 0.9 1 1.1 0.9 1
dsp-1cp-ms/dTEM 2.9 3 1.3 1 1.1
doLs/driFrr 1 1.2 1.4 1.3 0.9

darm: nanoparticle height measured by atomic force microscopy (AFM)
drem: nanoparticle equivalent circular diameter measured by transmission electron microscopy (TEM)
dsp-ice-ms: nanoparticle equivalent spherical diameter measured by single particle-inductively coupled plasma-mass spectroscopy (sp-

ICP-MS)

driree: Nnanoparticle equivalent hydrodynamic diameter measured by flow-field flow fractionation (FIFFF)
doLs: nanoparticle equivalent hydrodynamic diameter measured by dynamic light scattering (DLS)




Table 3.2. Critical coagulation concentration (CCC) of cit-PtNPs in presence of
monovalent (NaNOs3) and divalent (Ca(NO3)2) electrolytes

CCCinNaNOs | CCC in Ca(NOs),
(mM) (mM)
Cit-PtNP20 63.6 11
Cit-PtNP3o 65.2 27
Cit-PtNPsg 53.6 2.6
Cit-PtNP75 61.7 15
Cit-PtNPos 54.2 15
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CHAPTER 4

COMPARATIVE STUDY OF DISSOLVED AND NANOPARTICULATE
AG EFFECTS ON THE LIFE CYCLE OF AN ESTUARINE

MEIOBENTHIC COPEPOD, AMPHIASCUS TENUIREMIS !

!t Sikder, M., Eudy, E, Chandler, G.T., Baalousha, M. “Comparative study of dissolved and
nanoparticulate Ag effects on the life cycle of an estuarine meiobenthic copepod,
Amphiascus tenuiremis”, Nanotoxicology, 2018, 12, 1-15

84



Running title: Comparative study of dissolved and nanoparticulate Ag effects on the life
cycle of an estuarine meiobenthic copepod, Amphiascus tenuiremis

Author for correspondence:

Dr. Mohammed Baalousha, Ph.D. Center for Environmental Nanoscience and Risk,
Department of Environmental Health Sciences, Arnold School of Public Health, University
South Carolina, Columbia, South Carolina 29208, United States; Phone: (803)-777-7177;
email: mbaalous@mailbox.sc.edu.

Abstract

Many nanotoxicological studies have assessed the acute toxicity of nanoparticles
(NPs) at high exposure concentrations. There is a gap in understanding NP chronic
environmental effects at lower exposure concentrations. This study reports life-cycle
chronic toxicity of sub-lethal exposures of polyvinylpyrrolidone-coated silver
nanoparticles (PVP-AgNPs) relative to dissolved Ag (AgNOs) for the estuarine
meiobenthic copepod, Amphiascus tenuiremis, over a range of environmentally relevant
concentrations; that is 20, 30, 45, and 75 pg-Ag L. A concentration-dependent increase
in mortality of larval nauplii and juvenile copepodites was observed. In both treatment
types, significantly higher mortality was observed at 45 and 75 pg-Ag L™ than in controls.
In AgNO;3 exposures, fecundity declined sharply (1.8 to 7-fold) from 30 to 75 pg-Ag L.
In contrast, fecundity was not affected by PVP-AgNPs exposures. A Leslie matrix
population-growth model predicted sharp 60-86% declines in overall population sizes and
individual life-stage numbers from 30-75 pg-Ag L™ as dissolved AgNOs. In contrast, no
population growth suppressions were predicted for any PVP-AgNPs exposures. Slower
release of dissolved Ag from PVVP-AgNPs and/or reduced Ag uptake in the nano form may

explain these sharp contrasts in copepod response.
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4.1. Introduction

Ever increasing commercial application of engineered nanoparticles (NPs) has led
to currently >1800 nano-enabled products in the consumer market, 438 of which contain
silver nanoparticles (AgNPs) 6. Environmental hazards to aquatic ecosystems are on the
rise from episodic release of AgNPs from industrial, consumer, and medical products 22>
221 Expected environmental concentrations of AgNPs based on modeling approaches — in
the aquatic environment (i.e., surface water, sewage treatment effluent) are estimated
between 0.1 ng-Ag L to 0.1 ug-Ag L%, Thus, there is a need for better understanding of
AgNPs behaviors and effects at environmentally-realistic low concentrations. Past eco-
toxicological studies have focused on acute AgNP toxicity to bacteria 18, algae 228 229,
cladocerans 23231 fish 232233 aquatic plants 23, estuarine polychaete 2*° and cell lines 23
238 Many studies have demonstrated AgNP-associated lethality, reproductive failures, and
embryonic development failures. Consistently, several studies have noted that AQNPs toxic
effects might be due to NP dissolution and release of ionic silver 2%:2%, However, most of
these studies employed high AgNPs concentrations (e.g., mg-Ag L™?) with far less than
lifecycle exposure times for most multicellular models. Furthermore, few studies have
measured chronic toxicity under lower concentrations (e.g., ug-Ag L™?) for AgNPs and
other NPs 140142 \where dissolution behaviors might be different 5.

The meiobenthos, a group of short-lived micro-invertebrates, has gained attention
as a useful collection of species for chronic bioassay of environmentally-realistic sediment
and waterborne contaminants over lifecycle 240242, Meiobenthic copepods like Amphiascus
tenuiremis, serve as a predominant food source for juvenile fishes, shrimps, and crabs 4%

244 and are often the most sensitive meiobenthic taxon to pollution 2*°. Since A. tenuiremis
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is at the base of the food web in estuarine ecosystems, changes in its population quantity
or quality may result in population changes of other dependent fauna.

The aims of this study were to 1) determine and compare the lifecycle
developmental and reproductive response of the model estuarine meiobenthic copepod,
Amphiascus tenuiremis, to chronic pg-Ag L™ levels of PVP-AgNPs and dissolved Ag using
aqueous-renewal microplate-based lifecycle toxicity test 2¢; and 2) predict/compare
multigenerational effects at the population-growth level using empirical lifetable data

collected from each toxicity test.

4.2. Materials and methods

4.2.1. Chemicals

All glassware used for AgNP synthesis was washed with 10% nitric acid followed
by thorough washing by ultrahigh purity water (18.2 MQ.cm). 99% pure sodium citrate
(NasCeHs07) supplied by VWR (West Chester, USA), 99.9% pure silver nitrate (AgNO3)
and greater than 98% pure sodium borohydride (NaBH4) supplied by Alfa Aesar (Ward
Hill, USA), and 99% pure polyvinylpyrrolidone (PVP) of molecular weight 10,000
supplied by Sigma Aldrich (St. Louis, USA) were used for synthesis of AgNPs. Trace metal
grade nitric acid (68-70% HNO3) supplied by Fisher Scientific (Hampton, NH, USA) was
used to acidify samples for inductively coupled plasma-mass spectroscopy (ICP-MS)
analysis. Indium (supplied by PerkinElmer Internal Standard Mix, USA) was used as
internal standard for ICP-MS analysis and ARISTAR PLUS silver (Ag) standard
manufactured by British Drug House (BDH chemicals) was used to prepare standards for

ICP-MS calibration. Crystal Seas™ bioassay grade synthetic seawater (SSW) was
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purchased from Instant Ocean® (Marine Enterprises International, Baltimore, MD, USA)

and the composition of SW is given in Table D.1.

4.2.2. Synthesis of PVP-AgNPs

Citrate-coated precursor AgNPs (cit-AgNPs) were first synthesized by reduction of
Ag" ions using NaBH; as a reducing agent and citrate as a capping agent 1°°. Briefly, 100
mL of 0.31 mM sodium citrate, 100 mL of 0.25 mM silver nitrate and 10 mL of 0.25 mM
sodium borohydride were prepared in ultrahigh purity water (18.2 MQ.cm) and kept in
darkness at 4°c for 30 minutes. Silver nitrate and sodium citrate solutions were stirred in a
flask at 700 rpm (50 g) for 10 minutes. After that, 6 mL of NaBH4 was added and the
resulting mixture was heated for 90 minutes at 115°C while stirring at 350 rpm (12 g). The
resulting AgNP suspension was left overnight at room temperature to cool. Cit-AgNPs
were then washed by ultrafiltration (Amicon, 1 kDa regenerated cellulose membrane,
Millipore) to remove excess reagents. 200 ml of resulting cit-AgNP suspension was
cleaned by pressurized stirred ultrafiltration cell (Amicon, 1 kDa regenerated cellulose
membrane, Millipore) to remove excess reagents before use. AgNP suspension volume was
reduced to 100 ml and then replenished by 100 ml of 0.31 mM sodium citrate solution.
This process was repeated three times to ensure removal of the majority of remaining
dissolved Ag. Polyvinylpyrrolidone-coated silver nanoparticles (PVP-AgNPs) were
obtained by ligand exchange of the cit-AgNPs precursor °. Briefly, 200 mL cit-AgNPs
were converted into PVP-AgNPs by adding 1mL of 1.25 mM PVP (molar mass 10,000
g/mol) solution under vigorous stirring (i.e., 700 rpm) for at least 1 hour. This amount of
PVP was required to obtain full surface coverage of AgNPs by PVVP molecules and thereby

gain full steric stabilization ®*. PVP coating was used in this study because it is a nontoxic
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polymer widely used to sterically-stabilize NPs, preventing their aggregation even at the
high ionic strength of sea water, and thus eliminating any aggregation-influenced toxicity

response 247249,

4.2.3. Characterization of AgNPs

AgNPs were characterized using a multi-method approach including surface
plasmon resonance (SPR), dynamic light scattering (DLS), inductively coupled plasma
mass spectroscopy (ICP-MS) and atomic force microscopy (AFM) %6168 7Z.average
hydrodynamic diameter (Z-avg.), and polydispersity index (PDI) of synthesized PVP-
AgNPs were measured by dynamic light scattering (Malvern zeta sizer nano-ZS,
Westborough, MA, USA). Electrophoretic mobility of PVP-AgNPs was measured by laser
Doppler electrophoresis (Malvern zeta sizer nano-ZS, Westborough, MA, USA), which
was used to calculate the zeta potential using Smoluchowski’s assumption 1*°. SPR spectra
of PVP-AgNPs aliquots were recorded over 200 to 800 nm using a UV-vis spectrometer
(UV 2600, Shimadzu Co., Kyoto, Japan) and a 10 cm path-length quartz cuvette. All
measurements were performed in triplicate.

Atomic force microscopy (Cypher ES™ AFM, Asylum Research, Santa Barbara,
USA) was used to measure the height (core size) and size evolution of PVP-AgNPs over
72 h in 30 ppt Crystal Seas™ bioassay grade SW. AFM samples were prepared by
depositing a drop of PVP-AgNPs suspension on freshly cleaved mica substrates for 20
minutes, followed by thorough washing with UPW to avoid salt crystallization and NP
aggregation 8. AFM analyses were carried out in true non-contact mode under ambient
conditions. All images were recorded in ACAirTopography mode with 256x256 pixel size

resolution and a scan rate of 1.0 Hz. At least five different areas on each substrate were
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analyzed and a minimum of five images from each area were collected, resulting in at least
25 images for height analysis on each substrate. At least 140 height measurements were
performed for each sample, which is sufficient to produce a representative and robust

particle size distribution 168,

4.2.4. Test organism

Amphiascus tenuiremis is a diosaccid harpacticoid copepod that is amphi-Atlantic
in distribution ranging from the North Sea/Baltic intertidal to the southern Gulf of Mexico
250 A. tenuiremis is a muddy-sediment dwelling copepod that cultures well in sediments or
seawater alone under laboratory conditions. It is a suitable test species for acute-to-lifecycle
sediment or water bioassays due to its moderate acute sensitivity, high chronic sensitivity,
and its small size (0.4 and 0.25 mm for females and males respectively) 246, In 30 ppt SSW
at 25°C, A. tenuiremis passes through 12 life stages and 3 distinct morphologies (i.e.,
nauplius, copepodite, and adult), becomes reproductively competent in approximately 15
days, and has a median life time of 49 days. Adult females produce five to seven clutches
per lifetime with each clutch averaging six to eight embryos in water-only culture 2% 252,
All A. tenuiremis used in this study were obtained from laboratory sediment cultures 253
originally collected from a pristine muddy sediment site in the North Inlet Estuary, South

Carolina, USA.

4.2.5. Acute toxicity test

A 96-hour acute toxicity test with adult A. tenuiremis was performed to determine
median lethal toxicity of PVP-AgNPs and AgNOs. Five nominal Ag concentrations (45,

75, 130, 216, 360 pug-Ag L) and a SW control (30 ppt) were tested. All test glassware was
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washed with 10% HCI (Fisher Scientific, Hampton, NH, USA) and rinsed with UPW for
at least three times. SW (30 ppt salinity; Instant Ocean®, aquarium systems, Mentor, OH,
USA) was aerated to > 90% O- saturation and then filtered at 0.45 pm. SW was spiked
with fully-characterized PVP-AgNPs and AgNOs (10 mg-Ag L? stock) in a 100-mL
volumetric flask. Each treatment, including control, employed two replicates for a total of
24 polystyrene petri-dishes (Fisher Scientific, Hampton, NH, USA). 20 haphazardly
selected adult A. tenuiremis were gently transferred into one petri dish using an analytical
grade Wire-Trol® glass capillary pipette (Drummond Scientific, Broomall, PA, USA).
After the transfer, overlying SW was drawn out under microscopy by analytical grade 500-
puL Hamilton® glass syringe (Hamilton, Reno, NV, USA) so that <5 pL of SSW remained.
Control (SW) and treatment solutions (6 mLpetri dish) were added back immediately. The
petri-dishes were incubated static at 25°C for 96 h under 12:12 h light: dark conditions.
The number of dead in each petri-dish was recorded each day. At the end of the exposure
period, the number of surviving copepods in each dish was counted. These data (Figure
4.3a) were used to define a lower sublethal range of exposure concentrations (i.e., <75 ug-

Ag L) for definitive 35-day lifecycle bioassays in 96-well microplates.

4.2.6. 96-well microplate life cycle toxicity test

Standardized lifecycle microplate bioassay methods 2% 254 were used to measure
lethal and sublethal chronic responses of A. tenuiremis to PVP-AgNPs at pg L*
concentrations in SW. Using the same methods, PVP-AgNPs toxicity was compared to
toxicity from a positive Ag control, i.e., the soluble silver salt — silver nitrate (AgNO3) —
dissolved SSW. Life-table data collected from each bioassay were entered into the Leslie

(Lefkovich) matrix (LM) to generate comparative projections of future population
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abundance and population age/stage structure at the fourth filial generation under each
toxicant condition 2. This bioassay method measures individual mean fecundity through
two broods; but females of this species produce on average 5-7 broods during a mean
lifetime of 49 + 2 days 2. Thus, LM population abundance projections presented for
treatments and controls are truncated (lower) than the absolute population sizes possibly

achievable by A. tenuiremis in the field.

4.2.6.1. Collection of test copepods.

A. tenuiremis for the study were gently sieved from flow-through muddy sediment
monocultures in the laboratory 2°% 25 with 100’s of adults pipetted to a 12-well Costar
Netwell® microplate containing SW and 75-um mesh cup inserts. The inserts allowed
hatching nauplii from gravid females to continuously fall ~3 mm to the microwell bottom
over an 18-24 h period while retaining the larger adults. Captured nauplii (< 18 h old) were
then transferred individually to microwells of sterile 96-well ultra-low attachment

polystyrene microplates (Corning Costar, Corning, NY)) 246254,

4.2.6.2. Preparation of treatment solutions and microplates.

For lifecycle testing, a SSW control and four lower Ag concentrations (20, 30, 45,
and 75 pg-Ag L) were prepared in SSW as described above. 10 mg-Ag L PVP-AgNPs
and AgNOs measured concentrated stocks were used to spike all treatment solutions.
Fifteen ultra-low-attachment (i.e. hydrophilic) polystyrene 96-well microplates (300 pL
well volume) were hydrated with UPW for 1 hour, dumped and allowed to air dry before
refilling with 250 pL of 0.2 um filtered and aerated SSW test solution. Haphazardly
selected nauplii were gently transferred into microwells using analytical grade Wire-Trol®

glass capillary pipette (Drummond Scientific, Broomall, PA, USA) silanized with an air-
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dried solution of 80, 3, and 1.5% ethyl alcohol, isopropyl alcohol, and ethyl sulfate,
respectively, to facilitate non-sticky naupliar transfer. After naupliar loading, overlying
transferred SSW was drawn out under a stereomicroscope by analytical grade 500-pL
Hamilton® glass syringe (Hamilton, Reno, NV, USA) so that < 5 pL of SSW remained.
This procedure standardizes the starting test volume in each microwell and allowed
minimum dilution of the treatment solutions from the initial nauplius transfer. Treatment
and control solutions (250 pL/microwell) were added back to wells within 2-5 minutes
using Finnpipette® multichannel analytical pipette (Thermo Labsystems, Vantaa,
Finland). Two pL of fresh centrifuged 1:1:1 mixed algal cell (~2*107 cells/mL) suspension
of Isochrysis galbana, Dunaliella tertiolecta, and Rhodomonas sp. were then added to each
well using a Finnpipette® analytical pipette. Each microplate was covered and placed in a
temperature regulated incubator at 25°C with 12:12 h light:dark photoperiod. Per ASTM
246 and OECD guidelines 2>*, 96 nauplii were tested over three replicate microplates for
each treatment and control. Every other 12-well row was reserved for individual copepod
pairing and mating within each treatment or control, usually on days 18-20 of the test. Test
solutions in each microwell were aspirated and replaced under microscopy every 3 days by
250-uL Hamilton glass syringe. Care was taken to ensure that no copepods were aspirated
into the syringe, and no copepods experienced desiccation stress.
4.2.6.3. Copepod rearing, pairing, and mating.

Survival and development rates of A. tenuiremis were recorded daily in each test
microwell by inverted microscopy. Copepod sex was recorded at reproductive maturity.
Sexually mature males and females were collected and haphazardly paired within each

treatment as individual mating pairs — one pair per microwell. All mating microwells were
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then reloaded with 250 pL of fresh control or treatment solution, and each mating pair was
fed 2 pL of algae mixture as described above. Each mating pair was checked daily for the
following end points: male and female survival, mating success, days to 1% and 2" clutch
hatch, days between successive clutches, and total fecundity over two clutches. For all
treatments, the test terminated at day 35 or after the 2" clutch hatch, whichever occurred

first.

4.2.7. Stage structured population growth model

Multi-generational population level effects of AgNOs and PVP-AgNPs were
estimated using empirical microplate life cycle data fitted to a stage-structured four
generation Leslie matrix model (RAMAS® EcoLab 2.0, Applied Biomathematics,
Setauket, NY, USA) 2628 A five life-stage (nauplius:copepodite:virgin-male:virgin-
female:gravid female) matrix model projected population changes through four
generations in each treatment or control based on (a) stage specific survival and next stage
transition rates, (b) proportions of copepodites developing into males or females (thereby
capturing sex ratio shifts), (c) proportions of females able to become gravid and produce
two viable clutches, and (d) fecundity (i.e., number of hatched nauplii per mating pair)
through two clutches. Population projections were compared and presented relative to each
within-experiment control response rather than as absolute abundance differences across
AgNO3 and PVP-AgNPs exposures. Treatment-specific instantaneous rates of population
increase (L) also were calculated for each treatment and control population. At A=1
replacements equal loss; thus, population size is projected stable and neither increasing nor

decreasing over time.
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4.2.8. Transformations of PVP-AgNPs in synthetic seawater (SSW)

For PVP-AgNPs and AgNOs lifecycle toxicity tests, control and treatment solution
samples were collected in triplicate at test initiation and at each renewal period (every 3 d,
from microwells). Dissolved Ag species were separated from PVP-AgNPs using
centrifugal ultrafiltration (3KDa regenerated cellulose membranes, Amicon Ultra-4) at
32509 for 15 minutes. The original (total Ag) and ultrafiltered (dissolved Ag) samples were
acidified to 10% HNOsz and then diluted 200-fold in 1% HNOs prior to ICP-MS
(NexION™ 350D, PerkinElmer Inc., Massachusetts, USA) analysis to minimize matrix
effects and avoid salt precipitation. Indium (analytical grade, BDH®, VWR International
LLC, PA, USA) was used as an internal standard to correct for non-spectral interferences
during analysis 6°,

Additional experiments were conducted to quantify Ag sorption onto the
microplates and onto algal food cells. 20 and 75 pg-Ag L* (i.e., lowest and highest
exposures of the life-cycle test) as AgNOs or PVP-AgNPs were added to microwells
without copepods and algae, followed by sample collection at 0, 24, 48, and 72 h. Sorption
of Ag on algal cells was investigated by mixing 20 and 75 pg-Ag L™ (as AgNO3; or PVP-
AgNPs) with algae in 100-mL Erlenmeyer flasks at the same concentrations that were
given to copepods as food followed by serial SSW sample collection at spaced time points
(e.g., 0-72 h). Dissolved Ag in SSW was separated from PVP-AgNPs by centrifugal
ultrafiltration. Total and dissolved Ag concentrations were then measured by ICP-MS
following sample treatment as described above. All samples and analyses were done in

triplicate.
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4.2.8. Statistical analysis

All statistical analyses were performed with SAS® version 9.4 software (SAS
Institute, Cary, NC, USA). The following dependent variable means were tested for
statistical significance: stage-specific survival, development rates, and percent of females
becoming gravid (fertility), and brood size through two clutches (fecundity). Copepod
survival, percent gravid, and offspring production within treatments and microplates were
analyzed using general linear model (GLM) nested ANOVA and Tukey’s multiple

comparison tests. Statistical significance was set at p-value < 0.05.

4.3. Results and discussions

4.3.1. PVP-AgNPs characterization and transformation in synthetic seawater (SSW)

The total and dissolved Ag concentrations in the PVP-AgNPs stock suspension
were 11.5 + 0.08 and 0.45 *+ 0.03 mg-Ag L™, respectively. AFM micrographs show
randomly-distributed PVP-AgNPs on the mica substrate with no aggregated particles
(Figure C.1), indicating good sample preparation quality and good dispersion of
synthesized PVP-AgNPs in UHPW ¢, The number-weighted PVP-AgNPs particle height
measured by AFM was approximately 11.3 £ 3 nm, with a height distribution range
predominantly (>81%) between 8-14 nm (Figure C>1b). The Z-average (intensity-
weighted) hydrodynamic diameter measured by DLS was 21.6 £ 0.3 nm. The larger Z-
average hydrodynamic diameter compared to the particle height measured by AFM can be
attributed to the higher light scattering intensity from larger particles resulting in a bias

toward larger sizes 1%. The zeta potential of synthesized PVP-AgNPs was -9.6 + 1.1 mV.
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The initial mean PVP-AgNPs particle heights in UHPW and SSW (11.7 + 3and 12
+ 3 nm, respectively) were not significantly different (two tailed t-test, p>0.48). UV-vis
SPR spectra of PVP-AgNPs in UHPW and SSW exhibited a characteristic absorption
maximum at 404 nm (Figure C.2a,b) without peak, suggesting that PVP-AgNPs remain
colloidally stable (i.e., do not aggregate) and do not undergo shape transformation in our
SSW 51 188,220 However, PVP-AgNPs did dissolve in SSW in a concentration-dependent
manner (Figure 4.1a); that is PVP-AgNPs dissolved at a higher rate and to a greater extent
as initial NPs concentrations decreased °% ?2°, At low concentrations (e.g., 20 and 30 pg-
Ag LT NPs), PVP-AgNPs dissolved completely (>98%) within 72 h; whereas at higher
concentrations (e.g., 45 and 75 pg-Ag L) 88% and 78% of NPs mass, respectively,
dissolved over 72 h. The dissolution of PVP-AgNPs also resulted in a decrease in particle
height (size) over time (Figure 4.1b and C.3). PVP-AgNPs particle size distribution
shifted toward smaller sizes and narrower size distributions (Figure C.3). At 72 h, PVP-
AgNPs were not detected at low NP concentrations, which agrees with complete
dissolution as supported by ICP-MS analysis. These findings suggest that exposure to PVVP-
AgNPs in SSW is dynamic with variable NP and dissolved ion concentrations, and NP

sizes changing over time.

4.3.2. Acute 96-hour exposure effects

For AgNOs exposures, measured mean Ag concentrations were 42.5+3.1, 80.5+2.4,
139.9+2.2, 217.3+3.9, and 351.4+6.8 pg-Ag L respectively for the nominal target
concentrations of 45, 75, 130, 216 and 360 pg-Ag L™ (Figure C.4a). Baseline 4.3+0.2 ug-
Ag L was measured in control treatment during acute exposures. As measured Ag

concentrations were > 93% of nominal targets for AgNOs, exposure concentrations are
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reported on a nominal basis. Similarly, in PVP-AgNPs exposures, measured Ag
concentrations were 49.1+3.8, 77.9+4.5, 138.742.6, 217.5+5.3 and 355+7.1 ug-Ag L for
the same nominal targets; (i.e., > 91% of nominal targets, Figure C.4a). Thus PVP-AgNPs
also are reported nominally.

All water quality parameters (e.g., salinity, pH, and dissolved oxygen) met
American Society of Testing and Materials (ASTM) guidelines for the acute exposure test
2% During the acute exposure (Figure C.10), control mortality was less than 10%. AgNO3
and PVP-AgNPs were toxic to A. tenuiremis at or above 75 pg L*(Figure C.10), with
significantly higher acute toxicity for AQNOs (96-hour LCso=64.8 < 72.8 < 80.2 ug-Ag L
1Y compared to PVP-AgNPs (96-hour LCso= 95.2< 106.8 < 118.4 ug-Ag L™?). Previous
tests with the planktonic copepod Acartia tonsa reported a 48-h LCso of 43 pug-Ag L for
dissolved Ag in the same order of magnitude as our present 96-h finding 2°.

The toxicity of AgNPs have been attributed to the NPs directly, or the release of
Ag* from AgNPs dissolution, or both 97 261262 |n this study, the observed differences in
the toxicological outcomes for AgNO3 and AgNPs can be attributed to the dynamic nature
of the exposure. For AgNOs treatments, copepods were exposed to the maximal Ag
exposure concentration (as dissolved Ag) from the beginning of the test to the end. For
PVP-AgNPs treatments, copepods were exposed to a combination of intact PVP-AgNPs
and dissolved Ag released from PVP-AgNPs. Thus, for PVP-AgNPs treatments, copepods
were exposed for shorter times and/or to lower amounts of the most biologically-active/bio-
available dissolved Ag over the 96-hour exposure 2%, Such differences in the nature of the

full exposure regime could explain the sharply higher acute toxicity of AgNOz relative to

PVP-AgNPs.
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4.3.3. Chronic life cycle exposure effects

4.3.3.1. PVP-AgNP behavior in the bioassay environment

Total Ag concentrations in SSW were measured by ICP-MS at each of ten water
changes during the AgNOz and PVP-AgNPs copepod lifecycle tests. Low Ag
concentrations of 4.3+0.6 and 4.8+1.0 pug-Ag L™ were measured in control for the AgNO3
and PVP-AgNPs experiments, respectively. At time-zero in AgNOs exposures, measured
total Ag concentrations (20+2.3, 30+2.4, 46.1+4.3, and 78.1+1.5 ug-Ag L) were > 94%
of nominal target concentrations (i.e., 20, 30, 45, 75 ug-Ag L, Figure C.4b). In PVP-
AgNPs exposures, measured total Ag concentrations at time-zero (22.3+£2.7, 31.4£3.5,
46.1+4.5, and 73.3+3.3 ug-Ag L) were > 87% of same nominal targets (Figure C.4b).
Thus, results are presented with nominal concentrations.

At the end of each 72-h renewal period, dissolved Ag concentrations measured in
microwells containing algae and copepods were sharply lower for AQNO3 (only 5-10%
initial concentrations) and PVP-AgNPs ( 15-20% initial) (Figure C.5) compared to Ag
concentrations in the absence of algae and copepods (Figure 4.2). These low dissolved Ag
concentrations at 72-h may be attributed to: (1) sorption of dissolved Ag on microplate
well walls, (2) sorption of dissolved Ag on algal cells, and/or (3) Ag bioaccumulation by
growing copepods. To explore these questions, we conducted additional experiments.

First, 20 and 75 pg-Ag L™ (i.e., lowest and highest exposures in life-cycle test) as
AgNO3 and PVP-AgNPs were added to 30 ppt SW in microplate microwells (without
copepods and algae) followed by sample collection at 0, 24, 48, and 72 h. Approximately,
90-95% added Ag was recovered from microplates (Figure C.6a,b) and total Ag

concentrations (at 0 h) were not significantly different (p>0.97) compared to recovered

99



dissolved Ag (after 72 h). These results confirm the absence of Ag losses in the low-
adsorption hydrogel-coated microwell. For PVP-AgNPs, the percent dissolved Ag
concentration increased with time in organism-free microwells (Figure C.6c,d) due to NP
dissolution. Dissolution behavior of PVP-AgNPs in microplates was similar to that in batch
experiments (Figure 4.1a) indicating that the low-adsorption microwell environment per
se has no impact on PVP-AgNP dissolution behavior.

Second, to evaluate the impact of algae on dissolved Ag concentrations, 20 and 75
ug L't AgNO3 and PVP-AgNPs were added to microwells loaded with 2 pL algae (2*10*
cells) in SSW under the same exposure but using finer time-sampling conditions. For the
20 pg-Ag Lt AgNOs exposure, > 90% of total dissolved Ag associated with algae within
30 minutes (Figure C.7). For the 75 pg-Ag L™t AgNOs exposure, 59% of dissolved Ag
associated with algae within 30 minutes and then increased to > 90% Ag by 72 h (Figure
C.7). Similarly, for PVP-AgNPs, dissolved Ag in microwells represented < 20% of the
total Ag released by PVP-AgNPs dissolution over the 72-hour renewal period (Figure
4.2a,b). For both the 20 and 75 pg-Ag L™ NP exposures, Ag sorption on algae was rapid
(Figure 4.2) and dissolved Ag decreased with time in the solution phase. After 72 h, only
3.7 and 8.4 pg-Ag L respectively remained in solution at 20 and 75 pg-Ag L PVP-
AgNPs.
4.3.3.2. Copepod survival and development rates in chronic lifecycle exposures

Development of the most sensitive naupliar copepod life-stage was normal in all
Ag-free controls with an overall control mortality < 10% (Figure 3b). Naupliar mortalities
in the 20 and 30 pg-Ag L treatment (for both AgNO3 and PVP-AgNPs) were also < 10%.

However, significantly higher naupliar mortality was seen at 45 and 75 pg-Ag L (p-value
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< 0.05). Both AgNOs and PVP-AgNPs produced a concentration-dependent increase in
naupliar and copepodite mortality that peaked at 34 and 23 % death, respectively (Figure
4.3b,c). As this bioassay is focused on measuring sublethal lifecycle effects, test
concentrations were set to achieve ideally < 30% maximum naupliar mortality. This
condition was largely met. The highest 75 pg-Ag L™ exposure to AgNO3 and PVP-AgNPs
yielded only 23.8% and 17.7% naupliar mortality, respectively. AgNO3z showed
consistently higher naupliar mortality than PVP-AgNPs in most treatments; but cross-
treatment differences were significant only at 45 pg-Ag L™ (p-value < 0.05). AgNO3 and
PVP-AgNPs exposures produced lower but similar (p-value > 0.05) mortality patterns
(Figure 4.3c) across the treatment concentration range for the less sensitive juvenile
copepodite stage.

Nauplius-to-copepodite development rates (i.e., days to copepodite; Figure C.8a)
were not significantly different across treatments and control, except at 75 pg-Ag L™ PVP-
AgNPs, which was delayed by 2 days (p< 0.05). For the copepodite-to-adult development
window, no significant effect of Ag in either form was observed (Figure C.8b).

Overall, these results show that larval nauplii are the most sensitive copepod life-
stage to Ag generally. Based on naupliar mortality patterns, repeated 72-h exposures to
dissolved AgNOz were more toxic than repeated exposures to PVP-AgNPs. However,
juvenile-stage copepodite mortality and development rates (i.e., copepodite-to-adult) were

not significantly different between Ag treatments.

4.3.3.3. Reproductive effects
The number of adult mating pairs able to produce viable offspring through > 18 d

of mating was significantly reduced in the 30 and 75 pug-Ag L™ AgNOs treatments relative
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to controls (p < 0.05, Figure 4.4). Reproductive success is defined as proportion of females
in each treatment able to produce at least two viable clutches of offspring in < 35 days. The
30 and 75 pg-Ag Lt AgNOs; treatments showed 55% and 81% lower mating success,
respectively, while 20 and 45 ug-Ag L't AgNO; treatments showed decreases of 23% and
25% relative to controls (> 67% successful; Figure 4.4). Note that higher AgNO3
concentrations (e.g., 45 and 75 pg-Ag L) led to low n-sizes of only 4 and 2 mating pairs
respectively due to high lifetime copepod mortality. Because of these low n-sizes no
statistical inferences can be made regarding actual mating success at these concentrations.
For those surviving females able to reproduce, the time required to extrude/hatch two brood
sacs was delayed significantly by 2.5 and 3.3 days respectively at 45 and 75 pg-Ag.L*
AgNO:s (p-value < 0.05, Figure 4.5). In contrast to AgNOsz, mating success in PVP-AgNPs
treatments was not significantly different from controls at any concentration (p-value >
0.37, Figure 4.4), and no significant delays in brood sac extrusions/hatch occurred (p-value
> 0.1, Figure C.9).

Mean fecundity was calculated as the average number of hatched offspring through
two broods per successful mating pair in < 35 days. Increasing AgNO3 concentrations
produced a consistent trend of depressed fecundity (19% to 40% lower) compared to the
control (p-value < 0.05, Figure 4.6). In sharp contrast, PVP-AgNPs had no significant
effects on fecundity at any concentration (p-value > 0.27, Figure 4.6) even though Ag was

liberated freely by PVP-NPs dissolution over the exposure period.

4.3.3.4. Stage-structured Leslie matrix population growth models
The microplate culturing approach allows life-cycle tracking of each individual’s

survival, development, sex, fertility, and reproductive output (fecundity). These endpoints
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allow population level responses to be predicted over time via a life-stage based adaptation
of the Leslie (Lefkovich) matrix (LM) population growth model 26258, LM models also
predict finite rates of population increase (A, instantaneous growth rate) based on same
measured stage-specific mortality, sexual development, and reproductive endpoints 2%, A
A of unity implies a population is neither growing nor declining. A value less than unity
implies population decline, and greater than unity implies population growth. AQNO3 1’s
ranged from 0.76 for the highest 75 pg-Ag L™ treatment to 1.21 for the lowest 20 ug-Ag
L treatment. The instantaneous growth rate for the AgNO3 control population was 1.24,
but the 30 and 75 pg-Ag L treatment data predicted sharply reduced growth rates (Table
1). In contrast, all PVP-AgNPs copepod populations had A’s in strong excess of unity and
similar to Ag-free controls. The highest 45 and 75 pg-PVP-AgNPs L treatment showed
mildly suppressed A’s relative to controls, but both were well-above “no-growth” unity
(Table 4.1).

A provides a single-digit rate estimation of potential population growth but the
Leslie matrix gives multi-generational projections of copepod population size and age-
stage structure for each treatment and control population at multiple future generations
(e.g., four in this study). [Four generations were arbitrarily chosen; see Figure 4.7a]. The
30-75 ug-Ag L* life-table data for AgNOs predicted sharp decreases of 60-86% in
estimated population sizes relative to the control. In contrast, the 30-75 pg-Ag L life-table
data PVP-AgNPs, predicted 2-5 times higher population sizes than for AgNOs, even
though measured dissolved Ag in PVP-AgNPs SSW exceeded 30 pg L™ within 24 h in, for
example, the 75 pg-Ag L™ PVP-AgNPs treatment (Figure 4.1a). AgNOs life-table data at

30, 45 and 75 pg-Ag L similarly predicted sharp depressions in relative abundances of

103



every individual copepod life-stage (Figure 4.7b-d). Relative to PVP-AgNP controls,
naupliar larvae projections were depressed 9.8-77.3%, copepodite juveniles by 45.7-
81.9%, adult females by 62.6-78.5%, and gravid females by 64.4-89%. In AgNQs, these
predicted life-stage declines were primarily driven by low reproductive success (fertility
and fecundity) in the bioassay. In contrast, PVP-AgNPs life-table data produced fourth-
generation life-stage structures that were all similar to control structure/abundance
irrespective of PVP-AgNPs concentration (Figure 4.7b-d).

Amphiascus tenuiremis survival and reproductive ability is highly sensitive to
dissolved Ag concentration. This is consistent with previous studies where, for example,
Ag-related reproductive, histological and biochemical impairment of planktonic copepods
(Acartia tonsa) and daphniids (Daphnia magna) occurred when they were fed algal food
incubated in dissolved Ag (AgNOs) at 27-108 pg-Ag.L™ (0.25- 1 nM) 269 264 Reduced egg
numbers were observed when A. tonsa was fed algal food exposed to AgNOs, and total
protein concentration per egg (lipovitellin) and percentage of copepod females with

developed ovaries decreased with increasing Ag ingestion 2%

. Lipovitellin is the
predominant soluble egg protein 2% in crustaceans and most invertebrates, and its
accumulation in egg follicles is required for maximum egg quality and offspring
survival/development 2%, These studies demonstrate that dietary metals’ assimilation

efficiencies by copepods is strongly related to the metal concentrations inside or on the

surface of algal food which potentially become bioavailable during ingestion 267-26°,

4.3.3.5. Nature of the exposure: dissolved Ag vs. AgNP effects
Toxicity of AgNPs has been attributed to direct AgNPs effects, the release of Ag*

from AgNPs dissolution, or to both 97261262 |n this study, the observed differences in
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toxicological response for AgNO3z versus AgNPs can be attributed to the dynamics of [Ag*]
change over each 72-h treatment renewal period. For each AgNOs test concentration,
copepods were exposed for 35 days to the maximal dissolved Ag concentration that could
be delivered, in fresh 72-h doses, and with a significant proportion of dissolved Ag rapidly
sorbed to the surfaces of algal cell food. For PVP-AgNPs treatments, the actual realized
exposure is a combination of intact PVP-AgNPs in suspension and also associated with
algal food, plus any released dissolved Ag from the PVP-AgNPs’ gradual dissolution and
sorption to food. Hence, under similar microplate conditions, PVP-AgNPs exposures likely
produced less freely-dissolved Ag than AgNOs exposures. Thus, for PVP-AgNPs,
copepods likely were exposed integratively to lower amounts of the most biologically-
active dissolved Ag complexes over each 72-h microwell SW renewal and subsequently to
lower total amounts over the full 35-d test duration. This could explain the sharply lower
effects of PVP-NPs (i.e., better survival, development, reproduction, and population
growth potential) on A. tenuiremis compared to the severe chronic effects observed for

dissolved AgNOs.

4.4. Environmental Implications

Copepods are the most abundant arthropods on earth, and nearly the most abundant
of all metazoans known, rivaled only by nematode round-worms 27°. For aquatic/marine
ecosystems they are key to food-web integrity, quality and sustainability 2. Impacts of
contaminants on the reproductive success of any important prey species could affect the
population dynamics of that species and possibly other species dependent on it through

selective grazing or predation. Since A. tenuiremis and other meiobenthic copepods are a
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key part of the diet of fishes 2*, shrimps, and crabs *, there is potential for Ag uptake and
subsequent transfer to higher level organisms of direct value to humans.

Copepod exposure to PVP-AgNPs had little effect on their ability to survive,
reproduce, and increase population size. Environmental release of AgNPs from consumer
products, sewage outfalls, etc. would however still pose some risk to marine ecosystems
through rapid and complete dissolution of AgNPs in seawater. Therefore, researchers,
policy-makers and regulators should carefully consider unintended effects of dissolved Ag
release from AgNPs when considering potential risks of AgNPs. For a more informed risk
assessment of AgNPs, future studies should evaluate whether dissolved Ag and AgNPs
exhibit similar reproductive and population toxicity patterns for a broader spectrum of
chronically-exposed invertebrate phyla. Such population-relevant data, along with others,
could be used to produce a more useful holistic model for predicting AgNPs risks to

estuarine and aquatic ecosystems.

106



100% -+

1 0 20 -
gt T
80% + B B | 16 -
_E ,—”’,,.--"': - E,' 12
a L @
- A e Q
=® % w g
; <
4 o
0% + r : : ; ; ;
0 12 24 36 48 60 72 0 . : — 00
Time (h) ohr 24 hr 48 hr 72 hr
¢ 20 pg.L-1 4 30 pg.L-1 n 45 pg.L-1 e 75ug.L-1 Time (hr)
a) --20pgl-1 --30pgl-l  — 45pugll  —75pgl-l b) 020 ppb B30 ppb =75 ppb

Figure 4.1. Behavior of PVP-AgNPs in 30 ppt synthetic seawater (SW): (a) % dissolved
Ag measured by ICP-MS following centrifugal ultrafiltration as a function of time, and (b)

average NP size measured by AFM as a function of time after mixing 20, 30, 45, and 75
ug.Lt PVP-AgNPs with SW
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Figure 4.3. (a) All stages (total) mortality, (b) Naupliar mortality, and (c) copepodite
(juvenile) mortality in sub-lethal life-cycle exposure to AgQNO3z and PVVP-AgNPs (*
indicates statistically significant difference between mean responses within a given Ag-
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Figure 4.4. Percent of females able to produce two broods of viable offspring over 18-24 d
of mating (n-sizes vary across treatments/concentrations depending on survival rates of
nauplii to sexually mature adults; * indicates significant difference between mean
responses within a given Ag-treatment concentration; p-value < 0.05).
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AgNPs treatments (* indicates significantly delayed extrusion compared to control
treatment; p-value < 0.05).

111



25 1
20 A

15 A

10 A
5
0 A

Control 20
Concentratlon (ug- Ll)

m AgNO3 PVP-AgNPs

No. hatched offsprings/ Mating
pairs

Figure 4.6. Number of hatched offspring through two broods per mating pair (mean
fecundity) in AgNOz and PVVP-AgNPs treatments (* indicates significantly reduced
number of hatched offspring compared to control; p-value < 0.05).

112



300 4

250 4

200 4

150 A

100 4

Projected population size

50 A

100 -

B D (o]
o o S
1 L L

Adult Females

.}
o
L

o
!

c)

2589

2249

230.2

199.6 ]
2003

1026

*
i
.

1925

*

35.5

i A

Control 20 30 45 75
Concentration (pg- L)
mAgNO3 PVP-AgNPs b)
36.5
33"231I,o 23.533['0 I
% 228 25
* 116k * 1
8.8 i 6.7
m N m
Control 20 30 45 75
Concentration (ug- L)
W AgNO3 PVP-AgNPs d)

Copepodite Juveniles

100

Gravid Females
oy (=2} (o)
o [=] o

N
o

o

Control 20 30 45 75
Concentration (ug-L?)
mAgNO3 PVP-AgNPs
14.2
a 13"6 22 1:'5 * 15[,2 * 10.6 +* 105
48 ¢ T
34 15
j : - i : = N
Control 20 30 45 75
Concentration (ug-L?)
H AgNO3 PVP-AgNPs

Figure 4.7. (a) Leslie matrix projected AgNO3s and PVVP-AgNPs impacts on Amphiascus
tenuiremis population sizes after four generations. Each treatment-specific mean
abundance represents 10,000 replications of a simulated population growth model
starting with 38 nauplii, 30 copepodites, 12 males, 6 gravid and 14 non-gravid females (*
indicates a significantly depressed (> 2 s difference) population size relative to its within-
treatment control). (b), (c) and (d) Final-stage abundance projections of copepodite
juveniles, adult females, and gravid females after four generations of exposure. (*
indicates a significantly depressed (> 2 s difference) life-stage abundance relative to its
within-treatment control).
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Table 4.1. Leslie matrix predicted instantaneous population growth rate (1) of
Amphiascus tenuiremis in presence of AGNOs and PVP-AgNPs.

Exposure (ug L) | Population Growth Rate I in | Population Growth Rate |
presence of AgNOs in presence of AgNPs
Control 1.24 1.26
20 1.21 1.25
30 0.89 1.29
45 1.01 1.18
75 0.76 1.17
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CHAPTER 5

NANOPARTICLE SIZE AND NATURAL ORGANIC MATTER
COMPOSITION DETERMINE AGGREGATION BEHAVIOR OF

PLATINUM NANOPARTICLES?

1 Sikder, M., Poulin, B.A., Tfaily, M., Baalousha, M. “Nanoparticle size and natural organic
matter composition determine aggregation behavior of platinum nanoparticles”. To be
submitted as peer-reviewed journal article.
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Abstract

Nanoparticle (NP) size and natural organic matter (NOM) composition play
important roles in determining NP environmental behaviors. The aim of this work was to
investigate how NP size and NOM composition influence the colloidal stability of PtNPs.
We compared the effect of five different nominal sizes of PtNPs (20, 30, 50, 75, and 95
nm, denoted as PtNP2o.o5) in moderately hard water (MHW) and the effect of six different
NOM fractions, that were isolated from surface waters and represented a range of
characteristics, on the aggregation of PtNP2o and PtNPgs. NOM isolates were characterized
for elemental composition, specific absorbance, and molecular level composition using
CHONS elemental analyzer, UV-vis, and electrospray ionization-Fourier-transform ion
cyclotron resonance mass spectrometer (ESI-FTICR-MS). Single particle-inductively
coupled plasma-mass spectrometer (sp-ICP-MS) was employed to monitor the aggregation
of PtNPs at environmentally relevant NP and NOM concentrations (1 pg L™t and 1 mg L™,
respectively). PtNP aggregate size increased with decreasing primary PtNP size likely due
to the lower zeta potential and the higher number concentration of smaller NPs compared
to larger NPs at the same mass concentration. No aggregation was observed for PtNPgs in
MHW in presence and absence of the different NOM isolates. PtNP2o formed aggregates

in MHW in the presence and absence of the same NOM isolates, and aggregate size
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increased in the presence of NOM due to interparticle bridging of NOM-coated PtNPs by
divalent counterions. PtNP2o aggregate size increased with the increase in NOM elemental
ratio of H to C and the relative abundance of lignin formulae. However, the aggregate size
of PtNP2 decreased with the increase in NOM molecular weight, NOM SUVA2s4,
elemental ratio of O to C, and the relative abundance of condensed hydrocarbons, and
tannin formulae. Overall, the results of this study suggest that the composition and sources
of NOM are key factors that contribute to the stabilization/destabilization of PtNPs in the

aquatic environment.

5.1 Introduction

The colloidal stability of NP has been studied over the past two decades. Numerous
studies measured NP aggregation for different types of NPs with a major focus on
investigating the effect of NP surface coating, media ionic strength, ion valency, and
natural organic matter (NOM) % %1  Yet, there is a limited and often contradictory
knowledge on the effect of NP size and the physicochemical properties of natural organic
matter (NOM) on NP aggregation. For instance, whereas some studies reported a decrease
in critical coagulation concentration (CCC, the minimum counterion concentration
required to fully destabilize the dispersion) with the decrease in NP size (e.g., hematite 102,
TiO2192), others reported an increase in CCC with the increase in NP size (e.g., CdSe NP
103) or an independence of CCC of NP size (e.g., AuNPs %4 AgNPs % PtNPs 272). In
addition, whereas some studies reported a linear correlation between the CCC and NP size
(e.g., anatase TiO2 1%2), others found that the CCC correlated better with NP specific area

(e.g., TiO2 192, CdSe NP %), and another study reported no correlation between CCC and
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NP size and/or surface area in presence of monovalent and divalent electrolytes (e.g.,
PtNPs 272),

NOM is ubiquitous in the environment with concentrations in the range of 0.1 to
10 mg-C L%, depending on biochemical and climatic conditions 82”3, NOM is a complex
mixture of polyelectrolytic and polyfunctional organic molecules (e.g., polysaccharides,
proteins, lipids, nucleic acids, and fulvic and humic substances)®® 8 that vary spatially and
temporally in terms of molecular composition, acidity, molecular weight, structure, and
charge density®®. Adsorption of NOM on NP surfaces  results in the formation of NOM-
corona &, giving NPs unique surface identity, which may determine NP environmental
behavior. NOM can act as a competitor to displace intentional engineered coatings (e.g.,
citrate, Polyvinylpyrrolidone, PVP) on NPs. For instance, NOM molecules (i.e., both HA
and FA) were reported to displace citrate coatings from the surfaces of AgNPs 17 and
AuUNPs 118 due to the higher affinity of NOM molecules to NP surfaces. Model thiol ligands
can (e.g., cysteine) replace the PVP coating on AgNPs*®, which suggests that thiol groups
present in in the NOM might interact with NPs in a similar manner. NOM enhances NP
stability by enhancing NP electrostatic repulsion and/or steric hindrance *2°-122, The role of
NOM on NP environmental behaviors depends on the physicochemical properties of NOM
such as charge density, functional groups, and molecular weight 23, For instance, higher
molecular weight NOM increases the stability of AuNPs due to increased electrostatic
repulsion 12126 Aggregation of ZnS NPs decreased with increasing NOM concentration,
molecular weight, and aromatic content of NOM fractions, while carboxylate and reduced

sulfur had little effect 127,
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Recently, the development of ultra-high resolution mass spectrometry, specifically
Fourier transform-ion cyclotron resonance-mass spectroscopy (FT-ICR-MS), offers
resolving power sufficient to identify the molecular formulas of the thousands of unique
molecules that make up NOM. FT-ICR-MS is a technique that measures the mass-to-
charge ratio of organic compounds with up to six decimal place precision 2’4, and highlights
compositional differences between NOMs of varying chemical functionality and structure.
Similarly, the recent development in single particle inductively coupled plasma mass
spectroscopy (sp-ICP-MS) allows measuring NP size and aggregation at environmentally
relevant concentrations 1%, and thus enable understanding the interaction of NOM and NPs
under realistic environmental scenarios. Such measurements and understanding have been
limited by the detection limits of the commonly implemented analytical techniques for NP
sizing and aggregation such as dynamic light scattering (DLS) and nanoparticle tracking
analysis (NTA). These methods requires high NP concentrations, typically in the mg L
range 2’°, which is well above the predicted environmental concentrations (PEC) of most
NPs (e.g., ng L to ug L™) 276277 At such high concentrations, NPs aggregate at faster
rates, form larger aggregates, are more likely to settle out of solution, and dissolve at slower
rates °L.

The release of platinum into the environment has been increasing over the years
68,278 and some studies demonstrated that the released Pt in road dust is in the form of
nanoparticles (NPs)%. Such increases are due to the increased use of platinum group
element (PGE; i.e. Pt, Pd, Rh) in automobile catalysts. The expected Pt concentration is
0.4-10.8 ng L™ in aquatic ecosystems and 50 ng L™ in the road dust . The occurrence of

PtNPs in the environment raises concerns regarding the potential environmental
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implications (e.g., bioaccumulation and/or toxicity) of PtNPs . Several studies reported
bioaccumulation and toxicological effects of Pt in aquatic organisms, such as waterfleas "2,
freshwater oligochates 2, microalgae "3, and marine bacteria .

Therefore, the aims of this study were to determine the role of NP primary particle
size and the role of NOM composition and molecular properties on the aggregation

behavior of PtNPs at environmental relevant NP concentration using sp-ICP-MS.

5.2. Methodology

5.2.1. NP synthesis

Polyvinylpyrrolidone coated Platinum nanoparticles (PVP-PtNPs) were
synthesized using seed mediated growth approach described by Sikder et al (2018) 22,
Briefly, 19 nm hydrodynamic sized PVP-PtNPs (PtNP2o) were synthesized by adding 36
mL of 5 mM chloroplatinic acid hydrate (H2PtCle) in 464 mL ultra-pure water (UPW) at
boiling temperature (100 °c) followed by addition of 50 uL of 1 M sodium hydroxide and
11 mL of 1% sodium citrate. Half a minute later, 5.5 mL of a solution containing 0.08%
sodium borohydride and 1% sodium citrate was injected quickly to the boiling solution. 10
minutes later the suspension was cooled down to room temperature under vigorous stirring
(i.e., 700 rpm). 31 nm hydrodynamic sized PVP-PtNPs (PtNPso) were synthesized by
adding 10 mL of PtNP2o in 290 mL UPW at room temperature followed by addition of 450
ML of 0.4 M H2PtCls under constant stirring (i.e., 700 rpm). 5 mL of a solution containing
1% sodium citrate and 1.25% L-ascorbic acid was added drop-wisely (1 drop per 3
seconds) and temperature was slowly increased to the boiling point (100°c, increment of

10°c per minute). After 30 minutes, the suspension was cooled down to room temperature
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under stirring. Larger PVP-PtNPs (PtNPso, PtNP7s, and PtNPes) were synthesized by
diluting different volumes (40, 10, and 2.5 mL) of PtNP3 in 260, 290, and 297.5 mL UPW,
respectively, followed by addition of 450 pL of 0.4 M H2PtCles under constant stirring (i.e.
700 rpm) in room temperature. Then, 5 mL of a solution containing 1% sodium citrate and
1.25% L-ascorbic acid was added dropwise and reaction temperature was increased slowly
to boiling point (100°c, increment of 10°c per minute) under stirring (i.e. 700 rpm). The
resulting suspension was then cooled down to room temperature after 30 minutes of

reaction.

5.2.2. Nanoparticle characterizations

The core size and morphology of the synthesized PtNPs (PtNP2o-PtNPgs) were
measured using transmission electron microscopy (TEM, LaBg Joel 2100, 200 KeV, MA,
USA). Samples for TEM analysis were prepared by depositing a droplet of undiluted PVP-
PtNP suspension on a 300-mesh carbon coated Cu-grid (Agar Scientific, Stansted, UK) for
15 mins followed by rinsing with UPW. The grids were then left it to dry in room
temperature for 48 h in a covered petri dish. The elemental composition of synthesized
PtNPs was confirmed by Energy Dispersive X-ray Spectroscopy (EDS, Joel EX-230
Silicon Drift Detector, MA, USA) coupled with the TEM. Particle size was measured using
Gatan Digital Micrograph software package (GMS 3) 1% and at least 150 individual NPs
were analyzed to determine particle size distribution (PSD) and mean size. The PtNP z-
average hydrodynamic diameter (Zavg) and electrophoretic mobility were determined by
measured by dynamic light scattering (DLS) and laser Doppler electrophoresis using a
Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., MA, USA). The theoretical

particle number concentration of 1 pg L™ PtNPs was calculated by dividing the mass

121



concentration by the average primary particle mass calculated using particle density and

diameter measured by TEM.

5.2.3. NOM sampling sites and sample collection

NOM isolates were extracted from different environments (details in Table D.1)
including three saw-grass dominated wetlands in northern Everglades: water conservation
area (WCA) F1 site, 2B south site, and Arthur R. Marshall Loxahatchee National Wildlife
Refuge (LOX) 8 site (denoted as NOM 1, 2, and 6 respectively), Suwannee river (NOM
5), Williams lake (NOM 3), and Pacific ocean (NOM 4). All 6 NOM isolates are
operationally defined as hydrophobic organic acid (HPOA) fractions isolated on XAD-8
resin 2. All NOMs, except NOM 4, were isolated in freeze-dried form following the
protocol described by Aiken et al. (1992) 2°. Pacific Ocean NOM (NOM 4) was collected
and isolated following the protocol described by Green et al. (2017) 2°. The NOM isolates
were fully characterized by determining their elemental composition using a CHONS
analyzer and specific ultra-violate light absorbance at 254 nm (SUVA2s4) using UV-vis
spectrometer as described elsewhere?®® 282 and briefly summarized in the supplemental

information (SI) section (see Table D.1).

5.2.4. Molecular characterization of NOM using FT-ICR-MS

1 mg of NOM isolates were dissolved directly in 1 ml methanol and analyzed by
FT-ICR-MS. A 12 Tesla Bruker Solarix FT-ICR-MS located at the Environmental
Molecular Sciences Laboratory in Richland, WA, was used to collect high-resolution mass
spectra of the NOM isolates. A standard Bruker ESI source was used to generate negatively

charged molecular ions. Samples were introduced directly to the ESI source at a flow rate
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of 3 pl/min. The ion accumulation time was varied, from 0.1 to 0.5 s, to account for
differences in C concentration between samples and to maintain a final dissolved organic
carbon concentration of 20 ppm. The instrument was externally calibrated weekly with a
tuning solution from Agilent (Santa Clara, CA), which calibrates to a mass accuracy of
<0.1 ppm. Two hundred scans were averaged for each sample and internally calibrated
using OM homologous series separated by 14 Da (—CH_ groups). The mass measurement
accuracy was less than 1 ppm for singly charged ions across a broad m/z range (i.e. 200 <
m/z <1200). To further reduce cumulative errors, all sample peak lists for the entire dataset
were aligned to each other prior to formula assignment to eliminate possible mass shifts
that would impact formula assignment. Putative chemical formulas were assigned using
in-house software based on the Compound Identification Algorithm 28, and modified as
previously described 24, Chemical formulas were assigned based on the following criteria:
S/N > 7, and mass measurement error <1 ppm, taking into consideration the presence of C,
H, O, N, S and P and excluding other elements. Peaks with large mass ratios (m/z values >
500 Da) were assigned formulas through the detection of homologous series (CH2, O, H>).
Additionally, to ensure consistent assignment of molecular formula the following rules
were implemented: one phosphorus requires at least four oxygens in a formula and when
multiple formula candidates were assigned the formula with the lowest error and with the
lowest number of heteroatoms was picked. The chemical formulae were grouped into seven
heteroatom classes of compounds: CHO, CHON, CHOS, CHOP, CHONS, CHONP, and
CHONSP. The chemical compounds were grouped into the eight main families: condensed

aromatic compounds, unsaturated hydrocarbon, tannins, lignin, lipids, protein, amino
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sugars, and carbohydrate derived. From the formula assignment, the average (by number-

weighted) abundance of each class was calculated and compared between samples.

5.2.5. Aggregation of PtNPs

The aggregation behavior of PtNPs (NP2o-NPgs) was determined by monitoring the
evolution of PtNP number size distribution and number and mass concentration by sp-1CP-
MS following (e.g., 0 and 24 h) mixing 1 pug L™ PtNPs with ultrahigh pure water (UPW)
and moderately hard water (MHW). The effect of NOM on the aggregation of PtNPs in
MHW was determined following mixing 1 pug L™ PtNPs (PtNPo and PtNPgs) with MHW
in presence of 1 mg L™t NOM isolates under static condition. All aggregation experiments
were conducted in triplicates, and the number and mass concentrations and the number
average diameter were presented as average of the three replicates (Table S7-S12). All sp-
ICP-MS data were acquired with a NexION™ 350D ICP-MS (PerkinElmer Inc., MA,
USA) operating in a single particle mode with the Syngistix Nano Application Module. A
standard introduction system consisting of a Meinhard glass concentric nebulizer, a glass
cyclonic spray chamber, and a 2 mm ID quartz injector were used. The sample uptake rates
were 0.28-0.32 mL/min. Data were acquired at an RF power of 1600 W, a 50 us dwell
time, a O us settling time, and a 60 s acquisition time. The transport efficiencies were 9.6-
12.7%. NIST™ Au standard reference material (actual TEM size of 56 nm; reference
material 8013 manufactured by National Institute of Standard and Technology, MD, USA)
was used to determine the transport efficiency. A rinse cycle consisting of 1 min with 1%
aqua regia, and 1 min with UPW was performed after each sample run to ensure cleansing
of the sample introduction system between samples. The NIST Au standard reference

material was measured after each set as a QA/QC check.
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5.2.6. Statistical analysis

All the experiments were conducted in triplicates. All statistical analyses were
performed with SAS® version 9.4 software (SAS institute, Cary, NC). The correlation
coefficient between % mass of aggregated NP and NOM’s elemental composition were
calculated using Pearson’s correlation method. % mass of aggregated NP in presence of
six NOM isolates (and control, that is without NOM) were analyzed using ANOVA and
Tukey’s multiple comparison test. Particle size distribution of PtNPs in absence and
presence of different NOMs were analyzed using Kolmogorov-Smirnov (K-S) test with

Bonferroni correction. In all cases, the statistical significance was set at p-value < 0.05.

5.3. Results and discussions

5.3.1. NOM characterization

The bulk elemental composition of the NOM isolates used in this study are
presented in Table D.1. The molecular properties of NOM isolated were determined by
FT-ICR-MS. The relative abundance of molecules based on heteroatom content and
geochemical classification are presented in Table D.2 and D.3, respectively. The O/C,
H/C, and molecular weight of the NOM isolates are summarized in Table D.4. Molecular
weight and SUVA2s4 of the NOMs varied between 369-442 Da and 0.8-4.8 L mg? m?,
respectively. N and S are the other key parameters that varied significantly between NOMs
(0.8-1.8% and 0.4-1.9%, respectively; Table D.1). CHO and CHON are the main
heteroatom classes of compounds in NOM whose abundance is > 5% and varied
significantly between the six NOM isolates (Table D.2). CHOS and CHONS were

generally less abundant (1.6 to 7.5% and 1.9 to 8.1) with few NOM isolates containing >
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5% of these two classes of compounds. Other heteroatom classes of compounds (e.g.,
CHOP, CHONP, CHONSP, and others) represented only < 5% of all formulae in all NOM
isolates. Condensed hydrocarbon, lignin, and tannin are the main geochemical classes of
compounds in NOM whose abundance is > 5% and varied significantly between the six
NOM isolates (Table D.3). Other geochemical classes of compounds (e.g., aminosugar,
carbohydrates, lipid, unsaturated hydrocarbons, and others) represented < 5% of all
formulae in all NOM isolates. The number average elemental ratio of O/C and H/C varies
within a narrow range (0.48-0.52 and 1.05-1.26, respectively) between the different NOM
isolates. The differences in the molecular properties of NOM isolates are likely due to
differences in sources and environmental processing of the NOM samples, rather than due
to ionization and detection variations in the measurement technique as all samples were

prepared and analyzed using the same protocol and at the same time.

5.3.2. Particle characterization

The physiochemical properties of the PVP-PtNPs were measured using a
multimethod approach and reported elsewhere 272, and PtNP properties pertinent to this
manuscript are summarized below. TEM analysis show that the synthesized PtNPs are
spherical (Figure D.1a-e) with PtNP2o, PtNP3o, PtNP7s, and PtNPes exhibiting monomodal
PSDs, whereas PtNPso exhibiting a bimodal PSD (Figure 5.1a). The mean core diameters
of PtNP2o, PtNP3o, PtNPso, PtNP7s, and PtNPgs measured by TEM are 9.2+1.2, 10.9+0.8,
18.545, 44.5+5, and 72.5£3.9 nm, respectively (Table D.5). sp-ICP-MS analysis show that
all PtNPs exhibit monomodal PSDs, with mean core diameters of PtNP2o-PtNPgs of 26.3 +
15,324+£25,24.7+1.6,42.9+0.8,and 77.1 £ 0.8 nm, respectively (Figure 5.1b). The

mean core diameters of PtNP7s and PtNPgs measured by sp-ICP-MS are in good aggrement
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with those measured by TEM (Table D.5). However, the mean core diameters of PtNP2o,
PtNP30, and PtNPsp measured by sp-ICP-MS were larger than those measred by TEM
(Table D.5), which is attributed to the high lower size detection limit of sp-ICP-MS for
PtNP which is 18 nm 2%, The PSD of PtNP2o, PtNP3o, and PtNPso obtained by sp-ICP-MS
are monomodal but represent curtailed log-normal size distribution, resulting higher mean
core size compared to TEM measured core size.

The number concentration of PtNP2o, PtNP30, and PtNPso in UPW measured by sp-
ICP-MS represents a small fraction of the theoretical particle number concentration (Table
D.7). The measured number concentration of PtNP2, PtNP3, and PtNPso in UPW
represented only 0.3, 1.2, and 33.1%, respectively, of the theoretical NP number
concentration (Table D.7). In contrast, the measured number concentrations of PtNP7s and
PtNPgs in UPW were in good agreement with the theoretical number concentration (Table
D.7). This is due to the size detection limit of sp-ICP-MS (e.g., 18 nm for PtNPs) 2%, The
number PSD measured by TEM illustrates that all NPs in PtNP2o, and PtNP3o and 54% of
NPs in PtNPsg are below the sp-ICP-MS size detection limit, whereas all particles in PtNP7s
and PtNPgs are greater than the sp-ICP-MS size detection limit for PtNPs (Figure 5.1Db).

The Zeta potential of PtNPs decreased from -16.9+3.5 to -27.2+1.7 with the
increase in particle size (Table D.6), which might be attributed to the partial coating of
PtNPs. Typically, NPs fully coated with PVP molecules exhibit low zeta potential of
approximately -10 mV 7> 28, Higher zeta potential of PVVP-coated NPs has been reported
elsewhere and was attributed to the partial surface coating of NPs by PVP molecules >

217,28 For instance, the magnitude of the zeta potential of PVP-partially coated AgNPs
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increased with the decrease in the number of PVP molecules per AgNP unit surface area

94

5.3.3. Size-dependent aggregation of PtNPs

The number PSDs of PtNP2o — PtNP7s shifted slightly toward larger sizes relative
to the corresponding PSDs of PtNP2o — PtNP7s measured in UPW immediately after mixing
with MHW and shifted further towards larger sizes after 24 h after mixing with MHW
(Figure 5.2a-d), indicating PtNPs aggregation in MHW. The aggregation of PtNPs in
MHW relative to UPW can be attributed to the higher ionic strength in MHW which
screens the PtNP surface charge. The magnitude of the zeta potential of each of the PtNP
suspensions decreased in MHW at 0 h and further decrease at 24 h relative to the
corresponding zeta potential measured in UPW (Table D.6). The number PSD of PtNPgs
did not change in MHW relative to that measured in UPW (Figure 5.2¢), indicating the
colloidal stability of PtNPgs in MHW.

The number concentrations of PtNP2o and PtNPs3o increased immediately after
mixing with MHW relative to those measured in UPW and increased further after 24 h
(Table D.7). This is counterintuitive as NP number concentration is expected to decrease
with NP aggregation. However, due to the aggregation, PtNP aggregate size became larger
than the size detection limit of sp-ICP-MS for PtNPs (i.e., 18 nm). Thus, NP aggregation
increased the detectable PtNPs by sp-ICP-MS and increased the measured PtNPs number
concentration (Table D.7 and Figure 5.2a-b). This is further corroborated by the increase
in the mass concentration of PtNP2o and PtNP3o measured by sp-ICP-MS in MHW relative

to those measured in UPW (Table D.8).
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The number concentration of PtNPso and PtNP7s decreased immediately after
mixing with MHW relative to the number concentration in UPW and decreased further
after 24 h of mixing with MHW (Table D.7), which can be attributed to particle
aggregation. It might be expected that aggregation of PtNPsg should result in the increase
in the number particle concentration similar to PtNP2o and PtNPso. However, a larger
fraction (67 %) of NPs in PtNPsg was larger than the size detection limit. Thus, aggregation
of PtNPsp increases the size of undetectable particles to become detectable and thus
increase the number particle concentration, but aggregation also reduces the number of
NPs larger than the sp-ICP-MS detection limit. Thus, the measured number concentration
is influenced by these two processes. All NPs in PtNP7s were larger than the size detection
limit of sp-ICP-MS and thus the number concentration of PtNP7s in MHW decreased
relative to that in UPW due to particle aggregation. The number concentrations of PtNPgs
in UPW and in MHW at t= 0 (i.e., 8 mins, time required from sample collection to reach
the plasma of sp-ICP-MS) were not statistically different (p-value < 0.05) (Table D.7). The
number concentration of PtNPgs in MHW decreased (e.g., 35% reduction, Table D.7) after
24 h in MHW, but the number PSD of PtNPgs did not change after 24 h in MHW. This
might be due to the aggregation of some PtNPs without a significant shift in the number
PSD, or due to sedimentation of some PtNPs, and/or due to both processes. The decrease
in PtNP7s and PtNPgs mass concentration suggest the loss of some PtNPs, most likely due
to PtNP sedimentation. Sedimentation of PtNP7s and PtNPgs was visually observed in the
stock suspensions within 24-48 h, mainly because of the high density of PtNPs (= 21.45 g
cm). Similar gravitational sedimentation of 65 and 87.5 nm AuNPs (density= 19.32 g cm"

%) in UPW under static condition was observed after 48 h 287
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The number PSD of PtNP2o and PtNP3zo 24 h after mixing with MHW exhibited
broader size distributions compared to PtNPso, PtNP7s, and PtNPgs (Figure 5.1). This
observation indicates that smaller PtNPs are more prone to aggregation and form larger
aggregates compared to the larger PtNPs. This is consistent with previous studies
demonstrating the increased aggregation of smaller hematite NP 01, TiO, NP 102288 and
cit-PtNPs under the same experimental conditions relative to their larger counterpart 272,
NP aggregation occur because of NP collision and attachment. The former increases with
the increase in NP number concentration, whereas the later increase with the decrease in
NP zeta potential. At the same mass concentration, NP number concentration increases
with the decrease in NP size. The magnitude of the zeta potential of PtNPs decrease with
the decrease in NP size (Table D.6). Thus, both factors contribute to the increased
aggregation with the decrease in PtNPs sizes. However, positive correlation °* 1% and
insignificant correlation %4 between primary particle size and aggregation also reported in

literature.

5.3.4. NOM-dependent aggregation of PtNPs

The PSDs of PtNP2 and PtNPgs (1 pg L) in MHW in the presence of 1 mg L
NOM isolates are presented in Figure 5.3 and 5.5, respectively. The PSDs of PtNP2 in
MHW in the presence of NOM isolates at time O h were not statistically different
(Kolmogorov-Smirnov test; p- value > 0.065) relative to the PSD of PtNP2g measured in
MHW (without NOM) at time O h (Figure 5.3), inferring the lack of immediate aggregation
of PtNP2o in MHW because of the NOM isolates. After 24 h, the PSDs of PtNP2 in the

presence of NOM isolates shifted toward larger sizes relative to that measured PSD at time
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0 h, indicating aggregation of PtNP2 in MHW in the presence of all NOM isolates. The
PSDs of PtNP2o in presence of NOM 1, 2, 3, 5, and 6 after 24 in MHW were not statistically
different (Kolmogorov-Smirnov test; p-value > 0.4) relative to the PSD of PtNPyo after 24
h in MHW without NOM. However, the PSDs of PtNP2 in presence of NOM 4 after 24 h
in MHW was statistically different (larger, Kolmogorov-Smirnov test; p-value < 0.05)
relative to the PSD of PtNP2o after 24 h in MHW without NOM. Similarly, the mean
number diameter of PtNP2 in NOM 1, 2, 3, 5 and 6, were not significantly different (t-test;
p-value > 0.05) relative to the mean diameter of PtNP2o after 24 h in MHW without NOM,
whereas the mean diameter of PtNP2o in presence of NOM 4 was larger than the mean
diameter of PtNP2 in MHW without NOM and in MHW in presence of all other NOM
isolates (t-test; p-value < 0.05). These results suggest that NOM isolates differently impact
PtNP2o aggregation/stability.

To evaluate PtNPs aggregation in the absence and presence of NOM isolates, the
number and mass concentrations of PtNPs measured by sp-ICP-MS were compared to the
theoretical number and mass concentrations, respectively. The number concentration of
PtNP2 at 0 h and 24 h after mixing with MHW in presence or absence of NOM isolates
represents 0.4-0.6% and 11-52% of the theoretical PtNP2 number concentration,
respectively (Table D.9). This result confirms the aggregation of PtNP2 in MHW in
presence and/or absence of NOM isolates. In contrast, PtNP2 in UPW did not aggregate
during 24 h exposure and the number concentration of PtNP2 remained constant and
represented only 0.7% of the theoretical PtNP2o concentration. The mass concentration of
PtNP2o in presence and absence NOM isolates also followed the same trend. The mass

concentration of PtNP2o represented 1.6-3.4% and 18.8-97.8% of the theoretical PtNP2o

131



mass concentration after 0 and 24 h of mixing with MHW in presence of NOM isolates
(Table D.10).

The number concentration of PtNP2g in presence of NOM 4 was significantly higher
than the number concentration of PtNP2 in absence of NOM (Figure 5.4a; p-value < 0.05),
whereas the number concentration of PtNP2 in presence of NOM 1, 2, 3, 5, and 6 were not
significantly different compared to the number concentration of PtNP2g in absence of NOM
(Figure 5.4a; ANOVA with Tuckey’s multiple comparison test; a=0.05). Nonetheless, the
number concentration of PtNPy in the presence of the different NOM isolates decreased
following the order: NOM4 > NOM2 > NOM5 > NOM3 > no NOM > NOM6 > NOM1
(Table D.9). The mass concentration of PtNP2o in presence of NOM 4 was larger than the
mass concentration of PtNP2o in absence of NOM and in presence all other NOM isolates.
However, the mass concentration of PtNP2o in presence of NOM 1, 2, 3, 5, and 6 were not
significantly different relative to the mass concentration of PtNP2o in absence of NOM
(Figure 5.4b; ANOVA with Tuckey’s multiple comparison; a= 0.05). The mass
concentration of PtNP2 in presence of NOM 1 was lower than the mass concentration of
PtNP2 in presence of NOM 2 (ANOV A with Tuckey’s multiple comparison test; a= 0.05),
whereas the mass concentration of PtNP2o in the presence of NOM2, 3, 5 and 6 were not
significantly different among themselves. Nonetheless, the mass concentration of PtNP2o
in the presence of the different NOM isolates decreased following the order: NOM4 >
NOM2 > NOM3 > NOM5 > NOM6 >no NOM > NOML1. These results indicate that NOM
isolates impacted PtNP2o aggregation to different extents. The extent to which NOM affects
PtNP2o aggregation can be attributed to the difference in the molecular composition and

properties of the six NOM isolates used in this study as discussed in detail below.
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The increased aggregation of PtNP20 in presence of NOM is likely due to inter-
particle bridging of NOM-coated PtNPs due to complex formation between humic acid
macromolecules and divalent counterions (e.g., Ca®* and Mg?*) 1’® 2%, MHW contains
higher concentrations of divalent counter-ions (e.g., 0.45 Ca?* and 0.5 mM Mg?*, Table
S14) than the concentration of monovalent counter-ions (e.g., 1.14 mM Na* and 0.05 mM
K®). Such low concentrations of monovalent counterions in MHW are lower than the
concentrations of monovalent counterions (e.g., > 50 mM Na*) required to initiate PtNP2o
aggregation 22, However, the concentrations of divalent counterions in MHW were shown
to result in a significant aggregation of PtNP2o and were in close proximity to the critical
coagulation concentration (e.g., 1.1 Ca?") of PtNPz 272, However, this bridging
phenomenon may depend on the type, composition and structure of the natural organic
material, which has not been investigated previously.

The PSD of PtNPgs in MHW in the presence of NOM isolates at 0 and 24 h (Figure
5.5) were not statistically different from those measured in MHW at time 0 h or 24 h
(Figure 5.2e). This indicates that all NOM isolates did not have significant impact on the
colloidal stability of PtNPgs. The number concentration of PtNPgs decreased slightly in
MHW relative to that measured in UPW at 24 h (Table D.11), indicating slight particle
aggregation and/or sedimentation. The mass concentration of PtNPgs decreased slightly in
MHW relative to that measured in UPW at 24 h (Table D.12) indicating slight particle
aggregation and/or sedimentation of PtNPs during this period. The number and mass
concentrations of PtNPgs in MHW increased slightly in the presence of all NOM isolates
relative to that in the absence of NOM isolates, suggesting that NOM isolates did not induce

PtNPgs aggregation.
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Taken together, these results suggest that the effect of NOM on PtNP aggregation
is size-dependent. Smaller PtNPs were more impacted by NOM, which might be attributed
to the size-dependent NOM-corona composition/properties. For instance, Pittibone et al
demonstrated difference in adsorption sites or a different distribution of adsorption sites
for oxalic acid on the surface of 5 nm and 32 nm TiO2-NPs, with the presence of lower
energy binding sites for adsorption on the surface of the 5 nm TiO.-NPs that were not
present on the 32 nm TiO2-NPs 28, The presence of such sites was attributed to the edge
and corner sites, which are present in greater abundance for the 5 nm particles relative to
the larger 32 nm particles 28, Such differences in adsorption sites on the NP surfaces can
be even more important for the adoption of NOM on NP surfaces due to polydiversity of
NOM formulae. Zhang et al. (1999) reported increased adsorption of organic acids with
the decrease (e.g., 6-16 nm) in TiO2 NPs 2°°, Smaller particles with increased molar free
energy are more prone to adsorb molecules or ions per unit area onto their surfaces in order
to decrease the total free energy and to become more stable 2%, Chowdhury et al. (2013)
reported that NOM affect the morphology of TiO» NP aggregate, where small NPs (e.g., 6
nm) form more compact aggregates than larger NPs in presence of NOM (e.g., 13 nm and
23), suggesting that interactions of NOM with smaller NPs are more significant than those

with larger ones ”’.

5.3.5. Correlating PtNP2o aggregation to NOM properties

The NOM isolates used in this study represents a diverse array of HPOAs.
Differences in composition among isolates may explain the variation in observed particle
aggregation. To better understand the NOM properties with the greatest influence on

observed aggregation, we performed Pearson’s correlation analysis between mass of
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aggregated PtNP2 and specific NOM property. PtNPgs were not included in these
correlation analysis as they did not exhibit any appreciable aggregation in the absence or
presence of NOM isolates. Calculated Pearson’s correlation coefficient (r) and p-values
(Table 5.1) were used to assess the correlation quality with each NOM parameter, varied
depending on NOM characteristics.

The mass of PtNP2o that formed aggregates exhibited negative correlation with
SUVAs4, molecular weight (MW), O/C ratio; relative abundance of condensed
hydrocarbon (ConHC), and tannin, and it exhibited positive correlation with H/C ratio,
relative abundance of lignin (Table 5.1, D.2-D.4 and Figure 5.6). NOM parameters
producing the best negative correlations with the mass of aggregated PtNP2o were MW (r=
-0.979, p-value = 0.004), SUVAs4 (r= -0.763, p-value = 0.078), O/C ratio (r= -0.841, p-
value = 0.036), relative abundance of ConHC (r= -0.766, p-value = 0.076), and relative
abundance tannin (r= -0.898, p-value = 0.015). NOM parameters producing the best
positive correlation with the mass of aggregated PtNP2o were H/C (r = 0.73, p-value = 0.1),
and relative abundancies of lignin (r = 0.798, p-value = 0.058).

NOM molecular properties associated with higher charge density (i.e. O/C)
demonstrated negative correlation with the observed aggregation (Table 5.1, Figure D.2c
and D.2g). In contrast, lower charge density parameters (i.e. H/C) showed positive
correlation with the aggregated mass (Table 5.1, Figure D.2h). Higher oxygen content and
O/C ratio indicates a higher content of functional groups such as carboxylic groups . The
higher content of these functional groups is likely to enhance NP surface charge and thus
increase the electrostatic repulsive forces between NOM-coated PtNPs, and thus enhance

NP stability. While overall aggregation of PtNPs and NOM were influenced by repulsive
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forces for aggregation caused by net negative surface charge, the variations between NOM
fractions could also be partially explained by properties that influenced steric and
hydrophobic effects. An increase in MW would presumably lead to thicker adsorbed layers
of NOM on NP surface, particularly by forming loop and tail structure and resulting in
increased steric stabilization?®?%, An increase in SUVA2s and the relative abundance of
ConHC would presumably lead to higher sorption of these molecules on NP surfaces and
thus increasing the NP hydrophobicity, and thus may enhance repulsive forces between
NPs. The significant role of these NOM properties can also be related to the selective
sorption on the surface of NPs of NOM molecules with high O/C, molecular weight,
aromaticity, and hydrophobicity 2%4-2%°, The negative correlation of aggregated PtNP2omass
with MW, SUV A4 (a proxy indicator of aromaticity), and ConHC are consistent, as the
higher MW NOM tends to have more aromatic carbon over aliphatic carbon moieties®®.
Similar trend was observed for ZnS nanoparticles 27 and cit-AuNPs 2. Thus, larger MW,
higher SUV Azs4, and relative abundance of ConHC in NOM isolates enhance NP stability
125, 127_

Compounds with high O/C (i.e., tannin) demonstrated significant negative
correlation, whereas those with low O/C (i.e., lignin, conHC etc.) demonstrated significant
positive correlation with the mass of aggregated PtNP2o, in good agreement with the
correlations observed with O/C ratios as discussed above. Lignin and tannin contain the
same types of surface functional groups (hydroxyl groups and phenol groups). However,
tannin has a higher content of these functional groups. Tannins are high molecular weight
polycyclic aromatic compounds with high O/C ratio and charge density, which are likely

to enhance the surface charge, and thus, result in higher stability of NPs. Additionally, the
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hydrophobic nature and polymer structure of tannins might be responsible for increased
NP stability and decreased aggregation 3. Lignin is a high molecular polyphenolic
compounds %, These poly-phenol compounds has particular importance as they promote
aggregation by forming strong non-covalent bonds *°2. Lignin has hydrophilic regions such
as hydroxyls (-OH), carboxylic (-COOH) and small alkyl chains i.e., methane groups (—
CHs3). These functional groups and the hydrophobic regions of lignin (e.g., resinol, C-H
groups) enable it to bind with organic matter and mineral particles through polar, covalent,
and hydrogen bonding as well as Van der Waals forces. These humified and highly
decomposed materials, which are more stable, aid in the formation of microaggregates >,
For instance, lignin has been shown to promote macroaggregation in soil and it increases
aggregate stability 3933, Application of 1.67-3.34 g-C kg soil in the form of sulfuric
acid-precipitated lignin from rice straw pulping resulted in more than two fold increase (~
59%, p-value < 0.05) in macroaggregate formation over the control soil during 8 week

incubation 3%,

5.4. Conclusions

This study demonstrated that the aggregation of PtNPs depend on several factors,
including NP size and NOM characteristics. At the same mass concentration, the PtNP
aggregate size increased with the decrease in NP primary size due to the increased NP
number concentration and this collision. NOM isolates of different elemental composition
and properties did not alter the aggregation behavior of PtNPgs in MHW. However, the
same NOM isolates generally increased the aggregation of PtNP2o in MHW to different
extents, likely via bridging mechanism in presence of divalent counterions in MHW. The

mass of the aggregated PtNP2o decreased with the increase in NOM elemental ratio of O to
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C, molecular weight, SUVA2s4, and relative abundance of condensed hydrocarbons and
tannin formulae due to electrosteric stabilization effects. The mass of the aggregated
PtNP2o increased with the increase in NOM elemental ratio of H to C and the relative
abundance of Lignin formulae. Therefore, the molecular composition and properties, and
thus sources, of NOM determine, to a great extent, PtNP colloidal stability in the aquatic
environment. Future studies are needed using a larger number of NOM isolates in various
environmentally representative media, and higher number of replicates to discern the subtle
effects of NOM properties on PtNP, and other NP, colloidal stability and to develop
quantitative structure activity relationships between NOM molecular properties and NP

environmental behaviors.
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Figure 5.1. Number particle size distribution of polyvinylpyrrolidone-coated platinum
nanoparticles of five different nominal sizes ranged from 20 to 95 nm (denoted as
PtNP20-PtNPgs) measured by (a) transmission electron microscope, and (b) single
particle-inductively coupled plasma-mass spectrometer (sp-ICP-MS). Size detection limit
of PtNPs in sp-ICP-MS is 18 nm
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Figure 5.2. Number particle size distribution measured by sp-ICP-MS of 1 ug L-1 PVP-
PtNPs in ultrapure water (UPW) and and at 0 and 24 h after mixing with moderately hard
water (MHW) of: (a) PtNP2o, (b) PtNPzo, (C) PtNPso, (d) PtNP7s, and (e) PtNPos.
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Figure 5.3. Particle size distribution (PSD) measured by sp-ICP-MS of 1 pg L™ PtNPy at
0 and 24 hours after mixing with MHW in presence of 1 mg L-1 (a) NOM 1, (b) NOM 2,
(c) NOM 3, (d) NOM 4, (e) NOM 5, and (f) NOM 6. The frequency of PtNPs only and
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the primary Y-axis (both Y-axis represents x10® NP/mL)
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Figure 5.4. (a) Number and (b) mass concentration of 1 pg L™ PtNP2o measured by sp-
ICP-MS after 24 h of mixing with MHW in absence and presence of 1 mg L' NOM. *
represents a significant increase in measured PtNP2o number concentration in presence of
NOM compared to that measured in the absence of NOM
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Figure 5.6. Correlation between % of PtNP2o mass undergoing aggregation in presence of
the different NOM isolates and NOM properties: (a) molecular weight, (b) specific UV
absorbance at 254 nm (SUVAzs4), (c) condensed hydrocarbon (ConHC), (e) lignin, and
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144



Table 5.1. Analysis results of Pearson’s correlation between % mass of aggregated
PtNP2o and NOM properties

Variables

| Pearson’s correlation coefficient (1) |

p-value

% mass of aggregated NP vs NOM elemental composition

) -0.411 0.418
N -0.164 0.756
S -0.429 0.397
SUVA25,4 -0.771 0.072
Molecular weight -0.979 0.004*
0O/C -0.841 0.036*
H/C 0.730 0.099

% mass of aggregated NP vs NOM geochemical classes of compounds
Aminosugar 0.709 0.115
Condensed HC -0.766 0.076
Carbohydrates -0.746 0.089
Lignin 0.798 0.058
Lipid 0.409 0.420
Protein 0.748 0.087
Tannin -0.898 0.015*
Unsaturated HC -0.171 0.745
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CHAPTER 6

EFFECT OF SIZE AND NATURAL ORGANIC MATTER
COMPOSITION ON THE BIOAVAILABILITY OF PLATINUM
NANOPARTICLES TO A MODEL FRESHWATER SNAIL, LYMNAEA

STAGNALIS?

1 Sikder, M., Barasch, D., Croteau, M.N., Poulin, B.A., Baalousha, M. “Effect of size and
natural organic matter composition on the bioavailability of Platinum nanoparticles to a

model freshwater snail, Lymnaea stagnalis”. To be submitted as peer-reviewed journal
article.
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Abstract

Nanoparticle’s (NP) size, form (i.e. ion vs NP), and natural organic matter (NOM)
are key in determining NP environmental fate, behavior, and toxicity. The aim of this work
was to investigate how NP size and natural organic matter composition influence the
bioavailability of PtNPs to a model freshwater species, the snail Lymnaea stagnalis from
aqueous exposure. Bioavailability of dissolved Pt (added as H2PtCl6) and
polyvinylpyrrolidone coated PtNPs of five different sizes (e.g., 20, 30, 50, 75, and 95 nm)
was investigated using a model freshwater species, the snail Lymnaea stagnalis in
controlled laboratory experiments. All forms of Pt were bioavailable to L. stagnalis, and Pt
bioavailability was 2.5-times greater for the NPs than for dissolved Pt (kuw of 0.055+0.003
vs 0.139+0.007 L g d?, respectively). PtNP bioavailability decreased with decreasing
PtNPs size (from kuw= 0.092+0.011 to 0.751+0.343 L g* d'), which might be attributed to
the increased aggregation with the decrease in NP size. The influence of NOM isolates on
Pt bioavailability was equivocal; that is, NOM did not have a significant impact on the
bioavailability of PtNP2o but suppressed the bioavailability of PtNP95. The bioavailability
of PtNPgs increased by 6-fold (from 0.075+0.050 to 0.456+0.037 L g* d) with the increase
in NOM sulfur (S) content. This study delineates the effect of NP size and NOM molecular

composition on PtNPs interactions in the aquatic environment, which subsequently
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influence the environmental fate and bioavailability of PtNPs. PtNP’s influx rate constant
and efflux rate constant along with NP-NOM interaction characterization could be used to
produce a more useful holistic model for predicting PtNPs bioavailability, concentration,

and risks to aquatic ecosystems.

6.1. Introduction

Nanoparticle bioaccumulation in organisms depends on NP size, shape, surface
charge, NP concentration, media chemistry, and the model organism used in the study 2 ',
There are currently contradictory data on the dependence of bioaccumulation on NP size,
with same exposure conditions and media characteristics. Studies have either reported an
increase in uptake or bioaccumulation with increase NP size (e.g. AuNP 306307 AgNPp 308
etc.), a decrease in bio-accumulation with increase in size (e.g. Au NP *%°, AgNP 3%, ZnO-
NP 311, SiO,-NP %2), or a lack of influence of NP size on bioaccumulation (e.g. AuNP 3%
813,314 7nO, TiOz, SiO.-NP 3'%). Because bioaccumulation is the outcome of both uptake
and elimination processes 31, characterizing the influence of NP size on influx and efflux
rates might provide clearer insights.

Natural organic matter (NOM) is ubiquitous in the environment with concentrations
in the range of 0.1 to 10 mg-C L, depending on biochemical and climatic conditions 882,
NOM is a complex mixture of polyelectrolytic and polyfunctional organic molecules (e.g.
polysaccharides, proteins, lipids, nucleic acids and fulvic and humic substances)® 8 that
vary spatially and temporally in terms of molecular composition, acidity, molecular weight,
structure, and charge density . Adsorption of NOM on NPs % results in the formation of
NOM-corona &, giving NPs unique surface identity. Although NOM is commonly

recognized as a series of nontoxic compounds 3" 3, NOM can significantly impact the
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bioavailability and toxicity of NPs in aquatic organisms by altering their fate and behavior
191,319,320 The influence of NOM on NP bioavailability and toxicity is complex. Studies
have shown that for the same type of NPs, NOM can enhance %, mitigate °” % or have no
significant effects on NP bioavailability °. The range of NOM impacts on NP
bioavailability and toxicity may be due to differences in NOM molecular composition and
consequently NOM-corona composition & 294317 “which are not fully understood at the
molecular interaction level. For logistic reasons and cross-lab standardization, the majority
of studies in the literature have used single molecules (e.g. cysteine or citric acid) 43, or
standard NOM fractions (e.g. SRFA, SRHA and PLFA) % 143321 "\which do not always
reflect the variability of NOM composition and properties in the environment. Thus, there
is currently a limited knowledge on the effect of NOM composition on NP bioavailability.

The increased use of platinum group element (PGE; i.e. Pt, Pd, Rh) in automobile
catalysts has led to an increased release of these elements to the environment. The
concentration of Pt in environmental samples, such as road dust, soil, surface water,
sediments, and plants has increased significantly in recent decades %% 28 and some
studies demonstrated that the released Pt in road dust is in the form of nanoparticles (NPs)
63, Pt deposited on and/or by the road can be washed out during rainfall and transported to
urban rivers, posing a threat to aquatic ecosystems 322, Pt concentrations in aquatic
ecosystems range from 0.4 t010.8 ng L to as high as 50 ng kg™ in road dust ¢°. The
occurrence of PtNPs in the environment raises concerns regarding potential environmental
implications (e.g., bioaccumulation and/or toxicity) of PtNPs ®1. Several studies reported
bioaccumulation and toxicological effects of Pt in aquatic organisms, such as waterfleas %,

freshwater oligochates 2, microalgae "3, and marine bacteria ™. Most previous studies
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assessed bioavailability and/or toxicity at extremely high Pt exposure concentrations (e.g.
mg L™). In addition to lacking environmental relevance, at such high concentrations, NPs
aggregate at faster rates, form larger aggregates, are more likely to settle out, and dissolve
at slower rates, which may reduce the bioavailability and thus uptake of ENPs for pelagic
organisms °*.,

The aims of this study are to characterize the effects of NP size and NOM
composition on PtNP bioavailability to the model freshwater snail, Lymnaea stagnalis
using the precepts of a bioaccumulation kinetic model 3. Lymnaea stagnalis has been
widely used to investigate metal bioaccumulation 2% 32432 the species has an extensive
geographic distribution, and it represents a significant part of the diet of many fish and

crayfish 327,

6.2. Methodology

6.2.1. NP synthesis

Polyvinylpyrrolidone coated platinum nanoparticles (PVP-PtNPs) were
synthesized using a seed mediated growth approach described by Sikder et al (2019) 272,
Briefly, 19 nm hydrodynamic sized PVP-PtNPs (PtNP2) were synthesized by adding 36
mL of 5 mM chloroplatinic acid hydrate (H2PtCle) in 464 mL ultra-pure water (UPW) at
boiling temperature (100 °c) followed by addition of 50 uL of 1 M sodium hydroxide and
11 mL of 1% sodium citrate. Half a minute later, 5.5 mL of a solution containing 0.08%
sodium borohydride and 1% sodium citrate was injected quickly to the boiling solution. 10
minutes later the suspension was cooled down to room temperature under vigorous stirring

(i.e. 700 rpm). 31 nm hydrodynamic sized PVP-PtNPs (PtNPs) were synthesized by
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adding 10 mL of PtNP2o in 290 mL UPW at room temperature followed by addition of 450
pL of 0.4 M H2PtCls under constant stirring (i.e. 700 rpm). 5 mL of a solution containing
1% sodium citrate and 1.25% L-ascorbic acid was added drop-wisely (1 drop per 3
seconds) and temperature was slowly increased to the boiling point (100°c, increment of
10°c per minute). After 30 minutes, the suspension was cooled down to room temperature
under stirring. Larger PVP-PtNPs (PtNPso, PtNP7s, and PtNPgs) were synthesized by
diluting different volumes (40, 10, and 2.5 mL) of NP3 in 260, 290, and 297.5 mL UPW,
respectively, followed by addition of 450 pL of 0.4 M H2PtCles under constant stirring (i.e.
700 rpm) at room temperature. Then, 5 mL of a solution containing 1% sodium citrate and
1.25% L-ascorbic acid was added dropwise and the reaction temperature was increased
slowly to boiling point (100°c, increment of 10°c per minute) under stirring (i.e. 700 rpm).
The resulting suspension was then cooled down to room temperature after 30 minutes of

reaction.

6.2.3 Experimental organisms

Freshwater snails, Lymnaea stagnalis, were reared in moderately hard water
(MHW, hardness around 80-100 mg of CaCOs L%, pH 8.1, Table E.1) 2 as described
elsewhere 324328 Three days prior to each experiment, juvenile snails of a restricted size
range (average soft tissue dry weight 9.9+0.5 mg, n= 344) were transferred to 10-L glass
aquarium with freshly prepared MHW without food. Constraining the size of the
experimental organisms allowed minimizing possible confounding allometric effects on

bioaccumulation 328, Eight snails were used in each treatment.
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6.2.4. The biodynamic model

Biodynamic modeling deconstructs metal bioaccumulation and quantifies its
mechanistic components 2%, Pt influx from solution into the snails (Ptinfiux) is expressed
(Eq. 1) as a function of the unidirectional Pt influx rate constant from solution (kuw (L g™
D)), and the Pt concentration in solution ([Pt],,qter, U9 L). Pt efflux varies as a function
of the rate constant for physiological loss (ke, dt), the rate constant for body growth dilution
(kg, 1), and Pt concentration in the snail ([Pt]gnaii, 19 g1). Pt efflux was modeled by non-
linear regression using either a one or two compartment model (equation 2).

Ptinflux = Kuw X[Pt]water — Ke X[Pt]snail — Kg X[Pt]snann  Equation 6.1
é = C, * e™ke1xt 4 ¢, * e~ke2Xt  Equation 6.2

Where, C is Pt exposure concentration at a given time (ug g*1), Co is the Pt
concentration in the tissue at the beginning of the elimination phase, C1 and C» are Pt
concentrations in the fast and slow exchanging compartments (Ug g™), Ker and K2 are the
estimated rate constant of loss (d) for the fast and slow compartments, and t is the

depuration time (d).

Snail growth was determined by fitting the snail’s dry weight (wtgy,j) t0 an

0
snai

exponential growth function as shown in equation 4, where wtg, ,; is the snails’ weight at
the beginning of the experiment (mg), Kg is the snails’ growth rate constant (d%), and t is
the time (d). If growth is negligible (kg < 0), then k equals ke. If growth is significant (kg >
0), then k equals ke + k.

Wtsnaﬂ:Wt(s)nail . e Kgxt Equation 6.3
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6.2.4. Waterborne uptake experiments

In the first series of experiments, waterborne exposures were conducted to
characterize Pt influx rate constant (kuw) after exposure to dissolved Pt (H2PtCle) and
PtNP20. Pt exposure concentrations ranged from 0.01 pg L™ to 100 pg L™, covering the
range of concentrations that might be expected in the aquatic environment © . kuw was
determined from the slope of the linear relationship between Pt influx rates and the
measured exposure concentrations. In the second series of experiments, the effect of PtNP
size on Pt uptake was investigated using 1 pug L™ PtNPs of five different sizes (i.e. 19-93
nm, designated as PtNP2o, PtNP3, PtNPso, PtNP7s, and PtNPgs) in MHW. kuw was
determined by dividing the measured uptake rates by the measured exposure
concentrations. In the third series of experiments, the effect of NOM on Pt influx rate
constant was evaluated by exposing the snails to 1 pg L™ of dissolved Pt, PtNP2o and
PtNPgs in the presence of 1 mg L™ of different NOM isolates (designated as NOM 1- NOM
6). kuw Was determined similarly as in the second series of experiments.

For each experiment, snails (n= 8 per treatment) were randomly transferred to acid-
washed high-density polyethylene (HDPE) containers filled with 1 L MHW and spiked
with different concentrations of H2PtCls and/or PtNPs and NOM (as per requirement).
Snails were not fed during the 24-h exposure period to minimize fecal scavenging 2%. The
exposure was short enough to ensure sufficient Pt accumulation for accurate detection.
After the exposure, snails were removed from experimental media, rinsed with UPW, and
frozen. Water aliquots (2 mL) were taken from each vial after gentle stirring before and
after exposure to determine the actual Pt exposure concentrations. The water aliquots were

digested using concentrated aqua regia (freshly prepared from double distilled HNO3 and
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HCI) and diluted to 1% final concentration prior analysis by inductively coupled plasma-

mass spectrometer (ICP-MS).

6.2.5. Elimination experiments

To characterize and compare the physiological elimination of Pt accumulated after
waterborne exposure, 65 snails were exposed to either 10 pg L™ dissolved Pt from H2PtCls,
PtNP2o, or PtNPgs for four days. Snails were not fed during the exposure period to minimize
fecal scavenging. After 4 days, snails were removed from the exposure media, rinsed
thoroughly with MHW, distributed into seven 150 mL acid-washed low-density
polyethylene vials (each containing 8 snails) that were partially submerged in a 40 L glass
tank filled with 20-L freshly prepared MHW. Snails were fed during the depuration period
and fecal material was removed from each depuration chamber prior to adding fresh food
and MHW every 2 days to minimize the confounding influence of Pt re-ingestion and re-
uptake. At each sampling time point (i.e. 0, 1, 2, 3, 5, 7, and 10 days), snails were collected,
rinsed with UPW, and frozen. Aliquots of water (n=3) were collected at each sampling
time point and were acidified with concentrated aqua regia and diluted to 1% final
concentration before analysis using ICP-MS. The Pt efflux rate constants (ke) were
determined by non-linear regression of tissue concentration over time and expressed as the
natural logarithm (In) of the retained proportion (%) of initial accumulated Pt concentration

at t=0 (i.e., immediately after collecting them from the exposure).
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6.2.6. Sample preparation for Pt analysis

To minimize inadvertent metal contamination, labware, vials, and Teflon sheeting
were soaked in acid (10% HNOs and/or 5% HCI) for 24 h, followed by rinsing several
times with UHPW, and finally dried under a laminar flow hood prior to use.

Partially thawed L. stagnalis were dissected using stainless tweezers to remove soft
tissues, placed individually on a piece of acid-washed Teflon sheeting, and allowed to dry
at 40°c for 3 d. The dry weight of soft tissues was determined to the nearest ug on a
microbalance (Sartorius model M2P). Snail tissues were digested in a PTFE vials with 200
pL aqua regia (freshly prepared from double distilled HNO3 and HCI) for 3 h at 125°c in
an autoclave. Digested water and tissue samples were diluted using UPW (final volume 4
mL) and an internal standard (thallium) was added to control signal drift. Diluted samples
were filtered (0.45 um, Pall) and analyzed for Pt by inductively coupled plasma mass
spectroscopy (ICP-MS, PerkinEImer NexION 300Q). The ICP-MS were calibrated with
10, 100, 1000, and 10000 ng L Pt standards and Thallium (TI) was used the internal
standard in all the standards and samples. One of the standards was analyzed after every
10 samples to quantify any deviations in the concentrations due to instrumental drift.
Deviations from the standard values were less than 10% for the analyzed Pt isotope (**Pt).
Similar weight samples of an in-house reference tissue material (Supporting Information)
were subjected to the same digestion procedure during each analytical run and recovery of
the standard reference material was 95+3%. Procedural blanks were also digested with
samples during each analytical run and were below the method detection limit (MDL) of

0.005 g L.
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6.2.7. Natural organic matter isolates

Natural organic matter (NOM) isolates were extracted from different environments
(details in Table E.4): water conservation area (WCA) F1 site, 2B south site, and Arthur
R. Marshall Loxahatchee National Wildlife Refuge (LOX) 8 site (denoted as NOM 1,2,
and 6 respectively), Suwannee river (NOM 5), Williams lake (NOM 3), and Pacific ocean
HPOA (NOM 4) (Table E.4). All 6 NOM isolates were isolated as hydrophobic organic
acid (HPOA) fraction. All NOMs, except NOM4, were isolated in freeze-dried form
following the protocol described in Aiken et al. (1992) 27°. The Pacific ocean HPOA (NOM
4) was collected and isolated following the protocol described in Green et al. (2017) 28,
The NOM isolates were fully characterized by determining their elemental composition
281 specific ultra-violate light absorbance at 254 nm (SUVA2s4) 2%, and sulfur speciation
329 and properties are briefly summarized in the supplemental information (SI) section

(Table E.4).

6.3. Results and discussions

6.3.1. Particle characterization and behavior in moderately hard water

The physiochemical properties of the synthesized PVP-PtNPs were measured using
a multimethod approach 2’2 and are briefly summarized below. The mean core sizes
measured by TEM were 9.2+1.2, 10.9+0.8, 18.545, 44.5+5, and 72.5+3.9 nm, respectively
for the PtNP2o, PtNP3g, PtNPsg, PtNP7s, and PtNPgs (Table E.2). The corresponding mean
hydrodynamic diameters measured by DLS were 18.9+0.3, 31.4+0.8, 51+0.7, 74.7+0.2,
and 93.4x1, respectively (Table E.2). The Zeta potential of PtNP2o-PtNPgs decreased from

-16.94£3.5 t0 -27.2+1.7 mV with the increase in particle size (Table E).
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The aggregation behavior of PVP-PtNPs (PtNP2o-PtNPgs) in MHW was measured
at environmentally-relevant low NP concentration (e.g., 1 pg L) using sp-ICP-MS.
Briefly, PtNP aggregate size decreased with the increase in primary particle size. While
PtNP20-PtNP75 formed aggregates in MHW, PtNPgs remained stable during the exposure
duration. PtNP2o aggregate size did not change significantly in MHW in presence of NOM
1,2, 3,5, and 6 compared to PtNP2g aggregate size in MHW in absence of NOM (ANOVA
with Tuckey’s multiple comparison test, a= 0.05). in contrast, NOM 4 (Pacific Ocean
HPOA) increased the aggregation of PtNP20 in MHW and formed significantly larger

aggregates relative to the aggregate size in absence of any NOM.

6.3.2. Ptinflux in L. stagnalis: Effect of size and aggregation

Snail Pt background concentration was 3 + 1 ng g%, which impeded the detection
of Pt accumulation at exposure concentrations lower than 10 ng L. For example, the
accumulation of Pt in snails exposed to 10 ng It of Pt*" and PtNP2o was not detectable
beyond that of the background Pt concentration. At higher Pt concentrations, however, Pt
influx in the snail’s soft tissues increased linearly as a function of concentration (>0.01-
100 pg LY) for Pt, added as H2PtCls or PtNP2 (1% series of experiment) (Figure 6.1). A
statistically significant linear relationship (p < 0.001) was observed over the entire range
of concentrations for both forms of Pt (Figure 6.1). The influx rate constants from
waterborne exposure (kuw = SD in pg g* d) were 0.055 + 0.003 L g* d* for dissolved Pt**
(added as H2PtClg) and 0.139 + 0.007 L g* d* for PtNP2. Because dissolution of PVP-

PtNPs in MHW was < 10%, (which was also the case of all NP tested throughout the study),
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these results indicate that Pt accumulation from NP2 exposure can be attributed mainly to
the nano-form of Pt rather than the dissolved Pt fraction.

Snails exposed to 1 pg L™ PVP-PtNPs of five different sizes (second series of
experiments; NP2o-NPgs, size details in Table E.2) significantly accumulated Pt in their
tissues. The Pt influx rate constants (kuw) ranged from 0.09 + 0.01 to 0.75 +0.34 L gt d!
and increased as a function of PtNPs hydrodynamic diameter (Figure 6.2). The influx rate
constants for PtNP2o, PtNP3o and PtNPsg were not statistically different (ANOVA, p-value
> 0.25). The influx rate constant for PtNPgs was significantly higher (p-value < 0.05) than
that for the other PtNPs (PtNP2o-PtNP7s). Similarly, the influx rate constant for of the NP5
was statistically higher than those for the NP2o-NPso (p-value < 0.05). The decrease in Pt
bioavailability with the decrease in PtNP size is likely due to the increased aggregate size
of PtNPs with the decrease in NP size, likely resulting in increased sedimentation of smaller
PtNP aggregates. Sedimentation reduces the actual Pt exposure concentration, and thereby
reducing the overall PtNP influx. Thus, the apparent size-dependent influx of PtNPs
observed here is not necessarily due to particle size, but most likely due to the reduction in

actual exposure concentration from NP aggregation.

6.3.3. Physiological loss of accumulated Pt

Snails significantly gained weight during the 10-day depuration period of the
physiological loss experiments (Figure E.1). Growth rate constants (kg) varied from
0.04+0.02, 0.07+0.02, and 0.02+0.01 d™%, respectively for dissolved Pt, PtNP2o, and PtNPgs,
respectively. Losses due to growth dilution (kg) were subtracted from the observed losses

of Pt to determine the actual physiological rate constant for Pt loss (Table 6.1).
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The physiological elimination of Pt accumulated by L. stagnalis after aqueous
exposure to dissolved Pt and PtNPs (NP2o and NPgs) varied between Pt forms and between
PtNP sizes. The proportional elimination of Pt follows a one compartment model for
dissolved Pt (Figure 6.3a), with a Pt elimination (or efflux) rate constant of 0.14+0.03 d™!,
indicating snails lost approximately 14% of their tissue burden of Pt per day. In contrast,
nearly 30% of the accumulated PtNP2 was eliminated during the first 24 h of depuration,
and no elimination was detected for the next 3 days (Figure 6.3b). Thereafter, snails lost
approximately 23% of their body burden of Pt per day. The physiological loss of Pt from
accumulated PtNPgs followed the same trend as that for PtNP2o, with initial fast efflux rate
(from t=0 to t=1d) followed by a slower efflux rate (from t=3d to t=10d) (Figure 6.3c).
The rate constant associated with fast efflux (ke1) was calculated by mathematical stripping
330 and the rate constant associated with the slow efflux rate (ke2) was calculated using Eq.2
as described above. The combination of ke1 and ke> describes the overall loss dynamics of
Pt accumulated from PtNPgs. The data presented for 2-component loss of accumulated Pt
from NPgs are ambiguous and could be interpreted as either a fast efflux rate of Pt (ke1) for
2 days followed by a lower efflux rate (ke2) or as a kez lasting for 4 days and a ke2 in which
there is almost no Pt remaining. The later scenario provided a better fit to the net uptake
experiment (r> = 0.94, compared to r>= 0.41) and is the interpretation we recommend
(Figure 6.3c). Thus, Pt accumulated from PtNPgs exposure were eliminated at a rate of
1.03 d! for the first 4 days and 0.1 d! thereafter with 95% and 5% in the fast and slow loss
compartments, respectively. Overall, the efflux rate constant of Pt increased according to

the following order dissolved Pt < PtNP2o < PtNPgs.
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The physiological elimination of Pt varied significantly between dissolved and
particulate form. The PtNPs eliminated efficiently, especially for the NPgs. Dissimilarities
in elimination rate, along with influx rate, suggest a different fate within the animal for the
form of Pt. Platinum eliminated quickly following a linear pattern, with only 24% Pt
retention after 10 days (Figure 6.3a) of waterborne exposure of dissolved Pt (i.e., H2PtCle).
However, L. stagnalis has showed higher retention with extremely slow physiological loss
when accumulating from other dissolved metal exposures (i.e., Zn, Ag) 2°> 324, This might
be due to poor absorption potential for dissolved Pt in the gastronomical tract. The
bioavailability of dissolved Pt in the digestive tract of Lewis rats showed that 90-96% of
initial Pt was eliminated from the rat’s body through feces and/or urine within 48 h 67331,
inferring the poor retention of dissolved Pt in the digestive tract. Similarly, 85% of initial
Pt was eliminated from freshwater isopod, Asellus Aquaticus, after the waterborne uptake
7. The PtNP2 influx in L. stagnalis was slower relative to PtNPgs, attributed to the
aggregation of PtNP2o in MHW. But once entered, the retention of PtNPyo in the digestive
tract was longer relative to PtNPgs. This might be because of the higher cellular
internalization of smaller NP (i.e., PtNP2o) 332 and/or more reactivity of the PtNP2o with the
myriad of ligands in the gut. The PtNPgs were stable in exposure media (i.e., MHW), influx
to a greater extent, and eliminated readily (i.e., 80% in 24 h, Figure 6.5¢c) compared to the

PtNP2o. Therefore, the PtNPgs has a low potential for bioaccumulation and subsequent

toxicity, as they are less influenced by the condition.
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6.3.4. Effect of NOM composition on Pt influx

The third series of waterborne exposure experiments aimed at examining the effect
of NOM isolates from different sources and composition (details in Table E.4) on Pt
bioavailability (inferred from the influx rate constant). The influx rate constants (kuw) for
dissolved Pt in the presence of all NOM isolates were not statistically different (p > 0.05)
relative to that measured in the absence of NOMs (Figure 6.4a). These results contradict
with the results reported on the influence of NOM on waterborne metal bioavailability (i.e.,
Pb, Hg, Cd, Cu, Ag, U, and Co) 3**3%  Suggesting that the formed Pt-NOM complexes (if
formed under the experimental condition) are bio-available from the dissolved phase, at
least in L. stagnalis and NOM alone is not influencing the dissolved Pt influx. NOM 2
(Evergaldes 2B-south HPOA) and NOM 4 (Pacific ocean HPOA\) significantly supressed
(t-test, p < 0.05) Pt bioavailability from PtNP2o exposure by 45% and 55%, respectively.
However, other NOM isolates (i.e., NOM1, NOM3, NOM5, and NOM®6) did not influence
the kuw significantly (Figure 6.4b, p-value > 0.05). In contrast, all NOM isolates
suppressed the bioavailability of Pt from the PtNPgs. The extent of kuw Suppresion varied
between 39-90% (Figure 6.4c). The PtNP-specific and NOM-specific influences on Pt
bioavailability can be attributed to 1) the differences in the NOM molecular composition
and properties, which may affect the propoerties of the PtNP NOM-corona, and 2)
differences in aggregation behavior of the PtNPs. For example, the greater suppression (p-
value < 0.05) of Pt bioavailability from the PtNP2o in presence of NOM 2 and NOM 4 can
be attributed to increased PtNP2o aggregation in the presence of these two NOM isolates.
The formation of larger aggregate size in the presence of NOM 2 and NOM 4 may reduce

the waterborne Pt exposure concentration via sedimentation. On the other hand, the
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stability of PtNPgs in the presence of all NOM isolates suggests that the differences in
bioavailability observed among NOM isolates might be attributed to differences in NOM

properties, and thus the composition of NOM-corona.

6.3.5. Correlating kuw of PtNPgs to NOM properties

The NOM isolates used in these experiments represent a diverse array of dissolved
HPOAs. Because of the stability of PtNPgs in MHW in the presence of all NOM isolates,
differences in composition among NOM isolates may explain the difference in Pt
bioavailability across NOM isolates. To gain insights into the relationship between kyw and
NOM properties, we performed Pearson’s correlation analysis between kyw and specific
NOM property. Calculated Pearson’s correlation coefficient (r) and p-values were used to
assess the correlation quality at statistical significance of 0.05 (Table 6.2). The NOM
parameter producing the best correlation was S content (r= 0.99, p < 0.001) (Figure 6.5a,
Table 6.2). Weak or no correlations were observed with the molecular weight, SUVA2sa,
C, H, O, N, and inorganic ash content in NOM isolates (Figure E.3, Table 6.2).

The sulfur speciation in NOM was investigated using sulfur k-edge X-ray
absorption near edge structure spectroscopy (XANES) on the HPOA fractions of NOM, to
give more insight about the relationship between kyw and NOM property. Reduced sulfur
(Sred) content - in form of exocyclic and heterocyclic reduced sulfur- in the NOMs exhibited
a strong positive correlation with kyw (p < 0.001, Table 6.2 and Figure 6.6a,b). Sulfoxide
content (Ssuifo) in NOM also exhibited strong positive correlation (r=0.99, p < 0.001) with
kuw Of PtNPgs (Figure 6.6c). However, other oxidized sulfur (Sox) -in form of sulfonate,
sulfone, and organosulfate- exhibited positive correlation with kuw, but none of them is

statistically significant (p > 0.15) (Figure E.6, Table 6.2). The stronger correlation
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between kyw and reduced S content may be attributed to the higher affinity of reduced S to
PtNP relative to oxidized S. Sulfur is a well-known nutrient and increase in S content in
the NOM resulted in an increase in S content on the PtNP surface. Hence, NOM coated
stable PtNPgs could be acting as a possible nutrient source to the snails, resulting in an

increase in Pt influx.

6.4. Conclusions

NP size and NOM plays a pivotal role in determining the behavior and fate of PtNPs
in the aquatic environment. The influx rate constant (kuw) and/or bioavailability decreased
with decreasing PtNPs size, attributed by the higher aggregation tendency of smaller PtNPs
in MHW. Aggregation of smaller NPs resulted in increased sedimentation of NPs
aggregates, subsequently reduced the actual Pt exposure concentration, and thereby reduce
the overall PtNPs influx. Therefore, the apparent size-dependent influx of PtNPs we
observed here is not necessarily due to particle size, but most likely due to the reduction in
actual exposure concentration because of NP aggregation. The larger NP (i.e., PtNPgs) also
eliminated readily relative to the smaller NP (i.e., PtNP2o), inferring the low potential for
bioaccumulation and subsequent toxicity. The dissimilarities in the influx rate, along with
the elimination rate, suggest a different fate within the snail for the form of Pt (i.e., PtNP
vs dissolved Pt and PtNP2o vs PtNPgs). Presence of NOM did not influence Pt uptake from
the dissolved Pt waterborne exposure. Significantly reduced kuw (p-value < 0.05) from the
waterborne exposure of PtNP2o in the presence of NOM 2 and 4 (Everglades WCA-2BS
and Pacific Ocean HPOA, respectively), relative to kuw in absence of any NOM, was
attributed to the increased PtNP2o aggregate size. In contrast, PtNPgs was stable in MHW,

regardless of the presence of NOM. However, kuw’s for the PtNPgs were significantly
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suppressed (p-value < 0.05) by all NOM isolates, which was directly attributed to the
difference in NOM properties and the composition of NOM-corona. The kyw for the PtNPgs
increased incrementally with S content in the NOM isolates and kyw had a statistically
significant correlation with the sulfoxide, heterocyclic and exocyclic reduced sulfur forms
(Pearson’s correlation test, o = 0.05).

Taken together, our results illustrate that the bioaccumulation of NP depends on
several factors, including NP size and NOM molecular characteristics. The size-dependent
uptake of NPs is not necessarily due to primary particle size but might also be due to the
aggregation and/or other metal specific behaviors (e.g., dissolution, transformation) of
NPs. This study shows the potential importance of interactions between NOM and PtNPs
and the consequences of these interactions for NP behavior and bioavailability in aquatic
ecosystem. The environmental implications of NP and NOM interactions need to be
addressed with a broader spectrum of NOM isolates and with other NPs to gain improved
understanding of NP reactivity as a function of NOM composition. Biodynamics has the
potential to provide an effective basis from which a quantitative assessment of the metal
NPs bioavailability and subsequent potential toxicity under different conditions. Similar
biodynamic models for other representative species would provide a tool for regulators to
build a comprehensive risk assessment for NPs across diverse aquatic environment (i.e.,

seawater, freshwater, hard water etc.).
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Figure 6.1. Platinum influx rates (ug g d?, +SD) in Lymnaea stagnalis after waterborne
exposure to Pt added as HzPtCle and PtNP2o for 24 h. Each point represents Pt mean
concentration in 8 individual snails (xSD). The dashed lines represent the linear correlation
between Pt influx and Pt exposure concentration.
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Figure 6.2. Pt influx rate constant, kuw (L g d%, +SD) as a function of hydrodynamic size
following L. stagnalis were exposure to 1 pug L™ PVP-PtNPs of 5 different sizes (PtNP-o,
PtNP3o, PtNPso, PtNP7s, and PtNPgs) for 24 h. SD was determined by propagating the errors
for the measured Pt influx in snails' tissues and the corresponding Pt concentration in the
media.
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Figure 6.3. Proportional loss of Pt over time in L. stagnalis after waterborne exposures to
(a) dissolved Pt added as H2PtCle, (b) PtNP2o, and (c) PtNPgs. Solid line in “b” represents
proportional loss of Pt over time after initial rapid elimination for 1 day followed by lack
of significant loss over 3 days and dashed line represents proportional loss of Pt from time
0 to day 10. Solid line in “panel-c” represents 95% loss during initial rapid elimination
followed by slower second phase of elimination of the remaining 5%. Dashed line in ¢

represents 80% loss during rapid elimination followed by slower 2™ phase of elimination
of the remaining 20%
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Figure 6.4. Pt influx rate constant, kyw (L g d!, £SD) in L. stagnalis after waterborne
exposure to 1 ug L (a) dissolved Pt added as H2PtCls, (b) PtNP2o, and (c) PtNPgs for 24 h
in presence of 1 mg L™ natural organic material (NOM) isolates. Each point represents
mean Pt concentration for 8 individual snails (xSD). Dashed line represents Pt influx rate
constant in absence of NOM under the same exposure condition.
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Table 6.1. Biodynamic parameters (£SD) for Pt by Lymnaea stagnalis

Dissolved Pt PtNP2o PtNPgs
kaw (L gt d?) 0.06 +0.01 0.14 +0.01 0.75+0.34
Ke (dY) 0.14 +0.03 0.23 +£0.06 1.03 £0.12
kg (d) 0.04 +0.02 0.07 £0.02 0.02 £ 0.01
K =ke + kg (d?) 0.18 0.3 1.05
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Table 6.2. Analysis results of Pearson’s correlation between Pt influx rate constant and
NOM properties for the PtNPgs

Variables | Pearson’s correlation coefficient (r) | p-value

PtNPgs influx rate constant vs NOM elemental composition

Molecular weight -0.28 0.655
SUVA5, 0.39 0.444
C -0.21 0.684
H -0.52 0.293
O] 0.17 0.826
N 0.3 0.705
S 0.99 <0.001 *
Inorganic ash content 0.14 0.793
PtNPgs influx rate constant vs organic S content
Heterocyclic sulfur 0.99 <0.001 *
Exocyclic sulfur 0.99 <0.001 *
Sulfoxide 0.99 <0.001 *
Organosulfate 0.4 0.436
Sulfone 0.6 0.205
Sulfonate 0.66 0.149
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CHAPTER 7

CONCLUSIONS
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The overall aim of this PhD dissertation was to investigate the effects of particle
size and concentration, media characteristics, and NOM molecular properties on the
aggregation, dissolution, bioaccumulation, and toxicity of metallic NP at the
environmentally relevant conditions. This overarching goal was achieved by addressing
the following specific objectives: 1) controlled synthesis and comprehensive
characterization of AgNPs and PtNPs using a multimethod approach, 2) evaluating the
behaviors of AgNPs and PtNPs in relevant environmental and (eco)toxicological media,
and 3) investigating the role of particle size and NOM composition on NP aggregation,
bioaccumulation and toxicity.

Citrate coated AgNPs were synthesized by reduction of Ag* ions using sodium
borohydride as a reducing agent and citrate as a capping agent 5. Five different size citrate
coated PtNPs were synthesized using seed mediated growth approach . PVP coated
AgNPs and PtNPs were obtained by a ligand exchange approach using citrate coated
AgNPs and PtNPs as precursors, respectively . Then, the concentration-dependent
dissolution of AgNPs was investigated in synthetic seawater using UV-vis and
ultrafiltration coupled ICP-MS. The colloidal stability of PtNPs were evaluated in different
media — moderately hard water, DMEM, and synthetic seawater — using multiple analytical
techniques, such as DLS, UV-vis, and sp-ICP-MS. PtNPs bioaccumulation and body
burden were measured by ICP-MS following soft tissue digestion in aqua regia. The life-
cycle chronic toxicity of AgNP, at sub-lethal exposure concentrations, were evaluated
using standardized life-cycle based microplate bioassay methods (ASTM 2012, OECD
2014) 246254 and compared to the chronic toxicity of dissolved metal fraction. The overall

conclusions of these studies are summarized below:
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7.1. Summary of findings

7.1.1. Synthesis

1-

Synthesized PVP-AgNPs were monodispersed, spherical, and stable in suspension,
with a hydrodynamic size of 21.6+0.3 nm, PDI of 0.27+0.01, zeta potential of -
23.4+5.4 mV, and core size of 12.3£2 nm.

All five PVP-PtNPs were monodispersed, spherical, and colloidally stable, with
hydrodynamic size of 18.9+0.3, 31.4+0.8, 51+0.7, 74.7+0.2, and 93.4+1 nm, PDI
of 0.36, 0.19, 0.2, 0.03, and 0.1, zeta potential of -21.7+3.8, -24.2+3.3, -25.6+0.7,
30.1+1, and -31+0.3, and core size of 9.2+1.2, 10.9+0.8, 18.5+5, 44.5+2.7, and

72.5£3.9, respectively for PtNP2o, PtNP3o, PtNPsg, PtNP75, and PtNPgs.

7.1.2. Nanoparticle Characterization

3-

A method based on UV-vis spectroscopy analysis was validated for the
quantification of sterically stabilized PVP-AgNPs concentration and dissolution in
high ionic strength aqueous media (i.e., synthetic seawater) A relationship between
AgNP size, maximum absorbance wavelength (Amax), and extinction coefficient (&)
was established, which overcomes the need to measure NP size by more direct
measurement method (i.e., TEM). This implies that UV-vis can be used as a
detection method to measure AgNPs concentration in SW and potentially in other

environmental matrices.
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The sizes of PtNPs measured using DLS, FIFFF, TEM, AFM, and sp-ICP-MS were
all in good agreement whenever, the NP sizes were larger than the size detection
limits for each analytical technique. The mean sizes of NPs as measured by five
different techniques are different and generally follow the order darm <~ dtem <
dsp-ice-ms < drrrre < dpus. These differences were mainly attributed to the
differences in (i) measurement principles, (ii) the obtained measure versus PSD
weighting, and (iii) NP structure. The TEM, AFM, and sp-ICP-MS measured the
particle core size, whereas, DLS and FIFFF measure NP hydrodynamic diameter
(i.e., core size + diffuse layer). Thus, the NP sizes measured by DLS and FIFFF are

generally larger than those measured by TEM, AFM, and sp-ICP-MS

7.1.3. Nanoparticle behavior in environmental and toxicological media

5-

The aggregation of PtNPs in presence of monovalent (i.e., NaNO3) or divalent
electrolytes (i.e., Ca(NOz3),) was typical of DLVO type aggregation behavior as
reported for other types of NPs (i.e., AgNPs, AuNPs, TiO.-NPs etc.). The critical
coagulation concentration (CCC) of PtNPs was independent of particle size,
possibly due to differences in PtNPs surface charge as a function of NP size.

The aggregation behavior of PtNPs depended on media composition, NP
concentration, and ionic strength. PtNPs remained stable in DMEM regardless of
NP concentration and surface charge, whereas they aggregated in SW and MHW.
At a given concentration, PtNPs mean size increased and the particle number
concentration decreased following the order of SW > MHW > DMEM. DMEM
media is rich with organic compounds (e.g., amino acids, vitamins, proteins) that

are well known to sorb onto NP surfaces to form colloidal stability via steric
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stabilization. In contrast, the higher aggregation and surface charge screening in
SW is due to the higher ionic strength of SW compared to MHW.

PtNPs exhibited an increase in aggregate size with increases in NP concentration
in MHW and SW. Despite their aggregation, a fraction of PtNPs remained as
primary particles and the % of unaggregated primary NPs increased with the
decrease in NP concentration. This was due to the decrease in NP collision
frequency, resulting in the formation of smaller aggregates and/or lack of NP
aggregation. This finding suggests that NP aggregation became less significant at
lower concentrations, and that, NPs may remain as primary particles for an
extended period at environmentally relevant concentrations.

The dissolution of PtNPs in the different toxicological media after 24 h were only
5-15% of the total Pt concentration. These amounts were variable across samples
and not statistically different, indicating limited and/or no dissolution of PtNPs
regardless of the NP concentration, ionic strength of the media, and surface coating
around the NP. Taken together, limited aggregation and lack of dissolution at
environmentally relevant concentrations suggest that PtNPs are an excellent model
NP for future fundamental studies of NP environmental transport, fate, deposition,
and biological uptake.

The dissolution of AgNPs in synthetic seawater varied with particle concentration.
At lower concentrations, NP size decreased faster and to a higher extent than at
higher NP concentrations. This differential change in NP size should be considered
when investigating the toxicological effects and risks of NPs in the environment.

Higher dissolution rates and consequently faster reduction in primary NP sizes at
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11-

lower concentrations suggest that, NPs and their dissolution products are more
bioavailable than has been considered toxicologically in previous studies.

PtNP aggregate size increased with the decrease in PtNP size likely due to the lower
zeta potential and the higher number concentration of smaller NPs compared to
larger NPs at the same mass concentration.

The effect of NOM on NP aggregation is size-dependent. Smaller NPs were more
impacted by NOM, which might be attributed to the size-dependent NOM-corona
composition/properties. Whereas, the 20 nm PtNPs (PtNP2o) formed aggregates in
MHW in presence and absence of NOM, the 95 nm PtNPs (PtNPgs) remained
colloidally stable in MHW, regardless of NOM presence.

NOM molecular properties determine the aggregation extent of PtNP2. NOM
molecular properties associated with higher charge density (i.e. O to C content,
O/C), molecular weight (MW), SUVA:s4, condensed hydrocarbon (ConHC), and
tannin demonstrated negative correlation with the observed aggregation of PtNP2o.
Higher O/C ratio indicates a higher content of functional groups, such as carboxylic
groups *?’. The higher content of these functional groups is likely to enhance NP
surface charge and thus increase the electrostatic repulsive forces between NOM-
coated PtNPs, and thus enhance NP stability. An increase in MW would
presumably lead to thicker adsorbed layers of NOM on NP surface, particularly by
forming loop and tail structure and resulting in increased steric stabilization?%2-2%,
An increase in SUVA2s4 and the relative abundance of ConHC would presumably
lead to higher sorption of these molecules on NP surfaces and thus increasing the

NP hydrophobicity, and thus may enhance repulsive forces between NPs and
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colloidal stability. Tannins are high molecular weight polycyclic aromatic
compounds with high O/C ratio and charge density, which are likely to enhance the
surface charge and resulting higher stability of NP2o. Additionally, the hydrophobic
nature and polymer structure of tannins was responsible for the increased colloidal
stability and decreased aggregation. The aggregate size of PtNP2 increased with
the increase in relative abundance of lignin. Lignin is a high molecular polyphenolic
compound with hydrophilic regions, such as hydroxyls (—OH), carboxylic (-
COOH), and small alkyl chains i.e., methane groups (—CHs). These functional
groups and the hydrophobic regions of lignin (e.g., resinol, C-H groups) enable it
to bind with organic matter and mineral particles through polar, covalent, and
hydrogen bonding as well as Van der Waals forces. These humidified and highly
decomposed materials, which are more stable, aid in the formation of

microaggregates.

7.1.4. Nanoparticle Uptake and Toxicity

13-

A concentration dependent mortality increases in mortality of A. tenuiremis were
observed in PVP-AgNPs and AgNOs exposure, at environmentally relevant sub-
lethal concentrations. Toxicity of AgNPs were attributed to direct NP effect, release
of Ag™ from AgNPs, or to both. In contrast, the toxicity of AgNOs were impacted
by the Ag* concentration in the solution. Sharp decline in the reproduction (i.e.,
fecundity) were observed in the AgNOs exposure, whereas, fecundity was not
impacted by the PVP-AgNPs exposure. The observed differences in toxicological
response for AgNOs vs PVP-AgNPs were attributed to the dynamics of [Ag']

change over each 72-h treatment renewal period. For each AgNOs test
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concentration, copepods were exposed for 35 d to the maximal dissolved Ag
concentration that could be delivered, and with a significant portion of dissolved
Ag rapidly sorbed to the surfaces of algal cell food. For PVP-AgNPs treatments,
the actual realized exposure is a combination of intact P\VP-AgNPs in suspension
and also associated with algal food, plus any released dissolved Ag from NPs’
gradual dissolution and sorption to the food. Hence, under similar exposure
conditions, PVP-AgNPs exposures likely produced less freely dissolved Ag than
AgNOs exposures, resulting lower toxicity (i.e., survival, development,
reproduction, and population growth potential) of PVP-AgNPs on A. tenuiremis
compared to the severe chronic effects observed for dissolved AgNOs.

Although, copepod exposure to PVP-AgNPs had little effect on their ability to
survive, reproduce, and increase in population, gradual release of Ag* from AgNPs
may still pose some risk to marine ecosystems through rapid and complete
dissolution of AgNPs in SW at environmentally relevant NP concentrations.
Therefore, researchers, policy-makers, and regulators should carefully consider the
unintended effects of dissolved Ag release from AgNPs when considering the risks
of AgNPs in the environment, released from the consumer products.

The Pt influx rate constant (kuw) in L. stagnalis increased with the increase of
particle size, which was due to the increased aggregate size of PtNPs with the
decrease in NP size. Smaller NPs are more prone to aggregation, resulting in
sedimentation of smaller PtNP aggregates, and thus reduction in the actual exposure
concentration, and a decrease in the overall NP influx. Thus, the apparent primary

particle size-dependent influx of PtNPs observed here are not necessarily due to
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particle size, but most likely due to the reduction in actual exposure concentration
because of small NP aggregation.

The Ptinflux rate constants (kuw) of dissolved Pt and PtNP2o into L. stagnalis tissues
were not impacted by the presence of NOM. In contrast, kuyw for PtNPgs were
significantly suppressed in presence of NOM. These differences in dissolved Pt,
PtNP20 and PtNPgs influx rate constants were attributed to the differences in NOM
molecular composition and properties, which affected the propoerties of the PtNP
NOM-corona, and by the aggregation behvaior of PtNPs. The formation of larger
aggregate of PtNP2o in presence of NOM reduced their concentration in the water
column via sedimentation. Whereas, the colloidal stability of PtNPgs in all NOM
isolates suggests that the difference in PtNPgs’s kuw Were attributed to the
differences in NOM properties, and thus the composition of NOM-corona. Sulfur
(S) and Nitrogen (N) content in NOM exhibited positive correlation with the kyw of
PtNPgs. N and S are well known nutrients and increase in N and/or S content in the
NOM resulted an increase in N, S content in the PtNP surface. Hence, NOM-corona
on the surface of -PtNPgs could act as a possible nutrient source to the snails,
resulting an increased Pt influx with the increase in NOM N and S content.
Moreover, reduced sulfur (Sreq) content - in form of exocyclic and heterocyclic
reduced sulfur- in the NOMs exhibited a strong positive correlation with kuw, which
was attributed to the higher affinity of reduced S to PtNPs relative to the oxidized

S.
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7.2. Outlook

The overall outcome of this work suggests that the effect of NP’s physiochemical
and environmental factors on the fate, behavior, transformation, and toxicity of metallic
NP is a complex process. This cannot be described by an individual parameter, such as NP
size, exposure concentration, ionic strength of media, NOM’s concentration, source, and
composition, that has been a focus of many studies in the literature. NP’s colloidal stability
and subsequent toxicity should be determined by a combination of NP and media
physiochemical properties.

NP size and exposure concentration play important roles in determining NP fate as
discussed above. At lower concentrations, NP size (i.e., AgQNP) decreases faster and to a
higher extent than at higher NP concentration, which has been used in majority of the
previous studies. The differential change in NP size should be considered when
investigating the toxicological effects and risks of NPs in the environment. For instance,
smaller NPs are more efficient in crossing biological barriers and for toxicological assays,
the nature of toxicant (e.g., dissolved, aggregated, number and size of primary NPs) will
be different at different concentrations due to their concentration-dependent aggregation
and/or dissolution behavior. Toxicity results obtained at high concentrations might produce
inaccuracies in risk assessments when extrapolated to the often much lower but
environmentally-relevant concentrations seen in the field or vice-versa. In order to
approach realism and to avoid underestimation of potential risks, this study suggests that
NP environmental fate and effects studies, and the characterization of NPs underpinning

these studies, should be performed at environmentally-relevant NP concentrations.
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Although, the exposure to AgNPs had negligible effect on A. tenuiremis survival,
reproduction, and overall population growth. Environmental release of AgNPs form
consumer products would, however, still pose risk to aquatic ecosystems through the rapid
and complete dissolution. Therefore, regulators should carefully consider unintended
effects of dissolved Ag release from AgNPs. For a more informed risk assessment, future
studies should evaluate whether dissolved Ag and AgNPs exhibit similar reproductive and
population toxicity patterns for a broader spectrum of chronically exposed invertebrate
phyla. Such population-relevant data, along with others, could be used to produce a more
useful holistic model for predicting AgNPs risks to estuarine and aquatic ecosystems.
Future studies can also evaluate the similar reproductive toxicity patterns for a broad range
of NPs, which might behave differently in the media.

NOM plays another pivotal role in determining NP environmental behavior such as
aggregation, dissolution, uptake, and toxicity. Previous studies have focused on effects of
different isolates of NOMSs on NP aggregation, dissolution, uptake, and toxicity. However,
few studies have focused on the effect of molecular level characteristics of NOM on NP
aggregation. This study indicates that the aggregation of PtNPs depend on several factors,
including primary NP size and NOM molecular characteristics, which ultimately affected
the bioavailability of the PtNPs. Therefore, the molecular properties and components of
NOM determine, to a greater extent, NP colloidal stability, bioavailability, and toxicity in
the aquatic environment. However, the number (six) of NOM isolates used in this study is
relatively low (nonetheless, they are more and better-characterized than those used in the
large majority of previous studies) to provide the statistical power required to produce a

statistically reliable correlation between uptake and NOM properties due to their
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variability. Hence, future studies are needed using a larger number of NOM isolates, which
will give more statistical power, to develop quantitative structure activity relationships

between NOM molecular properties and NP environmental behaviors and effect.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2

A.1. Fitting particle size distribution

In order to construct measured particle size distribution histogram (PSD), measured
heights were classified into interval of 1 nm and log-normal distribution function (see full
details in Sl section) was used to model the PSD. Main objective of this approach was to
smooth out the PSD and to eliminate/minimize any potential artefacts within the PSD; as
AFM measured AgNPs’ numbers were small compared to total amount of AgNPs in

suspension.

_{[zn(ﬁ)}}
L1, * (Equation A.1.)

2mx x

f&x) =

Where sigma (o) is the variance, m is the median of the size distribution density function
f(x)

In this approach bimodal log-normal distribution were adopted, in order to accommodate
smaller fraction of AgNPs and larger fraction of AgNPs; where F1 and F, represents smaller

and larger fractions of AgNPs in MSD respectively.

i) _f )
Vi =57F and Yy =5-75F, (Equation A.2)

Curve fitting was optimized by minimizing the summation of squared errors (Eq. 9)

(0—F)?
02

Xt=y (Equation A.3.)
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Where, 67 is the known variance of the observation, O is the observed data and F (= Y1+Y2)

is the fitted data from the model.

A.2. Dissolution modeling

The obtained data were fitted using a first-order kinetic equation modified from
Kittler et al. (2010)%®, which is an empirical equation describing different parts of
dissolution curve of a dissolving solid particles. According to Morel and Hering, the
dissolution rate of a solid material is proportional to the concentration gradient of its

dissolved species between the NP surface and the bulk solution ** and can be expressed as

% = K(Cpax — Cx) (Equation A.4)

Where, Cmax iS maximum equilibrium concentration and Cx is the concentration of
dissolved species in bulk solution. Assuming that when t= 0 then Cx= 0 and Cmax= Cagneps,

Eq. 4 can have a general solution of:

Cx

Cm ax

=1—e ¥ (Equation A.5)

Assuming, PVP-Ag NPs dissolution proceeds with a constant dissolution rate (k); thus Eq.

5 can be written as

Cx

Cmax

=1— Axe k1t (Equation A.6)
Where, A represents fitted coefficient at the electrolyte concentration applied
The weighted square of fitting errors was calculated using Eq. 7

(0—E)?
02

Xt=y (Equation A.7)

Where, 62 is the variance of the measured dissolved Ag fractions.
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The fitting parameters (A and K) in Eq. 8 were optimized by minimizing the weighted
square error using Solver software in Microsoft Excel. The model parameters (A and k)

were plotted as a function of Ag NPs concentration.
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A.3. Supporting figures and tables
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Figure A.1. Representative AFM micrographs of 10 ppb PVP-Ag NPs (a) in UPW and

(b-f) in 30 ppt SW at (b) 0 hour, (c) 24 hour, (d) 48 hour, (e) 72 hour and (f) 96 hour
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Table A.1. Position of maximum absorbance (Amax) for UV-vis spectra of PVP-Ag NPs

after mixing with SW

Sample Maximum Amax (NM)
absorbance (au)

NPs in SW at 0 hr. 0.081 + 0.001 404
NPs in SW at 24 hr. 0.039 + 0.001 403
NPs in SW at 48 hr. 0.031 + 0.001 400
NPs in SW at 72 hr. 0.021 + 0.001 399
NPs in SW at 96 hr. 0.016 + 0.001 395

Table A.2. Dissolution rate (k) and fitted coefficient (A) of PVP-Ag NPs in 30 ppt SW

depending on initial concentration

Initial Concentration (ppb) | Dissolution rate (k), | Fitted Parameter
h (A)
25 0.03 + 0.007 1
50 0.02 + 0.006 1.1
500 0.011 + 0.004 1.03
1000 0.006 + 0.003 0.96
1500 0.0013 £ 0.001 1

Table A.3. Calculated dissolved silver concentration depending on initial AgNPs

concentration

Time (h) 25ug L? 50ug Lt | 500ug Lt | 1000 pg Lt | 1500 pg L
0 0 0 0 0 0
24 8.1 5.6 22.4 26.926 44.6
48 12.1 14.6 104.7 142.1 80.2
72 14.2 21.7 168.6 232.6 101.9
96 24.1 27.3 189.2 264.7 111.8
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Table A.4. Composition of Synthetic seawater (SW)

Element Concentration Element Concentration
(mg L) (mg L)

Sodium 10,400 Chloride 18,600
Magnesium 1290 Sulfate 2,600
Calcium 410 Bicarbonate 149
Potassium 380 Carbonate 10
Strontium 12.5 Bromide 6
Boron 4.4 Flouride 1.5
Silicon 2.8 lodine 0.05
Rubidium 0.19 Barium 0.05
Aluminum 0.17 Zinc 0.014
Lithium 0.11 Molybdenum 0.01
Iron 0.01 Tin 0.003
Lead 0.004 Arsenic 0.003
Selenium 0.0039 Silver 0.003
Vanadium 0.002 Cesium 0.002
Copper 0.001 Cobalt 0.0001
Manganese 0.001 Tungsten 0.0001
Cerium 0.0007 Cadmium 0.0001
Mercury 0.0003 Gallium 0.00007
Antimony 0.0003 Thalium 0.00007
Thorium 0.0002 Uranium 0.00005
Nickel 0.0002 Chromium 0.00005
Beryllium 0.0001

Following chemical compositions are present in trace amount:

Argon, Lutetium, Scandium, Radium, Bismuth, Niobium, Dysprosium, Europium,

Gadolinium, Krypton,

Indium, Lanthanum, Titanium, Germanium, Ruthenium,

Samarium, Tantalum, Zirconium, Xenon, Gold, Hafnium, Radon, Neodymium, Helium,
Yttrium, Erbium, Dysprosium, Palladium, Protactinium, Praseodymium, and Neon
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3

B.1. Supporting figures and tables

Table B.1. Hydrodynamic diameter of cit-PtNPs in UPW and 20 mM NaNOs

doLs £ 6d (M)
in UPW in 20 MM NaNO3
PtNP2 10.040.3 10.1+1.9
PtNP30 17.0+0.3 14+0.6
PtNPs 31.2+0.2 32.6+1.3
PtNP7s 59.3+0.3 52.8+0.7
PtNPgs 83.5+0.3 70.7+0.9

Table B.2. Chemical composition of moderately hard water (MHW)

Chemical constituent Concentration (mg. L)
Sodium bicarbonate (NaHCO3) | 96
Calcium sulfate (CaS04.2H,0) | 60
Magnesium sulfate (MgSQa) 60
Potassium chloride (KCI) 4
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Table B.3. Composition of Synthetic seawater (SW)

Element Concentration Element Concentration
(mg L) (mg L)

Sodium 10,400 Chloride 18,600
Magnesium 1290 Sulfate 2,600
Calcium 410 Bicarbonate 149
Potassium 380 Carbonate 10
Strontium 12.5 Bromide 6
Boron 4.4 Flouride 1.5
Silicon 2.8 lodine 0.05
Rubidium 0.19 Barium 0.05
Aluminum 0.17 Zinc 0.014
Lithium 0.11 Molybdenum 0.01
Iron 0.01 Tin 0.003
Lead 0.004 Arsenic 0.003
Selenium 0.0039 Silver 0.003
Vanadium 0.002 Cesium 0.002
Copper 0.001 Cobalt 0.0001
Manganese 0.001 Tungsten 0.0001
Cerium 0.0007 Cadmium 0.0001
Mercury 0.0003 Gallium 0.00007
Antimony 0.0003 Thalium 0.00007
Thorium 0.0002 Uranium 0.00005
Nickel 0.0002 Chromium 0.00005
Beryllium 0.0001

Following chemical compositions are present in trace amount:

Argon, Lutetium, Scandium, Radium, Bismuth, Niobium, Dysprosium, Europium,

Gadolinium, Krypton,

Indium, Lanthanum, Titanium, Germanium, Ruthenium,

Samarium, Tantalum, Zirconium, Xenon, Gold, Hafnium, Radon, Neodymium, Helium,
Yttrium, Erbium, Dysprosium, Palladium, Protactinium, Praseodymium, and Neon
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Table B.4. Chemical composition of dulbecco’s modified eagle’s medium (DMEM)

Chemical Concentration | Chemical constituent | Concentration
constituent (mg. L) (mg. L?)
CaCl; (anhydrous) 200 L-Serine 42
Fe(NOs)s3-9H20 0.10 L-Threonine 95
MgSOs4 (anhydrous) | 97.70 L-Tryptophan 16
KCI 400 L-Tyrosine-2Na-2H,0 | 103.79
NaHCOs 1500 L-Valine 94
NaCl 6400 Choline Chloride 4
NaH2PO4-H>0 125 Folic Acid 4
L-Arginine. HCI 84 myo-Inositol 7.2
L-Cystine. 2HCI 62.6 Nicotinamide 4
L-Glutamine 584 D-Pantothenic Acid | 4
(hemicalcium)
Glycine 30 Pyridoxine- HCI 4
L- 42 Riboflavin 4
Histidine-HCI-H,O
L-Isoleucine 105 Thiamine- HCI 4
L-Leucine 105 D-Glucose 4500
L-Lysine- HCI 146 Phenol Red, Sodium | 15
Salt
L-Methionine 30 Sodium Pyruvate 110
L-Phenylalanine 66
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Table B.5. Particle diameter and number concentration measured by sp-ICP-MS of cit-

PtNPs and PVP-PtNPs after 24 h mixing with different media

NP _ Total particle
Sample . . Mean size + SD number
name concentritlon Media (nm) concentration
(Hg. L) (NP/mL)
UPW 72.9+99 6.04E+06
20 DMEM 73.1+£7.6 5.61E+06
MHW 73.1+9.6 3.15E+06
SW 79.2 +18.8 2.47E+06
UPW 75.2+10 4,98E+07
. DMEM 76.2 £ 10.6 5.31E+07
CIt-PINPs 200 MHW | 86.7+22.38 1.74E+07
SW 89.6 + 23.7 1.39E+07
UPW 75.2+£10 4.98E+08
2000 DMEM 75.4+10.1 4, 78E+08
MHW 121.9 £ 39.8 5.05E+07
SW 126.2 £ 46 2.61E+07
UPW 73105 5.15E+06
20 DMEM 74£9.7 6.81E+06
MHW 75+ 13.8 3.15E+06
SW 79.1+£215 2.70E+06
UPW 74.8+10.4 4 95E+07
DMEM 74.6 +£10.8 5.31E+07
PVP-PINPs 200 MHW | 86.4+211 1.63E+07
SW 093.5+28.2 1.53E+07
UPW 74.8 +£10.4 4.95E+08
2000 DMEM 74 +10.8 4.99E+08
MHW 120.1 £ 38.7 4.18E+07
SW 126.5+454 3.24E+07

218




Figure B.1. (a-e) Typical atomic force microscopy (AFM) micrographs of PVVP-PtNPs
(PtNP20, PtNP30, PtNPso, PtNP75, and PtNPgs, respectively).
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magnification: 300kx

Figure B.2. Transmission electron microscopy (TEM) micrographs of (a) PVVP-PtNPso,
(b) PVP-PtNP7s, and (c) PVP-PtNPgs illustrating the formation of a thick (2.7-5.6 nm)
PVP coating on the surface of PVVP-PtNPs.
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Figure B.3. Energy Dispersive X-ray spectra of (a) PtNP2o, (b) PtNPsg, () PtNPso, (d)

PtNP7s, and (e) PtNPgs.
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Figure B.4. Zeta potential of cit-PtNPs as a function of NP hydrodynamic diameter (dpLs)
in UPW at pH 7+0.1
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Figure B.5. Zeta potential of PtNP2o (doLs= 10.0+0.3 nm) as a function of the
concentration of added trisodium citrate to the synthesized cit-PtNPs.
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Figure B.8. Aggregate diameter of cit-PtNPs after 10 min of mixing with 70 mM NaNOs
and 10 mM Ca(NOs): electrolyte as a function of initial particle diameter.
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Figure B.9. Number particle size distribution measured by sp-ICP-MS of PVP-PtNPs
immediately after mixing with (a) Ultrahigh pure water (UPW), (b) Dulbecco's modified
Eagle's medium (DMEM), (c) Moderately hard water (MHW), and (d) 30 ppt synthetic
seawater (SW) at 2000 pg. L™* PVP-PtNPs concentration. Presence of smaller tailings (<
5%) in MHW and SW represents initial aggregation of PVVP-PtNPs in high ionic strength
media, even within 5 mins (required for sample preparation and analysis by sp-ICP-MS).
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Figure B.10. Number particle size distribution measured by sp-ICP-MS of (a-c) PVP-
PtNPs and (d-f) cit-PtNPs at 0 and 24 h after adding PtNPs to Dulbecco's modified Eagle's
medium (DMEM) at PtNP concentrations of (a, d) 20 pg. L2, (b, €) 200 pg. L, and (c, f)
2000 pg. L.
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Figure B.12. Number particle size distribution measured by sp-ICP-MS of (a-c) PVP-
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AgNPs (core size=10.1 nm) in 30 ppt SW after 72 h
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4

C.1. Supporting figures
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Figure C.1. a) Representative image, and b) particle size distribution (PSD) of
synthesized PVP-AgNPs in UPW. Measured by Atomic force microscopy (Average size=

11.3 + 3 nm, PDI= 0.26)
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Figure C.2. UV-vis surface plasmon resonance (SPR) spectra of (a) stock PVP-AgNPs
and (b) PVP-AgNPs in 30 ppt synthetic seawater (SW)
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Figure C.5. Dissolved Ag concentration collected from microplates after 72 h as (a)
AgNO:s and (2) PVP-AgNPs were exposed to copepods during life-cycle bioassay.
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 5

D.1. Collection of water samples for NOM isolation

Water samples for natural organic matter (NOM) extraction were collected from
four different environments including marshlands, seepage lake, blackwater river, and
ocean (Table S1). Water samples were collected from marchlands at the air-water interface
from three different sites in Everglades representing pristine, relatively pristine, and
eutrophic environments. Oceanic water (Pacific Ocean; NOM 4) was collected at the
Natural Energy Laboratory of Hawaii Authority (NELHA) on the island of Hawaii, USA
(near Kailua-Kona). At NELHA, surface (5 m depth) oceanic waters were pumped
continuously at a rate of more than 0.5 m® s through high-density polyethylene (HDPE)
distribution systems. Water was transferred from HDPE pipelines to the laboratory through
polyvinylchloride (PVC) pipes that were flushed continuously for several days before and

throughout the study. The temperatures of surface water at NELHA was 24 to 28.5 °C.

D.2. Solid phase extraction of natural organic matter (NOM)

The hydrophobic organic acid fraction (HPOA) was isolated from the six water
samples according to procedure described in Aiken et al. (1992) under ambient atmosphere
279 and are labeled NOM 1 to 6 as summarized in Table D.1. The isolation procedure was
consistent with recommendation of the International Humic Substances Society (IHSS) to

isolate humic and fulvic acids. Samples were acidified to pH 2 with 12 N HCI and loaded
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onto a pre-cleaned XAD-8 column. Chloride was removed from the HPOA fraction
retained on the XAD-8 column by rinsing with high purity water until the conductivity of
the effluent was < 700 uS cm™. The sample was back eluted off the resin with 0.1 M NaOH
through a proton-saturated cation exchange resin (CER; Bio-Rad Laboratories) to remove
sodium ions. Eluting the sample directly through a CER column minimized the contact
time between the sample and the 0.1 M NaOH to minimize the possibility for oxidation of
reduced organic sulfur species 3. The pH of de-salted HPOA samples was approximately

3.3. HPOA samples were freeze dried at pH 3.3.

D.3. UV-vis optical measurement of NOM

Ultraviolet and visible light (UV-vis) absorption spectra were measured from 190
to 800 nm using spectrophotometer (Agilient Technologies, model 8453) and a 1cm quartz
cuvette. Sample spectra were measured with respect to a blank’s spectrum, containing
ultra-high purity water (UHPW). The specific ultra-violate light absorbance (SUVA) at
254 nm (SUVAzs4) of NOM samples, a proxy aromaticity 222, is defined as the decadic UV
absorbance at 254 nm divided by the dissolved organic compound (DOC) concentration.

Decadic absorbance values were converted to absorption coefficient as follows:

a; = AT‘ (Equation D.1)

where, . is the absorption coefficient (cm™), A, is the absorbance, and | is the path length
(cm). The SUVA2s4 values were calculated by dividing the decadic absorption coefficient

at 254 nm (ags4) by DOC concentration and reported in units of L mg™? m't, 282
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D.4. Supporting figures and tables
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Figure D.1. (a-e) Typical transmission electron microscopy (TEM) micrographs of
synthesized PVP-PtNPs (PtNP2o, PtNP3o, PtNPso, PtNP7s, and PtNPgs respectively)
prepared by drop deposition method. Scale bar in TEM micrograph of NP2 (a) is 20 nm
and in all the other TEM micrographs are 200 nm (b - e).
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Figure D.2. Aggregation behavior of 1 ug L™ (a) PtNP2o, (b) PtNPs30, (¢) PtNPso, (d)
PtNP7s, and (e) PtNPgs in synthetic moderately hard water (MHW) after 24 h.
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Figure D.3. Correlation between % mass of PtNP2o undergoing aggregation and NOM
elemental composition: (a) N, (b) S, (c) O/C, and (d) H/C ratio

242



Eve

Table D.1. Sampling site descriptions and chemical characteristics of NOM hydrophobic organic acid (HPOA) samples

NOM ID Isolate Sampling site description # Weight % ° SUVA2s4
C H @) N S | Ash | (Lmg!m?)
NOM 1 | Florida Everglades F1 | Eutrophic marshland located in Water | 53.1 | 44 | 39.3 | 1.3 (19| 28 4.0
site HPOA conservation Area (WCA) 2A in the
northern  Everglades.  Vegetation
dominated by cattails
NOM 2 | Florida  Everglades | Relatively pristine marshland located in | 52.2 | 48 | 40.2 | 16 |12 | 7.3 3.2
2B south HPOA WCA 2B in the northern Everglades.
Vegetation dominated by saw grass
NOM 3 | Williams lake HPOA | Seepage lake in  North-Central | 55.2 | 5.7 | 365 | 1.8 |08 | 2.1 1.9
Minnesota. Organic matter dominated
by autochthonous sources
NOM 4 | Pacific Ocean HPOA | Sample collected at Natural Energy | 56.5 | 6 36 1.1 |04 | 17 0.8
Laboratory of Hawaii Authority
(NELHA) on the island of Hawaii, near
Kailua-Kona, from 5 m depth. Organic
matter of marine origin
NOM 5 | Suwannee river | Blackwater river draining Okeefenokee | 51.8 | 4.4 | 427 | 0.8 |05 | 4.8 4.8
HPOA Swamp. Sampled at Fargo, Georgia.
Vegetation dominated by southern
floodplain forest
NOM 6 | Florida  Everglades | Pristine marshland in located in LOX 8 | 51 | 49 | nm. | nm. |06 | 3.5 3.5
Loxahatchee National | wildlife refuge area in the northern
Wildlife refuge | Everglades.
(LOX) HPOA

2 Site description modified from Poulin et al (2017) 34
b Measured by Huffman Hazen Laboratories (Golden, CO); major elemental composition (i.e. C, H, O, N, and S) reported as ash-free

dry mass

n.m.= not measured
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Table D.2. Relative number abundance of heteroatom classes of compounds determined by FT-ICR-MS

Sampling site CHO | CHON | CHOS | CHOP | CHNOS | CHONP | CHONSP other
NOM 1 | Everglades, Site F1, FL 66.1 16.6 7.5 0.4 51 3.2 0.3 0.8
NOM 2 | Everglades, Site WCA-2BS, | 61.8 25.6 5.0 0.8 2.9 3.2 0.2 0.5
FL
NOM 3 | Williams Lake, MN 65.0 23.4 4.0 4.1 1.9 0.9 0.5 0.2
NOM 4 | Pacific Ocean near Hawaii, | 67.4 21.7 1.6 2.4 4.4 0.9 1.1 0.4
surface water (NELHA)
NOM 5 | Suwannee River, GA 73.6 6.4 1.4 1.3 8.1 6.3 0.7 2.1
NOM 6 | Everglades, LOXS8, FL 68.5 21.0 2.1 1.8 3.9 2.1 0.2 0.4
Table D.3. Relative number abundance of geochemical classes of compounds determined by FT-ICR-MS
Sampling site Aminosugar | Carb | ConHC | Lignin | Lipid | Protein | Tannin | Unsat HC | Others
NOM 1 | Everglades, Site F1, FL 0.8 0.8 24.5 59.0 0.9 2.3 9.8 0.7 1.2
NOM 2 | Everglades, Site WCA- 11 06 | 199 | 634 | 08 | 33 | 94 0.4 1.0
2BS, FL
NOM 3 | Williams Lake, MN 1.5 0.4 6.6 72.4 1.9 8.0 8.5 0.3 0.4
Pacific  Ocean near
NOM 4 | Hawaii, surface water 1.4 0.3 1.9 79.6 1.5 8.8 54 0.6 0.5
(NELHA)
NOM 5 | Suwannee River, GA 1.0 1.0 25.0 56.3 0.9 2.9 8.9 2.0 1.8
NOM 6 | Everglades, LOXS8, FL 0.9 0.7 20.3 62.3 0.9 3.3 10.3 0.6 0.5

*Carb: Carbohydrate
ConHC: Condensed hydrocarbon
Unsat HC: Unsaturated hydrocarbon




Table D.4. O/C, H/C and molecular weight (MW) of NOM isolates calculated as the
number average of O/C, H/C, and MW of NOM formulae detected by FT-ICR-MS.

NOM ID Sampling site O/C H/C MW
NOM 1 Everglades, Site F1, FL 0.52 1.05 391
NOM 2 Everglades, Site WCA-2BS, FL 0.52 1.12 369
NOM 3 Williams Lake, MN 0.51 1.26 372
NOM 4 Pacific Ocean near Hawaii, 0.48 1.27 442
surface water (NELHA)
NOM 5 Suwannee River, GA 0.50 1.07 375
NOM 6 Everglades, LOXS8, FL 0.52 1.12 383

* ConHC: Condensed hydrocarbon
O/C: Oxygen-carbon ratio
H/C: Hydrogen -carbon ratio
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Table D.5. Core size, hydrodynamic size, zeta potential, and pH of synthesized PVP-

PtNPs reported as mean + standard deviation

PVP- Core size Hydrodynamic Zeta % PtNPs | pH | Polydispe
PtNPs | measured by | size measured potential detectable rsity
suspen TEM, by DLS, (mV) by sp-1CP- index
sion dtem £ od dpLs = 6q (Nm) MS (PDI)
(nm) (> 17 nm)
PtNP20 9.2+1.2 18.9+£0.3 -16.9+ 3.5 0 7.0 0.36
PtNP30 109+£0.8 31.4+0.8 -19.3+£1.9 0 6.9 0.19
PtNPso 18.5+£5.0 51.0+0.7 -229+1.4 46 7.1 0.20
PtNP7s | 44527 74.7+0.2 -25.1+£3.0 100 6.9 0.03
PtNPgs | 725%3.9 934+1.0 27217 100 6.8 0.10

od is the standard deviation. The standard deviation for core size is that of the size
distribution, whereas the standard deviation of hydrodynamic diameter and zeta potential

is that of 3 replicates.

Table D.6. Zeta potential of 1 mg L™* PVP-PtNPs at 0 and 24 hours after mixing with
MHW. Zeta potential values are reported as mean + standard deviation of three

replicates.
PVP-PtNPs pH of PtNPs Zeta potential Zeta potential in MHW (mV)
suspension suspension in in UPW (mV)
MHW Oh 24 h

PtNP2o 8.1 -16.9+ 35 -13.2+£0.8 -7.7+0.8
PtNP30 7.9 -19.3+£1.9 -14.7+£1.0 -94+22
PtNPso 8.0 -229+14 -16.4+£1.1 -13.9+£0.6
PtNP7s 8.0 -25.1+£3.0 -19.3+£0.9 -17.9+4.2
PtNPgs 8.1 -27.2+£1.7 -23.3+£0.8 -229+14
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Table D.7. Number concentration of 1 pg L™ PtNPs (PtNP20-PtNPgs) in MHW measured by single particle-inductively coupled
plasma-mass spectrometer (sp-ICP-MS) and % of measured PtNPs by sp-ICP-MS relative to the theoretical number concentrations
calculated from the measured mass concentration and respective NP diameter

in UPW-0h in MHW-0h in MHW- 24 h
Sample | Theoretical | Mean | Measured % Mean | Measured % Mean | Measured %
ID number size number measured size number measured | size number measured
conc. (x10°% | (nm) | conc. (x10° | relativeto | (nm) | conc. (x10° | relativeto | (nm) | conc. (x10° | relative
NP mL™) NP mL™) the NP mL™) the NP mL1) to the
theoretical theoretical theoretica
conc. conc. | conc.
PtNP20 114.34 2612 0.31 0.3 31+12 1.77 1.5 38+19 9.99 8.7
PtNP30 68.75 30+13 0.83 1.2 31+11 1.05 1.5 48+15 9.09 13.2
PtNPso 14.06 34+10 4.65 33.1 38+10 2.63 18.7 54+13 2.61 18.5
PtNP7s5 1.01 44+8 1.09 108.1 59+9 0.50 49.6 6219 0.44 43.2
PtNPgs 0.23 7710 0.23 100.2 7419 0.23 98.0 7418 0.18 75.5
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Table D.8. Mass based concentrations of 1 pg L™t PtNPs (PtNP2o-PtNPgs) in MHW measured by sp-ICP-MS and % of detected PtNP

mass by sp-ICP-MS relative to the nominal mass concentration (= 1 pg L™?):

in UPW-0 h in MHW-0 h in MHW- 24 h
Sample ID Pt conc. % measured Pt conc. % measured Pt conc. % measured
(ug L™ relative to the (g L™ relative to the (ug LY relative to the
nominal conc. nominal conc. nominal conc.
PtNP20 0.017 1.7 0.209 20.9 0.583 58.3
PtNP30 0.082 8.2 0.426 42.6 0.583 58.3
PtNPso 0.313 31.3 0.290 29.0 0.046 4.60
PtNP7s 0.851 85.1 0.813 81.3 0.685 68.5
PtNPos 0.824 82.4 0.706 70.6 0.373 37.3
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Table D.9. Number concentration of 1 pg Lt PtNP2o suspended in UPW and in MHW in presence of 1 mg L' NOM at 0 and 24 hours
post mixing and % of number of detected PtNPs to the theoretically calculated number concentrations. All analyses were performed

using sp-ICP-MS.

Sample ID Theoretical atOh after 24 h

number conc. | Mean size Measured % measured Mean Measured % measured

(x10° NP (nm) number conc. relative to the | size (nm) | number conc. relative to the
mL1)? (x10° NP mL™?) | theoretical conc. (x10° NP mL™) | theoretical conc.

in UPW 32+10 0.44 04 34+14 0.80 0.7
(without NOM)
in MHW 31+16 0.52 0.5 42+10 15.89 13.9
(without NOM)
NOM 1 114.34 54+24 0.32 0.3 53+14 12.73 11.1
NOM 2 42+16 0.48 0.4 66+21 22.46 19.6
NOM 3 53+20 0.34 0.3 56+14 17.92 15.7
NOM 4 47421 0.66 0.6 74134 58.89 51.5
NOM 5 46120 0.55 0.5 53+13 19.79 17.3
NOM 6 52+18 0.50 0.4 56+14 14.89 13.0

@ Theoretically calculated from the mass concentration and NP diameter
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Table D.10. Mass concentration of 1 pug L™ PtNP2o suspended in UPW and in MHW in presence of 1 mg L™ NOM at 0 and 24 hours
post mixing and % measured PtNP mass relative to the actual concentration (= 1 pug L™). All analyses were performed using sp-ICP-
MS.

Sample ID atOh after 24 h
Pt conc. measured by % measured to the Pt conc. measured by % measured to the
ICP-MS actual conc. ICP-MS actual conc.
(ug L™ (ug L™
in UPW 0.017 1.7 0.02 2
(without NOM)
in MHW 0.033 3.3 0.308 30.8
(without NOM)
NOM 1 0.016 1.6 0.188 18.8
NOM 2 0.016 1.6 0.593 59.3
NOM 3 0.019 1.9 0.489 48.9
NOM 4 0.034 3.4 0.978 97.8
NOM 5 0.024 2.4 0.456 45.6
NOM 6 0.02 2.0 0.375 375
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Table D.11. Number based concentrations of 1 pg L PtNPgs suspended in UPW and in MHW in presence of 1 mg L* NOM and %
achieved to the theoretically calculated number concentrations, immediately after mixing and after 24 h:

Sample ID Expected atOh after 24 h
number Mean size | Actual number | % measured to | Mean size | Actual number | % measured to
conc. (x10° (nm) conc. the expected (nm) conc. the expected
NP mL1)? (x10°% NP mL1)P conc. (x10% NP mL1)® conc.
in UPW 7610 0.24 102.2 72+10 0.19 82.2
(without NOM)
in MHW 72116 0.25 105.6 7146 0.18 76.0
(without NOM)
NOM 1 0.23 74+14 0.22 96.3 74114 0.23 98.1
NOM 2 7248 0.19 82.2 72+10 0.21 89.8
NOM 3 7310 0.17 75.0 7310 0.19 80.4
NOM 4 7711 0.20 86.4 7711 0.21 89.0
NOM 5 76+10 0.24 100.9 76110 0.23 97.8
NOM 6 7218 0.18 78.4 7248 0.19 83.3

&Theoretically calculated from the mass concentration and NP diameter

b measured by sp-ICP-MS
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Table D.12. Mass based concentrations of 1 pg L™ PtNPgs suspended in UPW and in MHW in presence of 1 mg L™ NOM and %

measured to the actual concentration (= 1 pug L), immediately after mixing and after 24 h:

Sample ID atOh after 24 h
Pt conc. measured by % measured to | Pt conc. measured by | % measured to
ICP-MS the actual conc. ICP-MS the actual conc.
(ug L™ (ug L™
in UHPW 1.02 101.6 0.88 88.2
(without NOM)
in MHW 1.03 103.1 0.84 84.4
(without NOM)
NOM 1 0.88 88.2 0.9 90.3
NOM 2 0.91 914 0.96 95.7
NOM 3 0.71 715 0.84 83.5
NOM 4 0.83 83.2 0.92 92.1
NOM 5 1 100.3 1.01 100.7
NOM 6 0.77 76.8 0.86 85.5




Table D.13. Criteria applied for molecular assignment of formulae detected by FT-ICR-
MS

H/C o/C
Tannin 0.5-1.25 0.6-0.95
Carbohydrates 1.5-2.0 0.7-1.0
Lipids 1.7-2.25 0-0.22
Lignin 0.75-1.5 0.2-0.6
Protein 1.5-2.0 0.2-0.5
Aminosugar 1.5-1.75 0.55-0.7
Condensed hydrocarbons 0.2-0.75 0-0.7

Table D.14. Chemical composition of moderately hard water (MHW)

Chemical constituent Concentration (mM)
Sodium bicarbonate (NaHCO3) 1.14
Calcium sulfate (CaSQa) 0.44
Magnesium sulfate (MgSQa) 0.50
Potassium chloride (KCI) 0.05
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APPENDIX E: SUPPORTING INFORMATION FOR CHAPTER 6

E.1. Sulfur K-edge XANES spectroscopy

The sulfur speciation in NOM was investigated using sulfur XANES spectroscopy
on the HPOA fractions of NOM using beamline 9-BM-B of the advanced Photon Source
(APS) (Argonne National Laboratory). Spectra were collected on two International Humic
Substances Society (IHSS) reference materials (Suwannee river humic acid 1l (SRHA;
25101H), Elliot soil humic acid | (ESHA; 1S102H)) for comparison with spectra measured
before at the advanced light source (ALS) (Lawrence Berkley National Laboratory) 34,
NOM samples and IHSS NOM reference materials were pressed as 5.5- and 2.4-mm
pellets, respectively, under ambient atmosphere and mounted on sulfur-free carbon tape.
At least 10 scans per sample and 5 scans per reference NOM were collected over 2440-
2538 eV. The Si(111) crystal monochromator was calibrated with an NaS,Oz3 standard (Eo
=2,472.02 eV) 3*2, Harmonics were rejected by detuning the beam to 50% of its maximum
intensity. Between scans, the samples were moved by 0.5 mm to examine previously
unexposed material. Spectra were collected in fluorescence yield mode under a Helium
(He) atmosphere using a Vortex ME4 detector. Using Athena software >3, scans were
averaged, normalized to the absorption from 2515 to 2542.5 eV, and fit by Gaussian curve
fitting (GCF) 3*L. Atomic fractions of sulfur functionalities, including exocyclic reduced

sulfur (Sexo), heterocyclic reduced (Shetero), sulfoxide (Ssuirx), sulfone (Sso,), sulfonate
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(Sso,), and organosulfate (Sso,), were calculated with a precision estimated at < 1.6% .

Accuracies of atomic fractions of reduced (Sexo and Shetero)and oxidized sulfur

functionalities (Sso,, Sso, Sso,) are estimated at 8% and 4%, respectively 3.

Concentrations of sulfur functionalities relative to carbon were calculated by multiplying
the fraction of each sulfur functionality by the atomic S/C. Total reduced (Sreq) and oxidized
sulfur (Sox) were defined as
Sred = Sexo + SHetero  (Equation E.1)
Sox = Sso, + Sso, + Sso, (Equation E.2)

E.2. Gaussian Curve Fitting Spectra

Spectra were fit according to the approach of Manceau and Nagy (2012)6 with two
arctangent and six Gaussian functions

24+ Y%, G; (Equation E.3)

Where, A are arctangent functions andGi are Gaussian functions representing exocyclic

reduced (Sexo), heterocyclic reduced (Setero), sulfoxide (Ssuiix), sulfone (Sso,), sulfonate
(Sso,), and organosulfate (Sso,) functionalities. The initial and final positions of arctangent

functions, representing the step functions for the continuum of low (Sexo , SHetero , Ssuifx)
and high oxidation state species (Sso, , Sso, ,Sso,), were less than the positions of sulfoxide
and the organosulfate Gaussian functions, respectively. Arctangent function positions were
fit and widths were co-varied. The nominal energy value was fit for the Sgxo Gaussian
function, and was fixed for the other five Gaussian functions to previously recommended

values within £0.1 eV . In certain cases, the nominal energies of Ssuirx and Sso, Gaussian

functions deviated from suggested values. For sample spectra, two different widths of
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Gaussian functions were used for low ( Sexo , SHetero , Ssuifx) and high oxidation state species

( Sso, , Sso; , Sso, ), Which were co-varied during fitting. For IHSS reference materials, a

single width of Gaussian functions was used for Suwannee River humic acid Il (SRHA),
whereas two widths were used for Elliott Soil humic acid (ESHA) 3. The quality of fit
was evaluated with the normalized sum-squared (NSS) residual:

Z(Yexp_y'fit)z

NSS = DIRY gxp

(Equation E.4)

Where Yexp and y fit are experiment and fit values, respectively. Areas of Gaussian
functions were corrected for the change in X-ray absorption cross-section with increasing
oxidation state using:

y = 0.36481x — 909. (Equation E.5)

where X is the energy of the absorption maximum of a Gaussian function and vy is the
scaling factor *'. The contribution of each sulfur functionality to total sulfur was calculated
by dividing the peak area by the summation of all peak areas. The precision of atomic
fractions from Gaussian curve fitting are estimated as follows: Sgxo = 1.6 £ 0.2%, SHetero =

0.5 £0.2%, Ssui= 0.1+ 0.0%, Sso,= 0.3 +£0.1%, Sso, = 1.1+ 0.2%, and Sso, = 0.7 £ 0.3%

31 The concentration of each sulfur functionality relative to carbon was calculated by

multiplying the percent of each sulfur functionality by the atomic S/C.
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E.3. Supporting figures and tables

Table E.1. Chemical composition of moderately hard water (MHW)

Chemical constituent

Concentration (mg L)

Sodium bicarbonate (NaHCO3) 96
Calcium sulfate (CaS0O.) 60
Magnesium sulfate (MgS0Oa) 60
Potassium chloride (KCI) 4

Table E.2. Core size, hydrodynamic diameter, zeta potential, and pH of synthesized PVP-

PtNPs

PVP- Hydrodynamic Core size Zeta pH Polydispersity

PtNPs size measured measured by potential index (PDI)
suspension by DLS, TEM, (mV)

doLs £ o4 ("M) | drem £ o4 (NM)

PtNP2o 18.9+0.3 9.2+£1.2 -16.9+ 35 7 0.36
PtNP3o 31.4+0.8 10.9+0.8 -19.3+1.9 6.9 0.19
PtNPso 51+0.7 1855 -229+14 7.1 0.2
PtNP7s 74.7+£0.2 445+ 2.7 -25.1+3 6.9 0.03
PtNPgs 93.4+1 725+39 27217 6.8 0.1

Table E.3. Change in zeta potential after 24 h exposure of 1 mg L™ PVP-PtNPs in MHW

PVP-PtNPs pH of PtNPs Zeta potential in MHW
suspension suspension in (mV)
MHW Oh 24 h

PtNP2o 8.08 -132+08 | -7.7+£0.8
PtNP30 7.89 -14.7+1 -9.41+£2.2
PtNPso 7.95 -16.4+1.1 | -139+0.6
PtNP7s 7.97 -19.3+£09 | -17.9+4.2
PtNPgs 8.05 -23.3+0.8 | -229+14
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Table E.4. Sampling site descriptions and chemical characteristics of NOM hydrophobic organic acid (HPOA) isolates

NOM Isolate Sampling site description # Weight % ° SUVA2s,
1D C H 0 N S | Ash | (Lmgtm?
NOM 1 | Florida Everglades F1 | Eutrophic marshland located in Water | 53.1 | 44 | 393 | 1.3 | 19 | 2.8 4.0
site HPOA conservation Area (WCA) 2A in the
northern  Everglades.  Vegetation
dominated by cattails
NOM 2 | Florida  Everglades | Relatively pristine marshland located in | 52.2 | 48 | 40.2 | 16 | 1.2 | 7.3 3.2
2B south HPOA WCA 2B in the northern Everglades.
Vegetation dominated by saw grass
NOM 3 | Williams lake HPOA | Seepage lake in  North-Central | 55.2 | 5.7 | 365 | 1.8 | 0.8 | 2.1 1.9
Minnesota. Organic matter dominated
by autochthonous sources
NOM 4 | Pacific Ocean HPOA | Sample collected at Natural Energy | 56.5 | 6 36 1.1 | 04 | 17 0.8
Laboratory of Hawaii  Authority
(NELHA) on the island of Hawaii, near
Kailua-Kona, from 5 m depth. Organic
matter of marine origin
NOM 5 | Suwannee river | Blackwater river draining Okeefenokee | 51.8 | 4.4 | 427 | 0.8 | 0.5 | 4.8 4.8
HPOA Swamp. Sampled at Fargo, Georgia.
Vegetation dominated by southern
floodplain forest
NOM 6 | Florida  Everglades | Pristine marshland in located in LOX 8 | 51 | 49 | nm. | nm. | 0.6 | 3.5 35
Loxahatchee National | wildlife refuge area in the northern
Wildlife refuge | Everglades.
(LOX) HPOA

2 Site description modified from Poulin et al (2017) 34
b Measured by Huffman Hazen Laboratories (Golden, CO); major elemental composition (i.e. C, H, O, N, and S) reported as ash-free

dry mass

n.m.= not measured




Table E.5. Concentration of different organic sulfur functionalities in NOM samples
measured by sulfur k-edge XANES and concurrent PtNPgs influx rate constant

PtNPgs Concentration of sulfur functionalities (Atomic S/C x10%)
influx Exocycli | Heterocycli | Sulfoxid | Sulfon | Sulfonat | Sulfat
Sampl rate
C c reduced | e (Ssuifx) e e (Sso.) e
e constant, 3
Kaw reduced sulfur (Sso,) (Sso,)
1 A sulfur (SHetero)
(Lg™d
1) (SExo)
NOM | 0.48+0.0 5.7 4.7 0.8 0.3 1.4 0.5
1 4
NOM | 0.28+0.0 2.9 2.6 0.5 0.3 1.9 0.7
2 5
NOM | 0.17+0.0 1.9 1.3 0.3 0.2 0.9 0.5
3 4
NOM | 0.08+0.0 0.4 0.3 0.1 0.2 0.9 0.6
4 5
NOM | 0.12+0.0 1.0 1.1 0.2 0.1 0.7 0.2
5 5
NOM | 0.14+0.0 1.4 1.3 0.2 0.2 0.9 0.3
6 5
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Figure E.1. Snail’s dry weight during Pt elimination experimentfollowing exposure to (a)
dissolved Pt, (b) PtNP2o, and (c) PtNPgs. The solid line represents growth as predicted by
equation 4. Each point represents mean Pt concentration for 8 individual snails (£SD).
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Figure E.2. Correlation between NOM Sulfur (S) and nitrogen (N) content and Pt influx
rate constant, kuw (L gt d, #SD) in L.stagnalis after waterborne exposure to 1 pg L (a)
dissolved Pt (added as H2PtCle), and (b) PtNP2o for 24 h. Each point represents mean Pt
concentration for 8 individual snails (£SD).
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Figure E.3. Relation between (a) molecular weight, (b) SUVA2s4, (¢) H content, (d) O
content, and () inorganic ash content of NOM with Pt influx rate constant, kuw (L g d?,
+SD) in L.stagnalis after waterborne exposure to 1 pg L™ NPgs in presence of 1 mg L™
NOM for 24 h. Each point represents mean Pt concentration for 8 individual snails
(xSD).
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