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ABSTRACT 
 
 

Metallic nanoparticles (MetNPs) with unique nanoscale properties, including novel 

optical behavior and superparamagnetism, are continually being developed for biomedical and 

industrial applications.  In certain biomedical applications where extended blood half-lives are 

required, MetNPs are surface-functionalized using polymers, proteins, and other stabilizing 

agents to facilitate their resistance to salt-induced aggregation.  Given their colloidal stability in 

high ionic-strength matrices, functionalized MetNPs are anticipated to be persistent aquatic 

contaminants.  Despite their potential environmental significance, the persistence of surface-

functionalized MetNPs as individually-stabilized nanoparticles in aquatic environments is largely 

unknown.  Further, few studies have investigated the fundamental factors that influence MetNP 

uptake and fate/transport processes in ecologically susceptible aquatic biota, such as filter-

feeding bivalves, which ingest and accumulate a broad range of dissolved- and particulate-phase 

contaminants.  

The present study describes a comprehensive approach to prepare and rigorously 

characterize MetNP test suspensions to facilitate fundamental examinations of nanoparticle 

uptake and fate/transport processes in freshwater and marine bivalves.  We demonstrate the 

importance of accurately characterizing test suspensions in order to better understand MetNP 

persistence as individually-stabilized nanoparticles within aquatic test media, and define an 

optical-activity metric suitable for quantifying and comparing the persistence of variable MetNP 

formulations as National Nanotechnology Initiative (NNI) definable nanoscale materials.  We 

also show that individually-stabilized MetNPs of variable elemental composition, particle 
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diameter, and surface coating are accessible to bivalves in both freshwater and marine 

environments.  Clearance rates for MetNPs are positively related to the diameter and initial 

concentration of MetNP suspensions.  The observed size-dependence of particle filtration rates 

facilitates ‘size-selective biopurification’ of particle suspensions with nanoscale resolution, and 

may have applicability in future sustainable nanomanufacturing processes.  Filtered MetNPs are 

retained for extended periods post-exposure primarily within the bivalve digestive tract and 

digestive gland, but migration to other organ systems was not observed.  Clusters of MetNPs 

were recovered in concentrated form from excreted feces, suggesting that biotransformation and 

biodeposition processes will play an important role in transferring MetNPs from the water 

column to benthic environments.  
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Chapter 1. Introduction 

1.1 Background!
!

Similar to what has been observed with pharmaceuticals and personal care products (PPCPs),1 

consumer use and disposal of ‘bionanomaterials’ — nanomaterials functionalized with biological 

carriers such as proteins, oligonucleotides, and cell-penetrating peptides2 — will inevitably result 

in their discharge to municipal wastewater treatment systems and ultimately to aquatic 

ecosystems.3, 4  Among other functions, biological carriers enhance the stability of nanoparticles 

in high ionic strength solutions, such as blood,5 which in turn may lead to increased persistence 

of individual nanoscale particles in natural waters.  The stability and persistence of nanoscale 

particles will affect their fate and transport upon entering aquatic systems,4 wherein they may be 

ingested, accumulated, and transformed by biota.6  Many questions remain as to the toxicity of 

nanoscale materials and their transformation products.  Some studies report that nanoparticles 

induce toxicity,7 whereas others suggest that they may promote positive health outcomes, such as 

prolonging the life of brain cells.8  One concern, however, is that a majority of the studies 

published to date have focused on the use of nanomaterials that are readily available from 

commercial sources (e.g., C60, ZnO), but lack surface modifications (e.g., polymer-coatings, 

biological carriers) that are critical to end-use applications of these materials.  In terms of their 

fate and transport in aquatic systems, particularly marine environments, these simplified forms of 

nanomaterials differ considerably from the functionalized materials incorporated into 

commercial products and that ultimately will be released into the environment.9  Accordingly, an 

improved understanding of the uptake and fate of bionanomaterials in biological and 

environmental systems is especially critical. In this effort, we determined how key characteristics 

of nanoscale materials—size, shape, and surface chemistry—influence uptake and fate in two 
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species of bivalves—Corbicula fluminea [Müller, 1774] and Mytilus galloprovincialis [Lamarck, 

1819].  Corbicula fluminea is ubiquitous in streams and rivers across the US and around the 

world, and is often employed for biomonitoring of contaminants in freshwater environments.10  

Mytilus galloprovincialis, which is also known as the ‘blue’ or ‘Mediterranean’ mussel, is a 

marine mussel found primarily in the low intertidal zones of rocky coastlines around the world.  

In some regions, M. galloprovincialis is harvested or cultivated for human consumption.  We 

expect that uptake of nanoscale particles by filter-feeding bivalves will be a function of the type 

of biological carrier molecule used to functionalize the particle as well as particle size, shape, 

and composition.   

 

1.2 Research Objectives  
 

We investigated the influence of size and surface chemistry on the uptake and biological fate 

and transport of metallic nanoparticles (MetNPs) in filter-feeding bivalves.  An important 

objective of our work was to prepare well-characterized nanoparticle test suspensions and apply 

complementary characterization techniques that facilitated understanding of nanoparticle 

disposition in exposure media and within bivalve test organisms and biodeposited feces.  This 

comprehensive approach was warranted at the time this dissertation research was undertaken 

since much of the published literature offered limited understanding of the relationships between 

physicochemical properties of nanoscale particles and their uptake by aquatic biota.  In 

particular, many of these studies failed to describe the persistence of nanoscale test materials in 

exposure media as individually stabilized nanoscale particles.  In theory, the existence of 

nanoscale materials as either individually-stabilized, monodisperse particles or as clusters or 

aggregates of varying size and shape would likely have significant effects on the nature of 
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nanoparticle interactions with biological and environmental systems.  Thus, our research 

objectives were focused on investigating the validity of the following hypotheses: 

Hypothesis 1: Integrated characterization techniques are necessary to evaluate the stability 

and persistence of MetNP suspensions in aquatic media, and to enable effective interpretation of 

the bioavailability of nanoscale particles to filter-feeding biota. 

Hypothesis 2: Uptake of MetNP by filter-feeding bivalves should be modulated by particle 

size, with larger particles being cleared from suspension more rapidly than smaller particles. 

Hypothesis 3: Biological fate and transport of MetNPs in filter-feeding bivalves should 

follow established bivalve models and MetNPs should localize primarily in the gills, mantle, and 

digestive gland.  

Hypothesis 4: Biodeposition will factor prominently in the transference of MetNPs from the 

water column to the benthic zone, and patterns of uptake and biodeposition may be useful for 

biomonitoring of AuNP as well as other nanoparticles discharged to aquatic systems. 

 

1.3 Dissertation Outline 
 

This dissertation contains a total of six chapters including this introductory chapter.  

Chapter 2 describes our efforts to apply integrated characterization techniques, specifically 

time-resolved- dynamic light scattering (DLS) and UV-vis spectroscopy, to evaluate the 

aggregation kinetics of variably sized citrate-stabilized gold nanoparticles (cit-AuNP) in 

electrolyte solutions that are relevant to understanding nanoparticle disposition in freshwater 

exposure media.  Chapter 3 presents a novel UV-Vis based metric that is useful for quantifying 

and comparatively evaluating the colloidal persistence of optically active metallic nanoparticles.  
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Chapter 4 describes a comprehensive evaluation of the uptake and biodeposition of variably-

sized gold nanoparticles stabilized with the protein bovine serum albumin (BSA-AuNP) by the 

Asian clam (Corbicula fluminea), and leverages what we have learned from nanoparticle 

suspension preparation and characterization to enhance our understanding of how individually 

stabilized nanoparticles are processed by aquatic filter-feeders.  Chapter 5 describes research 

undertaken to investigate how applicable our research findings with C. fluminea and BSA-AuNP 

are to M. galloprovincialis and MetNPs.  Chapter 6 presents our general conclusions regarding 

the persistence of MetNPs in aquatic systems with a specific emphasis on the factors influencing 

MetNP uptake and fate in filter-feeding bivalves.     

  

1.4 Literature Review!
!!

Hundreds of consumer products are currently available that incorporate engineered 

nanomaterials as a means of improving performance or production efficiency, and thousands of 

other nano-enabled products are expected to enter commercial markets over the next decade.11 

As a result of its rapid integration into existing and emerging products, nanotechnology is 

expected to represent a >$2 Trillion per year global economic impact by 2015.12 Given the size 

of this market and ongoing concerns about the environmental fate of nanomaterials,13-15 a wide-

ranging effort has been undertaken to understand the potential consequences of unanticipated 

releases of nanomaterials to the environment. Recent reports have definitively shown that 

engineered nanomaterials can be transported in the environment,16 can be taken up by cells,17-20 

and can subsequently elicit toxic effects.19 Characterization of the fundamental phenomena 

responsible for these processes is ongoing.9  One concern, however, is that a majority of the 

studies published to date have focused on the use of simplified forms of nanomaterials (e.g., C60, 
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ZnO) that are readily available from commercial suppliers. These nanomaterials may not reflect 

the functionalized products that will ultimately be employed by industry and that will be released 

into the environment. Of particular concern are those nanomaterials that are specifically designed 

for biomedical applications. In many cases, these materials are surface-functionalized such that 

they have enhanced aqueous solubility21 and have the ability to cross cellular membranes.22 

These characteristics suggest these materials will have very different fates than many of the 

nanomaterials studied to date. 

Engineered bionanomaterials integrated with biological carrier molecules such as proteins, 

polymers, DNA, and cell penetrating peptides, are expected to be among the first, most broadly 

applied, and—because some are designed to pass through cellular membranes—potentially the 

most ecologically significant forms of nanotechnology-enabled materials. Similar to what has 

been observed with pharmaceuticals and personal care products (PPCPs),1, 23 consumer or 

medical practitioner use and disposal of nano-enabled pharmaceuticals may result in the 

discharge of bionanomaterials to municipal wastewater treatment systems and, ultimately, to 

aquatic ecosystems. Accordingly, an improved understanding of the uptake and fate of 

bionanomaterials in biological and environmental systems is especially critical.   

Bivalves as sentinel organisms for emerging contaminants. Freshwater and marine 

bivalves are widely used as biological sentinels to detect and monitor a broad spectrum of 

environmental contaminants including metals,24 persistent organic pollutants,25-27 biocides,28 

asbestos fibers,29, 30 bacteria,31 and protozoan parasites.32-35  Given their functional roles in 

aquatic ecosystems as water column and sediment filter feeders, bivalves are susceptible to 

adverse effects from environmental contaminants and are especially useful as keystone or 

indicator species for measuring pollutant contamination of aquatic systems.10  Furthermore, 
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because they contain significant quantities of lipid material (!10% on a dry weight basis36) that 

readily accumulates environmental contaminants, post-exposure analysis of bivalve tissue can 

often be used to establish a forensic record of environmental exposures.   

For more than 25 years, researchers have used the freshwater bivalve, Corbicula fluminea 

(Müller) as a bioindicator of water pollution.  C. fluminea, originating in Asia, has progressively 

colonized waterways throughout the U.S. and Europe and is a major component of the freshwater 

benthic community worldwide. As a filter-feeding organism, C. fluminea is exposed to 

contaminants that can accumulate within its tissue: heavy metals,24 PCBs,25-27 and asbestos 

fibers.29, 30, 37  C. fluminea has the highest filtration rate of all freshwater bivalves and filters 

approximately 45 L water g-1 dry weight day-1.27 This exceptionally high filtration rate (!20" 

higher than the filtration rate for the marine clam Macoma balthica27) facilitates the potential 

accumulation of trace level pollutants within C. fluminea and is one reason that C. fluminea is 

often used as a sentinel organism.  

The uptake of particulate pollutants by C. fluminea and M. galloprovincialis, similar to what 

is observed with other aquatic bivalves, occurs when the organism filter- or deposit-feeds. 

Deposit-feeding, which primarily occurs through cilial action of the clam foot (e.g., pedal 

feeding), and filter-feeding are equally important as sources for the uptake of deposit-associated 

PCBs27 and other environmental contaminants. Regardless of the mechanism by which particles 

are ingested, however, they are transferred and processed by the same pathways inside the 

bivalve.38  In general, these pathways involve the internalization of particulate material via 

endocytosis and the distribution of material to internal organs and interstitial connective tissue 

via hemolymph traveling through the unconstrained circulatory system of the bivalve.39, 40  The 

hemolymph, or blood, bathes all of the internal organs before ultimately returning to the heart by 
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way of the sinuses and gills.39 

Metallic nanoparticles. Metallic nanoparticles (MetNPs) are a class of engineered 

nanomaterials defined by their metallic composition and which are among the most readily 

manufactured and useful nanoscale materials currently in production.41  Included within the class 

of MetNPs are iron oxide nanoparticles (FeOxNPs) with novel superparamagnetic behavior,42 the 

semiconducting quantum dots (Qdots) with precisely tunable optical properties,43 and a broad 

spectrum of metal and metal oxide nanoparticles comprised of, for example, noble metals 

including platinum, silver, and gold.44  Of this diverse array of MetNPs, gold nanoparticles 

(AuNPs) have arguably attracted the greatest attention for their unique combination of novel 

plasmonic behavior, ease of synthesis, stability, and accessibility.45-47  Colloidal gold is inert and 

often used for the production of biologically compatible nanoparticle carriers.48-50  Spherical gold 

nanoparticles can be synthesized at diameters ranging from < 2 nm to > 200 nm.  The 

combination of precisely controlled size and facile surface chemistry have enhanced the utility of 

gold nanoparticles in a broad range of life sciences and pharmaceutical applications.  Further, 

gold nanoparticles are an ideal model material for the proposed study because it can be used to 

produce a range of different nanoparticle geometries—spheres, rods, rice, prisms, cubes, and 

many others—that facilitate testing of the effects of shape on uptake and toxicity of 

bionanomaterials.51  Finally, the natural abundance of gold in environmental samples and 

biological tissue is extremely low and thus background influences on analytical measurements 

are negligible. 

Bionanomaterials. As defined herein, bioconjugated nanoparticles or ‘bionanomaterials’ are 

nanoparticles that have been functionalized such that their transport in blood and across cell 

membranes is enhanced.  Bionanomaterials are currently being developed for applications such 
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as drug52 and gene53 delivery, cancer therapies,54, 55 and immunostaining.56  There are several 

bionanomaterials, such as Doxil57 and Abraxane58 that are being actively marketed for 

therapeutic use and many additional bionanomaterials are in clinical testing such as Cyclosert59 

and Genexol-PM.60  

The key to the development of medically useful bionanomaterials is the application of surface 

chemistries that enable the nanoparticles to remain stabilized in blood and to bypass biological 

barriers that might remove the material or otherwise alter its active form. Within the human 

body, unfunctionalized nanoparticles are subject to opsonization wherein opsonin proteins bind 

to the nanoparticles and mediate their recognition and removal by macrophages. In contrast, 

functionalized bionanomaterials can evade opsonins and increase in vivo circulation half-lives 

considerably. Ongoing studies seek to develop nanoparticle surface chemistries that enable the 

particles to readily cross biological membranes and precisely deliver pharmaceuticals and other 

payloads inside cells.  Examples of such approaches include surface functionalization with 

polyethylene glycol (PEG; 1-mecaptoundec-11-yl-tetraethylene glycol),61 oligonucleotide 

modification,62, 63 peptide functionalization,64, 65 or protein conjugation using, for example, 

bovine serum albumin (BSA).66    

PEG functionalization. Functionalization of nanoparticles with an FDA approved PEG 

monolayer (e.g., PEGylation) produces bionanomaterials that are resistant to aggregation under 

physiological conditions. Random coiling of the PEG molecules is thought to hinder protein 

adsorption and thus PEG functionalization enhances nanoparticle opsonin evasion.61, 67  The 

opsonin resistance of PEGylated nanomaterials enables extended blood circulation times61 and 

thus a number of PEGylated nanomaterials are being tested as drug delivery agents.45  

Interestingly, in spite of widespread acceptance of their potential utility for drug delivery, Nativo 
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et al.68 recently documented that PEGylated gold nanoparticles are not taken up by HeLa cells.  

In contrast, other studies have shown their uptake,69, 70 albeit with different cell types.  

BSA conjugation.  Bovine serum albumin (BSA) is widely used as a carrier protein for 

immunoassays and a broad range of biochemical applications.  Li-Mei et al71 reported the 

stabilization of gold nanoparticles through surface charge interactions with BSA.  Despite the 

fact that it is negatively charged at pH 7, BSA preferentially binds to negatively charged 

surfaces.  Brewer et al,72 suggested that in the presence of citrate, a stabilizing agent used often 

during citric-acid reduction synthesis of Au nanoparticles (e.g., Turkevich et al.73), BSA binds to 

Au nanoparticles by an electrostatic mechanism involving salt-bridges between the citrate 

present on the gold surface and the 60 surface lysine groups present on the surface of BSA.  Gold 

nanoparticles coated with BSA have been used frequently for cell-targeting applications and thus 

may be expected to penetrate the cellular matrices of bivalve test organisms.    

Bionanomaterial fate in C. fluminea and M. galloprovincialis. Current understanding of the 

potential fate of engineered nanomaterials within Corbicula and Mytilus, as well as other filter-

feeding bivalves is limited. A recent study,74 however, suggests that nanomaterials can be taken 

up by bivalves and can accumulate within them. Using the blue mussel, Mytilus edulis, Koehler 

et al.74 showed that glass wool nanofibrils (a nonengineered nanomaterial) are taken up when the 

mussels are raised on beds of untreated glass wool fibers. These nanofibrils accumulated within 

endocytotic vesicles, lysosomes, mitochondria, and nuclei. Continual uptake of these 

nanomaterials resulted in large aggregates of ingested nanoparticles within the lysosomes that 

ultimately led to apoptosis due to decreased membrane stability.  Although this is one of the few 

known studies examining nanoparticle uptake into bivalves, there are studies with asbestos,29, 30, 

37 protozoan parasites,32-34 bacteria,39 and metal particles40 that provide insight into the potential 
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fate of bionanomaterials in bivalves.  

According to the current models for metal uptake in bivalves, specific tissues and organ 

systems are involved in uptake, storage, detoxification, and elimination of metals such as gold.  

The gills provide the key interface for uptake of dissolved metals.  Some metals, such as Cd2+ 

may diffuse passively into the gills across Ca2+ channels.75  Insoluble metal compounds, such as 

iron oxides, may be absorbed into the gills through a process known as pinocytosis.76  This 

uptake mechanism may be especially relevant for solid bionanomaterials.  From the gills, metals 

can be sequestered transitorily in epithelial lysosomes and calcified granules40 or transported 

across epithelial cells to the blood and hemocytes.77  However, metals may also bind to 

metallothioneines for rapid excretion.40  The mantle provides another direct interface for the 

accumulation of metals such as Cd, Cu, Fe, Hg, and Zn in lysosomes.78  Most particulate 

associated metals enter bivalves through the digestive tract and digestive gland79 in conjunction 

with food particles or hemocytes that have phagocytosed metal-containing particles.40  

Conversely, bivalve gametes such as the gonad typically do not accumulate appreciable levels of 

metals relative to other tissue.40, 78  Given the findings of these previous studies, we hypothesize 

that if gold bionanomaterials are processed in accordance with established bivalve models, 

clusters of MetNPs should be localized primarily in the gills, mantle, digestive tract/gland, and 

hemocytes.  
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2.1 Abstract 
  
Although the tendency for colloids to aggregate in high ionic strength media such as blood or 

high-hardness waters has been established for decades, few studies have attempted to relate 

alterations in aggregation state to changes in the localized surface plasmon resonance (LSPR) 

behavior of noble metallic nanoparticles. Herein, we employed time-resolved dynamic light 

scattering (TR-DLS) and time-resolved UV-Vis spectroscopy (TR-UV-Vis) to investigate kinetic 

changes in hydrodynamic diameter and LSPR behavior, respectively, for citrate-capped gold 

nanoparticles (cit-AuNP) with primary particle diameters of 7.8 ± 3.3, 15 ± 6.8, 36 ± 2.9, and 46 

±  5.3 nm.  Our results show that in a divalent electrolyte solution at a fixed ionic strength and a 

mass-normalized particle concentration of 10 mg L-1 (as Au) that aggregation rates for cit-AuNP 

increase with a decrease in primary particle diameter.  The experimental results qualitatively 
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agree with DLVO theory, which predicts that a decrease in particle diameter will lower the 

interaction energy barrier, thus increasing the propensity for small particles to aggregate more 

rapidly than larger particles. Nanoparticle concentrations play an important role in governing 

aggregation behavior, however, and aggregation rates of large particles exceed those of smaller 

particles when nanoparticle concentrations are normalized by particle number. Upon surface area 

normalization, however, and under diffusion-limited conditions, the aggregation rate constants 

were effectively identical.  The results of time-resolved UV-Vis spectroscopy, when interpreted 

in the context of Generalized Multiparticle Mie (GMM) theory, support the DLS results and 

show that interparticle distances derived from changes in LSPR behavior decrease at a rate 

inversely proportional to primary particle diameter.  Collectively, these results can be used to 

define two distinct aggregation regimes—the first representing the initial decrease in interparticle 

spacing that occurs shortly after addition of electrolyte to an optically active metallic colloid, and 

the second occurring thereafter as a function of cluster growth—that can be effectively measured 

by the integration of TR-UV-Vis and TR-DLS, respectively.   

 

2.2 Introduction 
 

Noble metal nanoparticles exhibit unique optical behavior arising from the nanoscale 

phenomenon known as localized surface plasmon resonance (LSPR).1   LSPR occurs when an 

externally applied resonant electromagnetic field induces the collective oscillation of the surface 

free electrons of a nanoparticle.2  In the early 1900’s, Mie described this phenomenon and its 

effect on the ultraviolet-visible (UV-Vis) absorption spectra of small metallic spheres surrounded 

by a dielectric medium.3, 4  The resonance condition for gold and silver nanospheres, which is a 

function of the dielectric constant of the medium, the size of the nanoparticle, and the dielectric 
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function of the metal, is satisfied at visible wavelengths of the electromagnetic spectrum.2 For 

example, in water, the LSPR for !20 nm gold nanoparticles occurs at !520 nm, but as 

nanoparticle diameter increases to !100 nm, the LSPR band redshifts to !600 nm.  Additionally, 

the presence of ions and surface coatings, such as proteins and polymers, affect the location and 

intensity of the LSPR because they modify the local dielectric in the vicinity of the nanoparticle 

surface.5   

Redshifts of the LSPR can be indicative of aggregation processes.6, 7 As first described by 

Derjaguin, Landau, Verwey, and Overbeek (DLVO),8, 9 electrolyte-induced collapse of the 

electrostatic double layer surrounding charged particles leads to the coupling and subsequent 

aggregation of nanoparticle monomers.  As the monomers form dimers and polymers, the 

growing nanoparticle clusters induce a red-shift in the LSPR band to a wavelength that is similar 

to that observed for large-diameter nanoparticle monomers or rod-like materials having an aspect 

ratio sufficient to create both transverse and longitudinal LSPR bands.10  Eventually, the LSPR 

band(s) are no longer observed as the growing clusters settle out of suspension and the novel 

optical activity of the once stable colloidal suspension is lost, in many cases, irreversibly.   

Studies by numerous investigators have shown the tendency of nanoscale particles to form 

large clusters when introduced to biological media11 or natural aquatic systems.12, 13  The extent 

of aggregation is dependent on a number of factors including particle concentration, media ionic 

composition and strength, pH, organic matter composition, and the presence of stabilizing 

surface coatings such as proteins and polymers.13-19  Previous studies examining nanoparticle 

aggregation kinetics have used either time-resolved dynamic light scattering (DLS) or UV-Vis 

spectroscopy (UV-Vis), yet markedly few studies have attempted to establish quantitative 

relationships between these complementary nanoparticle characterization techniques.20  
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Integration of DLS and UV-Vis characterization of metal nanoparticles simultaneously addresses 

the issues of increasing cluster size as well as aggregation-induced changes in the position and 

shape of the LSPR band(s).  By itself, DLS provides information on cluster size, yet provides no 

information about changes in the optical behavior of colloidal systems that stem from 

aggregation.  In contrast, UV-Vis spectroscopy yields information that can be used to estimate 

the diameter, shape, and homogeneity of nanoparticle monomers of homogeneous size,21 but has 

limited utility in the characterization of extensively aggregated systems or heterodisperse 

colloidal suspensions.4  Recently, others have attempted to derive models that relate UV-Vis 

absorbance spectra to heterogeneous particle size distributions, which may have applicability for 

characterizing changes in aggregation state.4   

Most studies of nanoparticle aggregation kinetics are limited in that they typically rely upon a 

single technique to evaluate the aggregation process.  In the current study, we simultaneously 

utilized DLS and UV-Vis spectroscopy to examine the stability and LSPR activity of citrate-

stabilized gold nanoparticles (cit-AuNP) as a function of primary particle diameter (dTEM) in 

media of varying electrolyte composition.  The combination of these highly complementary 

analytical techniques enable the identification of two distinct aggregation regimes characterized 

by i) an initial decrease in interparticle spacing and ii) cluster growth.   

 

2.3 Experimental Section 
 

Preparation of gold nanoparticle suspensions. Reagent-grade sodium citrate tribasic 

dihydrate, 99% (Na3C6H5O7•2H2O), sodium borohydride (98%; NaBH4), and gold(III) chloride 

trihydrate (HauCl4•3H2O) were obtained from Sigma-Aldrich (St. Louis, MO, USA).  All 

reagents and nanoparticle suspensions were prepared in >18 M! resistivity ultrapure water. 
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Citrate-capped gold nanoparticles (cit-AuNP) of 7.8 nm diameter were prepared using the 

method of Jana et al.22 Larger 15 nm cit-AuNP were prepared as described by Turkevich.23 The 

seed-mediated process of Frens24 was used to prepare cit-AuNP of 36 and 46 nm average 

primary particle diameter.  Each suspension incorporated citrate as a reducing agent (or co-

reducing agent) and surface stabilizer, as citrate is known to play an important role in 

determining the size and monodispersivity of gold nanoparticles by regulating the pH of the 

precipitation reaction.25  All suspensions were filtered (0.2 "m sterile vacuum filter), transferred 

to a glass vial, and stored in the dark at 4 °C until use.    

Characterization. All nanoparticle suspensions were characterized by UV-Vis spectroscopy, 

transmission electron microscopy (TEM), and dynamic light scattering. Primary particle size and 

morphology were determined using a Zeiss 10CA Transmission Electron Microscope equipped 

with a high resolution (1024 " 1024 pixel format) MT Advantage GR/HR-B CCD Camera 

System (Advanced Microscopy Techniques Corp.).  Voltage was kept at 60 kV for all samples.  

Samples were prepared by pipetting 10-20 µL of cit-AuNP suspension onto a carbon-coated 

copper TEM grid (Electron Microscopy Sciences) that was then air dried at room temperature. 

To assess the heterogeneity of the nanoparticle suspensions and to determine average primary 

particle diameters, electron micrographs were digitized and analyzed using ImagePro 

(MediaCybernetics, Bethesda, MD).  Estimates of hydrodynamic diameter (Z-average) and 

electrophoretic mobility were obtained using a Malvern Zetasizer NanoZS (Malvern, UK). UV-

Vis spectroscopy measurements were obtained using a Cary 5000 UV-Vis-NIR 

spectrophotometer (Agilent Technologies). Gold ion concentrations were measured using a 

Thermo Electron X-Series inductively coupled plasma-mass spectrometer (ICP-MS).26  Samples 
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and calibration standards were prepared in a matrix of 2% aqua regia to minimize gold 

adsorption to sample tubing or internal instrument surfaces. 

Evaluation of colloidal stability. The colloidal stability of the nanoparticle suspensions was 

evaluated in 0.5-30 mM solutions containing sodium bicarbonate (NaHCO3), potassium chloride 

(KCl), magnesium sulfate (MgSO4), calcium sulfate (CaSO4), or calcium chloride (CaCl2). 

Based on initial studies, and consistent with prevailing colloidal theory, the divalent cations 

Mg2+ and Ca2+ induced aggregation of the negatively charged cit-AuNP at lower concentrations 

than Na+.  As a comprehensive investigation of the contributions of varying ions to aggregation 

kinetics was outside the scope of this manuscript, we focused our experiments primarily on one 

of the divalent cations, Mg2+, and its effects on the aggregation kinetics of cit-AuNP of 7.8, 15, 

36, and 46 nm diameter, as measured by the complementary techniques of DLS and UV-Vis 

spectroscopy.  Others have previously performed extensive comparisons of how variations in salt 

identity affect nanoparticle aggregation rates.15, 18     

The colloidal stability of the nanoparticle suspensions was evaluated using both time-

resolved DLS (TR-DLS) and time resolved UV-Vis spectroscopy (TR-UV-Vis).  For DLS 

measurements, hydrodynamic diameter was monitored as a function of time and electrolyte 

concentration using the Malvern NanoZS. To evaluate colloidal stability by UV-Vis 

spectroscopy, the absorbance intensity of the localized surface plasmon resonance band 

(AbsLSPR) of each AuNP suspension was monitored over time using either the kinetic (# = LSPR) 

or kinetic scanning modes (# = 300-800 nm) of the UV-Vis spectrophotometer.  For all 

experiments, temperature was maintained at 25 ºC by internal instrument controls.  Experiments 

ranged in length from 10 to 60 minutes.       
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Size- and concentration-dependence of aggregation kinetics.  Experiments were 

performed primarily at a mass-normalized cit-AuNP concentration of 10 mg L-1 as Au.  

However, to further investigate the effect of particle size on the aggregation kinetics, a sub-set of 

experiments was performed at cit-AuNP concentrations normalized at a particle number 

concentration of 4.5 $ 1010 particles mL-1.  For this experiment, 15, 36 and 46 nm cit-AuNPs 

were used, as these three suspensions could be produced at similar particle number 

concentrations while present at a mass concentration sufficient for either UV-Vis or DLS 

measurement.  

Suspensions were added to 1 cm cuvettes and then spiked with electrolyte solutions diluted in 

nanopure water at concentrations varying from 0.15 to 16 mM.  After spiking cit-AuNP 

suspensions with an electrolyte, samples were quickly vortex-mixed and then immediately 

placed into either the DLS or UV-Vis instrument for kinetic studies.  All studies were performed 

at 25 °C.  Apparent initial aggregation rate constants, k11, were determined based upon TR-DLS 

measurements of cluster size following electrolyte addition. These measurements were made for 

each cit-AuNP suspension across a range of MgSO4 concentrations. The application of DLS to 

measure the time-dependent increase in hydrodynamic diameter of nanoparticle suspensions is 

well established.16, 18   

2.4 Results and Discussion 
 

Characterization of cit-AuNP suspensions. TEM image analysis indicated that the mean 

primary particle diameters of cit-AuNP (n > 100) were 7.8 ± 3.3, 15 ± 6.8, 36 ± 2.9, and 46 ± 5.3 

nm.  The corresponding hydrodynamic diameters (Zave, nm) determined by cumulant analysis of 

dynamic light scattering (DLS) correlelograms were 9.9 ± 0.2, 18.9 ± 0.1, 31.5 ± 0.2 nm, and 

33.9 ± 0.1 nm, respectively. Particle diameters predicted based upon the position of the LSPR 
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band21 were 4.2, 11.4, 35.3 and 38.4 nm, each of which is in general agreement with the 

diameters measured by TEM and DLS (Table 2-1).  For the largest particles, the discrepancy 

between the TEM and DLS determined diameters may be attributable in part to the fact that 

particles of this size are not perfectly spherical and instead exhibit an ellipsoidal shape (Figure 2-

S1). Each type of particle was negatively charged at the pH of the electrolyte solution (pH = 7.8) 

with electrophoretic mobilities of -1.96 ± 0.07, -2.05 ± 0.13, -2.58 ± 0.19, and -1.71 ± 0.01 µm-

cm (V-s)-1 for the 7.8, 15, 36, and 46 nm cit-AuNP, respectively.  Corresponding zeta potentials 

were -25.0 ± 0.85, -41.0 ± 1.04, -32.9 ± 2.40, and -27.2 ± 1.13 mV.  

Table 2-1. Summary of size and particle number and surface area concentrations for four sizes of cit-AuNP. 

ID dTEM 
(nm) 

dDLS 
(nm) 

dLSPR 
(nm) 

N0 (particles L-1) for 10 
mg L-1 suspension 

Surface area (m2 L-1) for 10 
mg L-1 suspension 

7.8 7.8 ± 3.3 9.9 ± 0.2 4.2 2.09 " 1015 0.40 
15 15 ± 6.8 18.9 ± 0.1 11.4 2.94 " 1014 0.21 
36 36 ± 2.9 31.5 ± 0.2 35.3 3.67 " 1013 0.09 
46 46 ± 5.3 33.9 ± 0.1 38.4 1.02" 1013 0.07 

   

Effects of cit-AuNP diameter on nanoparticle stability in a divalent electrolyte solution. 

Addition of 0.5-1 mM MgSO4 to 7.8, 15, 36, and 46 nm cit-AuNP suspensions rapidly caused 

formation of nanoparticle clusters with hydrodynamic diameters that approached 600 nm for the 

smallest and 100 nm for the largest nanoparticles, respectively.  As shown in Figure 2-1, the 

aggregation kinetics of cit-AuNP were a function of the initial primary particle diameter with 

aggregation most rapid for 7.8 and 15 nm cit-AuNP under these test conditions.  At MgSO4 

concentrations below 1 mM, the aggregation of 36 and 46 nm cit-AuNP was quite slow and 

generally insensitive to the hydrodynamic diameter.  However, at a MgSO4 concentration of 1 

mM, 36 nm cit-AuNP aggregated more rapidly than 46 nm cit-AuNP.  
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Rate constants describing the initial aggregation kinetics were determined by fitting a linear 

curve to the hydrodynamic diameter data for t < 20 min. This timeframe was utilized in an effort 

to capture the early-stage aggregation kinetics. Our DLS instrument was not set-up to measure 

true initial aggregation rates (i.e., t < 1 min) and thus these rate constants should not be 

considered illustrative of the initial aggregation kinetics. 

 

 
Figure 2-1. Effects of primary particle diameter on the aggregation of (a) 7.8, (b) 15, (c) 36, and (d) 
46 nm cit-AuNP at mass-normalized concentrations of 10 mg L-1 as Au in the presence of varying 
concentrations of MgSO4.  
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As shown in Figure 2-2a, there is an inverse relationship between the initial primary particle 

diameter and the aggregation rate constant k11.  This trend is most obvious at 1000 µM, but is 

also apparent at the lower concentrations as well.   Expectedly, as the electrolyte concentration 

was increased from 0.5 to 1 mM, k11 also increased. The observation that the aggregation rates of 

cit-AuNP are greater for smaller particles is consistent with results reported by He et al27 for the 

aggregation of hematite nanoparticles with sizes of 12, 32, and 65 nm. In that study, as was 

observed here, the aggregation rates were inversely related to particle size.  

The aggregation rate constant k11 describing the kinetics of nanoparticle aggregation can be 

described mathematically as (Eqn. 2-1): 

 

!!! !
!
!!

!!! !
!" !

!!!
 2-1 

 

Based upon equation 2-1 it is apparent that the measured aggregation rate constant should be 

inversely dependent upon the particle number concentration. The experiments conducted to 

obtain the data summarized in Figures 2-1 and 2-2a were conducted under a mass normalized 

condition of 10 mg L-1 as Au. Accordingly, the number concentrations for the suspensions 

ranged from 1.02 " 1013 to 2.09 " 1015 particles L-1; and the estimated total surface area 

concentrations (assuming spherical particle geometries) ranged from 0.07 to 0.40 m2 L-1 (Table 

2-1). In an attempt to account for the variability in surface area amongst the four particle sizes, 

we calculated surface area normalized rate constants k11* (Eqn. 2-2) 

 

!!!! ! !!!!! !!!!  2-2 
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where N0 is the particle number concentration (particles mL-1); k11 is the aggregation rate 

constant; and r is the radius of a spherical nanoparticle based on dTEM.  The results of this 

calculation are plotted in Figure 2-2b and show that following surface area normalization, the 

effect of particle diameter on the aggregation rate constant is diminished, particularly at the 

highest MgSO4 concentration of 1000 µM.  At 750 µM MgSO4, however, the surface area 

normalized rate constants remain positively related to particle diameter, suggesting that even 

after accounting for surface area effects, smaller particles aggregate more rapidly than larger 

ones.  The fact that the largest particles aggregate more slowly may be at least partially 

attributable to the decrease in diffusion that occurs as a result of increasing particle radius, as 

demonstrated by the Stokes-Einstein equation (Eqn. 2-3): 

 

! ! !!!
!!!!" 2-3 

 

where kB is the Boltzmann constant, T is the absolute temperature in degrees K, ! is the fluid 

viscosity, and a is the particle radius.  
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Figure 2-2. Aggregation rate constants determined by time-resolved DLS for AuNP are a function of 
particle diameter and salt concentration. Comparison of aggregation rate constants for 7.8, 15, 36 and 
46 nm cit-AuNP without (a) and with (b) surface area normalization. 

 

To further evaluate the effects of primary particle diameter on the measured aggregation 

rates, an experiment was conducted using 15, 36, and 46 nm cit-AuNP suspensions prepared at a 

normalized particle number concentration of 4.5 $ 1010 particles mL-1. Particle number 

concentrations were determined as described previously by Haiss et al.21 and were obtained by 

diluting suspensions with an appropriate volume of double-deionized water until the desired N0 

concentrations were obtained.  Five different MgSO4 concentrations were investigated: 700, 800, 

900, 1000, and 2000 µM.  We selected this range to improve resolution of aggregation kinetics 

around the 750 µM concentration that induced aggregation in the previous experiment, as well as 

to ensure that diffusion-limited conditions were met.  At normalized N0, the 46 nm cit-AuNP 

particles aggregated more rapidly than the smaller 15 and 36 nm particles due to the increase in 

available surface area, which can be estimated based on the measured dTEM and the assumption of 

spherical particle geometry (Figure 2-S1).  Based on this simple assumption, a single 46 nm cit-

AuNP has nearly twice the geometric surface area of a 36 nm cit-AuNP, and nearly ten times the 

surface area of a 15 nm cit-AuNP.  Similarly, the aggregation rate constant k11 for 46 nm cit-



 29 

AuNP is more than double that of the 36 nm particles, and nearly ten times that of the 15 nm cit-

AuNP (Figure 2-3a).  As noted by others, the effect of surface area on aggregation kinetics is 

consistent with DLVO theory.27  A plot of the surface area normalized aggregation rate constants 

k11
* versus dTEM shows that similar to the results presented in Figure 2-2, the effect of particle 

diameter on the aggregation rate constant is diminished at an MgSO4 concentration of 2000 µM 

(Figure 2-3b).  As MgSO4 concentration is increased to 5000 µM (diffusion-limited conditions), 

the aggregation rate constants are negatively related to dTEM, suggesting that after accounting for 

surface area effects, aggregation rates are driven primarily by the increased rate of diffusion of 

smaller particles predicted by the Stokes-Einstein equation.     

 

Figure 2-3.  Aggregation rate constants normalized by particle number (a) and surface area (b), and 
plotted as a function of primary particle diameter (dTEM, nm) for cit-AuNPs added to varying 
concentrations of MgSO4. 

 

In addition to aggregating more rapidly than the other three sizes of cit-AuNP, the smallest 

particles (7.8 nm) also formed the largest nanoparticle clusters as determined by DLS (Figure 2-

1) and as suggested by TEM (Figure 2-4). As shown in Figure 2-4, TEM image analysis of the 

varying sizes of cit-AuNP incubated with 0.5 mM MgSO4 over 24 h generally support the DLS 
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results by demonstrating that 7.8 nm cit-AuNP formed micron-sized clusters, whereas the 15, 36, 

and 46 nm particles were more likely to form sub-micron clusters. Note: TEM grids were 

prepared by air-drying of cit-AuNP suspensions, so some drying-induced aggregation is 

apparent in Figure 2-4; clusters formed due to drying can be distinguished from irreversibly-

formed aggregates due to the absence of ‘necks’ linking multiple particles.      

 

 

Figure 2-4.  TEM images of (a) 7.8 nm, (b) 15 nm, (c) 36 nm, and (d) 46 nm citrate-AuNP exposed to 0.5 mM 
MgSO4 for 24 h.  Scale bars are 100 nm. 

 

Past authors27 noted that the change in the aggregation rate with particle size is consistent 

with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which predicts that smaller particles 

are more likely to aggregate due to the increased specific surface area and total surface energy 

that accompany a decrease in particle size.  As particle size decreases, the activation energy 

barrier responsible for separating particles and maintaining a stabilized system is reduced, 

leading to rapid aggregation.   

One limitation of DLVO theory is that it does not account for the effects of particle 

concentration on the measured aggregation rates. Instead, DLVO simply describes the interaction 

energies between two surfaces of prescribed geometry. A change in particle concentration, 

however, does significantly alter the measured kinetics of aggregation.  As illustrated in Figure 

2-5, the effects of nanoparticle concentration on the aggregation kinetics diminish with an 
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increase in electrolyte concentration.  Upon addition of a 1.2 mM MgSO4 solution, the 

aggregation rate of 46 nm cit-AuNP at 10 mg L-1 as Au mass concentration is markedly reduced 

relative to the same particles added at a mass concentration of 40 mg L-1 (Figure 2-5a).  When 

the divalent electrolyte concentration is increased to 2 mM, however, the aggregation rates of 46 

nm cit-AuNP are similar at both 10 and 40 mg L-1 nanoparticle concentrations (Figure 2-5b).  

 

Figure 2-5.  Effects of nanoparticle concentration (10 vs. 40 mg L-1 as Au) on aggregation kinetics 
of 46 nm cit-AuNP in (a) 1.2 and (b) 2 mM MgSO4. 

 

Relationship between cit-AuNP aggregation and LSPR behavior. Aggregation events 

between particles induce electrodynamic interactions that result in changes to the LSPR band.  

We measured these changes as a function of particle diameter and divalent electrolyte 

concentration using TR-UV-Vis spectroscopy.  The results of these experiments, shown in 

Figure 2-6, support the findings of our TR-DLS and TEM studies by showing that characteristic 

changes in the LSPR behavior of Au nanoparticles—i.e., weakening of the primary plasmon 

band and the appearance of a second, redshifted plasmon band—are more pronounced for 

smaller particles.  Further, our TR-UV-Vis results can be explained through a modification of 
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classical Mie theory known as Generalized Multiparticle Mie (GMM) theory.28-30 When present 

as highly dispersed, stable colloids, spherical Au nanoparticles exhibit a distinct resonance peak 

attributable to quadrupole plasmon excitation of single metallic spheres that can be predicted by 

traditional Mie theory. When Au colloids become destabilized (i.e., the repulsion barrier is 

overcome as described by DLVO), distances between neighboring particles decrease until 

individual particles begin to couple and ultimately form large clusters.  As interparticle distance 

decreases to less than %4$ the particle radius, the primary resonance peak weakens and a 

secondary peak, attributable to the dipole plasmon resonance of coupled Au nanoparticles, 

appears at a longer, redshifted wavelength. At this point, the single-sphere assumption of 

classical Mie theory is no longer valid and more advanced interpretations of optical behavior are 

required.  The secondary LSPR peak intensifies as the interparticle distance approaches zero, 

where it reaches its maximum. Ultimately, all indications of the colloids’ LSPR activity are lost 

as the aggregating particles reach a size and mass that is sufficient to induce settling.  
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 7.8 nm 15 nm 36 nm 46 nm 

0.5 mM 

 

0.75 mM 

1.0 mM 

Figure 2-6. Matrix showing changes in the UV-Vis spectra of four different sizes of cit-AuNP at normalized 
mass concentration of 10 mg L-1 as Au after 60 minutes in MgSO4 concentrations of 0.5 to 1.0 mM.  Note: The 
t = 0 scan is black in color and denoted by a black arrow; final scans (t = 60 min.) are light blue in color.   
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Relationship between UV-Vis spectra and hydrodynamic diameter. Although past 

studies have investigated the aggregation of metallic nanoparticles using DLS or UV-Vis 

separately,7, 31, 32 relatively few have attempted to relate the results obtained by the two 

complementary techniques. To our knowledge no studies have compared DLS and UV-Vis 

results obtained during an aggregation process.  In their study evaluating the interaction of 

differentially surface-functionalized gold nanoparticles with organic matter, Diegoli et al. did 

report that DLS and TEM measures of particle diameter as a function of pH and surface coating 

were in good general agreement with results obtained by UV-Vis spectroscopy.6 Doak et al4 

investigated the effect of variable particle diameter (1 to 10 nm radius) on the single particle 

absorbance spectra of gold nanoparticles and observed good semi-quantitative fits of DLS-

determined size distributions to UV-Vis absorbance spectra.   

Comparing aggregation rates determined by DLS with those obtained by UV-Vis 

spectroscopy may offer important insights into aggregation processes, particularly changes in 

interparticle distances and to a lesser extent, the localized dielectric environment surrounding 

particles, that occur prior to the formation and subsequent growth of nanoparticle clusters.  To 

relate DLS and UV-Vis based measures of cit-AuNP aggregation, we mixed 46 nm cit-AuNP 

with MgSO4 at concentrations ranging from 0 to 4 mM, and then compared observed and initial 

optical absorbance values at the LSPR band (AbsLSPR,obs:AbsLSPR,init ratio) to relative changes in 

hydrodynamic diameter (ZAvg,obs/ZAvg,init) as measured by TR-UV-Vis and TR-DLS, respectively.  

As shown in Figure 2-7, a strong negative correlation exists between AbsLSPR and ZAvg, 

indicating that a decrease in AbsLSPR measured by UV-Vis is a highly sensitive predictor of 

increasing cluster size as determined by DLS.  
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Figure 2-7. Relationship between hydrodynamic diameter (ZAvg,nm) and absorbance at the LSPR 
band (AbsSPR) for 46 nm cit-AuNP (at a mass concentration of 10 mg L-1 as Au) across a range of 
MgSO4 concentrations.   Panels (a) and (b) show the relative change in ZAvg,nm as measured by DLS 
and AbsLSPR1:AbsLSPR2 as measured by UV-Vis spectroscopy (and normalized against t0 values), 
respectively, across a range of MgSO4 concentrations over time.  Note, the vertical dotted line across 
panels (a) and (be) denotes the first 8 min. of the experiment, which is explained in greater detail in Fig. 
2-8.  Panel (c) shows the inverse, concentration-dependent relationship between AbsLSPR and ZAvg,nm. 

 

The dashed line at 500 sec in Figure 2-7a,b separates two distinct aggregation regimes 

that can be defined based on the time required to achieve the maximum response measured by 

UV-Vis (change in LSPR) or DLS (increase in Zave,d) over the duration of the assay.  These 

regimes are illustrated conceptually in Figure 2-8.  Regime 1 (Figure 2-8a) describes the 

decrease in interparticle distance that precedes cluster formation.  For optically active metallic 

nanoparticles, this regime can be effectively examined by the TR-UV-Vis technique, which 

reaches >90% of its maximum response within the first eight minutes of the experiment for these 

conditions.  Since the shift of the LSPR measured by TR-UV-Vis is at its maximum when 

interparticle distance is at its minimum,29 we can conclude that within this initial eight minute 
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period interparticle spacing has effectively been reduced to ‘zero’ and the majority of free cit-

AuNP monomers present in the pristine suspension are now components of dimers and growing 

multi-particle clusters.  At this point, the efficacy of the TR-UV-Vis technique is reduced and the 

value of the TR-DLS technique becomes more apparent.  The remaining duration of the 

experiment represents Regime 2 (Figure 2-8b), which describes the subsequent increase in 

cluster size that occurs after interparticle distances have reached ‘zero’ and cluster growth 

continues to occur.  As shown in Figure 2-7a, Regime 2 represents a significant period of the 

aggregation process as cluster size more than doubles based on hydrodynamic diameter.  For the 

46 nm cit-AuNP, diffusion-limited conditions are met at 2 mM MgSO4, as there is little change 

in the TR-UV-Vis and TR-DLS responses between 2 and 4 mM MgSO4 (Figure 2-8)      
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Figure 2-8. Comparison of aggregation regimes separated by the dashed line in Fig. 2-7 and defined 
by (a) decreasing interparticle distance and (b) increasing cluster size.  

 

In summary, we show that in a divalent electrolyte solution at a fixed ionic strength and 

mass-normalized particle concentrations (10 mg L-1 as Au) that aggregation rates for cit-AuNP 

increase with a decrease in primary particle diameter.  The experimental results qualitatively 

agree with DLVO theory, which predicts that a decrease in particle diameter will lower the 

interaction energy barrier, thus increasing the propensity for small particles to aggregate more 

rapidly than larger particles. Nanoparticle concentrations play an important role in governing 

aggregation behavior, however, and aggregation rates of large particles exceed those of smaller 

particles when nanoparticle concentrations are normalized by particle number. Upon surface area 
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normalization, however, and under diffusion-limited conditions, aggregation rate constants are 

effectively identical.  Results of time-course UV-Vis spectroscopy, when interpreted in the 

context of Generalized Multiparticle Mie (GMM) theory, support DLS results and show that 

interparticle distances derived from changes in LSPR behavior decrease at a rate inversely 

proportional to primary particle diameter.  Collectively, these results can be used to define two 

distinct aggregation regimes—the first (Regime 1) representing the initial decrease in 

interparticle spacing that occurs shortly after addition of electrolyte to an optically active 

metallic colloid, and the second (Regime 2) occurring thereafter as a function of cluster 

growth—that can be effectively measured by the integration of TR-UV-Vis and TR-DLS, 

respectively.  These results have important implications on the characterization of optically 

active metallic nanoparticles in biological and environmental systems, where aggregation 

processes may alter environmental fate and transport, biological uptake, or particle interactions 

with cellular machinery.     
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2.6 Supporting Information 
 
Characterization: dTEM and dDLS discrepancy 

For the largest particles (dTEM = 46 nm), a discrepancy between the TEM and DLS determined 

diameters may be attributable in part to the fact that some particles of this size are not perfectly 

spherical and instead exhibit a semi-spherical or ellipsoidal shape (Figure 2-S1).  

 

 

Figure 2-S1. TEM image showing the spherical and semi-spherical (ellipsoidal) geometry of citrate-
AuNP (dTEM = 46 nm).  Perpendicular dashed lines denote the lateral and longitudinal dimensions of 
select particles.   
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3.1 Abstract  
 
Currently no information is available to describe the persistence of nanoscale materials in 

biological and environmental systems.  Herein, we define an approach to quantify the persistence 

of noble metallic nanoparticles (MetNPs) in aqueous matrices in a context relevant to the 

National Nanotechnology Initiative’s (NNI) definition of nanoscale materials: at least one 

dimension of 1 to 100 nm and novel properties stemming from small size.  Our approach is based 

upon spectral monitoring of the bathochromic shift and subsequent loss of the localized surface 

plasmon resonance (LSPR) behavior of MetNPs, which is a unique nanoscale phenomenon 

attributable to the existence of free, unaggregated nanoparticles in suspension.  Previously, we 

used time-resolved UV-Vis spectroscopy (UV-Vis) and Dynamic Light Scattering (DLS) to 

demonstrate that changes in LSPR behavior are related to a) an increase in the size of MetNP 

clusters and b) the loss of unique nanoscale optical properties. The current study examines the 



  44 

use of LSPR activity monitoring as an approach to quantify the half-lives of nanoscale gold and 

silver MetNPs in aqueous systems.  The applicability of this approach to quantify the persistence 

of gold and silver nanoparticles with common surface coatings and in different aquatic media is 

considered.  Our results have implications on the development of metrics to characterize the 

persistence of noble metal nanoparticles in biological and environmental systems.  

 

3.2 Introduction 
 

Progress on engineering and manufacturing diverse forms of nanoscale materials and their 

subsequent integration into consumer products continues to advance rapidly. Estimates suggest 

that as of 2010, over 1300 products identified as containing nanoscale materials are 

commercially available, while less than 100 were available in 2005.1  Although these numbers 

are estimates based on manufacturer-reported information, they suggest a clear trend in the 

growing significance of nanoscale technologies worldwide.  Amidst widespread development 

and commercialization of emerging nanotechnologies have come calls from stakeholders to 

increase funding for research on nanoscale hazards,2 and to bolster regulatory oversight of 

products integrating engineered nanomaterials.3 In many cases, particularly in the European 

Union and in the United States, these calls have been met with increased support for research 

investigating the interactions of nanoscale materials with biological and environmental systems.4 

Regulatory responses have ranged from federal implementation of voluntary reporting schemes 

for nanomanufacturers5, 6 to stringent local requirements for entities engaged in nanotechnology-

related activities.7 
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One class of nanoscale materials being broadly incorporated into commercial products is 

noble metallic nanoparticles (MetNPs), which includes gold and silver nanoparticles (AuNP and 

AgNP, respectively).  Cancer therapies based on AuNP are currently in clinical trials,8 and 

AgNPs have been incorporated in a growing number of consumer products due to their well-

established antimicrobial properties.9, 10  A feature that makes MetNPs attractive for commercial 

use, particularly for bioimaging and biosensing applications, is that many MetNPs possess 

unique optical behavior arising from a nanoscale phenomenon known as localized surface 

plasmon resonance (LSPR).   This phenomenon occurs “when an electromagnetic field drives the 

collective oscillations of a nanoparticle’s free electrons into resonance.”11  Mie described this 

effect in the early 1900’s for small metallic spheres surrounded by a dielectric medium.12  The 

resonance condition for gold and silver nanospheres, which is fixed by the relationship between 

the dielectric constant of the surrounding medium and the dielectric function of the metal, is 

satisfied at visible wavelengths of the electromagnetic spectrum.11  In water, the LSPR 

wavelength for !20 nm gold spheres occurs at 520 nm, but as the diameter increases to !100 nm, 

the LSPR wavelength bathochromically shifts (i.e., red-shifts) to !600 nm.   

 

Red-shifts of the LSPR band are also indicative of aggregation processes, as has been 

demonstrated previously.13, 14 In these studies, as first described by Derjaguin, Landau, Verwey, 

and Overbeek (DLVO),15, 16 electrolyte-induced collapse of the electrostatic double layer 

repelling charged particles leads to the coupling and subsequent aggregation of gold nanoparticle 

monomers.  As the monomers form dimers and polymers, the growing clusters induce a red-shift 

in the LSPR that is similar to that observed for large-diameter monomers.  Eventually, the LSPR 
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is no longer observed as the growing clusters settle out of suspension and the novel optical 

activity of the once stable colloidal suspension is lost, in many cases, irreversibly.  

 

Quantification of the persistence of chemicals in biological and environmental compartments 

plays an important role in risk assessment and the subsequent determination of a chemical 

agent’s hazard potential.17, 18 Traditionally, half-life, or the time required for a chemical to 

decrease to half of its initial concentration or activity, has been used to quantify the persistence 

of compounds, and ultimately, to determine the need for regulatory instruments that mitigate 

human or environmental harm.  In most instances, a compound’s half-life—whether in the 

environment or in a specific biological compartment—is:  

 

i. based on degradation or loss of some measurable physicochemical property,19 and  

ii. facilitates some process of ranking and prioritization based either on efficacy (e.g., 

pharmaceuticals19) or hazard potential (i.e., pollutants19).  

 

Engineered nanomaterials pose unique challenges to defining persistence in biological or 

environmental media.  Exactly how does one define the half-life or persistence of a nanoscale 

particle?  The added elements of size, three-dimensional structure, and novel behavior stemming 

from these physico-chemical properties add complexity to efforts focused on determining 

nanoparticle persistence. To illustrate this point, consider that the persistence of engineered 

nanomaterials can be defined by several different approaches including:  
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i. dissolution, or the ratio of the respective dissolved and condensed phases relative to some 

initial condition;  

ii. stability, or the existence of the material in dispersed or colloidal form; and  

iii. activity, or the loss of the material’s unique nanoscale behavior.   

 

Given our current understanding of nanoscale materials, there is no clear approach as to how 

best to quantify the persistence of nanoscale particles in biological and environmental media.  

Dissolution, destabilization, and the subsequent loss of activity are all expected to play a role in 

altering the extent to which a particular nanoscale material conforms with the NNI definition of a 

nanoparticle—“at least one dimension of 1-100 nm and novel behavior arising from existence at 

this size scale.”20 

 

Dissolution and stability, respectively, serve as indicators of whether or not the dimensions 

of a particular nanomaterial meet the 1-100 nm specification of the NNI —for example, a 

particle dissolves to its ionic components (<1 nm) or an assemblage of particles aggregate 

irreversibly to form a larger structure (>100 nm).  Nanoparticle dissolution, has proven to be a 

challenge to analytically quantify given the difficulties associated with distinguishing dissolved 

species from the smallest (e.g., 1-5 nm) nanoscale particulates,21 which may pose some of the 

most worrisome human and environmental health and safety concerns.22 Some progress has been 

made towards characterizing the dissolution behavior of silver nanoparticles by integrating 

techniques such as field flow fractionation with ICP-MS.23  Liu and Hurt24 examined the 

dissolution of ‘ion-free’ nanosilver colloids in aqueous systems and concluded that both 

thermodynamic analysis and kinetic measurements suggest that silver nanoparticles will not be 
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persistent under typical environmental conditions, particularly in the presence of oxygen.  Still, 

challenges remain in precisely separating dissolved versus particulate forms of certain nanoscale 

materials, and while silver nanoparticles are expected to dissociate quite rapidly, MetNPs 

comprised of more inert metals like gold are likely to be much more persistent under ambient 

environmental and biological conditions. 

 

Activity serves as an indicator of the extent to which a nanomaterial continues to possess 

unique nanoscale properties, such as novel optical or electromagnetic behavior.  Unique LSPR 

activity is amongst the novel properties that have attracted interest in the use of MetNPs, 

particularly AuNPs and AgNPs, in a range of biological sensing25 and therapeutic applications.26  

While these unique optical properties lend certain utility in such applications, they also provide 

an indicator of unique nanoscale activity that may be suitable for monitoring the persistence of 

MetNPs as NNI-defined nanoparticles in biological systems and the environment (Figure 3-1).  

Changes in the unique LSPR properties of MetNPs have been studied extensively, but to our 

knowledge, the loss of LSPR behavior has not yet been proposed as a means to quantify the 

MetNP persistence.  As illustrated conceptually in Figure 3-1, the persistence of MetNPs in a 

biological or environmental system can be described by a sequence of steps beginning with 

destabilization and subsequent sedimentation of a pristine MetNP suspension.  Eventually, or in 

some cases simultaneously, MetNP suspensions may undergo chemical dissolution resulting in 

the release of metal ions.  Throughout this process, a MetNP suspension undergoes changes in a) 

size—aggregation or an increase in size, and/or dissolution or a reduction in size, and b) unique 

nanoscale activity.  At some point, the MetNP suspension will no longer conform to the NNI 

definition of a nanoscale material as the measured particle size may be <1 nm (dissolved metal 
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ions) or >100 nm (sedimenting MetNP clusters) and novel nanoscale properties will no longer be 

measurable (e.g., loss of LSPR behavior).  While loosely clustered MetNP monomers can be 

suspended by agitation through, for example, shaking and sonication, the disaggregation of 

aggregated MetNPs has not been reported previously.          

 

Figure 3-1. Conceptual figure illustrating the relationship between nanoparticle persistence in 
biological or environmental aqueous matrices and unique nanoscale activity. 

 

Previously, we simultaneously utilized time-resolved DLS and UV-Vis spectroscopy to 

examine the stability and LSPR activity of citrate-stabilized gold nanoparticles (cit-AuNP) as a 

function of primary particle diameter (dTEM) in media of varying electrolyte composition. The 

current study examines the applicability of monitoring the LSPR activity of gold and silver 

MetNPs as one approach to quantify the half-lives of nanoscale materials in aqueous systems.  
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3.3 Experimental Section 
 

Preparation of MetNP suspensions. A total of six MetNP suspensions differing in noble 

metal composition (Au or Ag), primary particle diameter, and surface coating were prepared as 

summarized in Table 3-1.  Reagent-grade sodium citrate tribasic dihydrate, 99% 

(Na3C6H5O7•2H2O), sodium borohydride (98%; NaBH4), gold(III) chloride trihydrate 

(HAuCl4•3H2O), silver nitrate, polyvinyl pyrrolidone (PVP), polyethylene glycol (PEG), 

ethylenediaminetetraacetic acid (EDTA), and bovine serum albumin (BSA) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA).  All reagents and nanoparticle suspensions were prepared 

in >18 M! resistivity ultrapure water. Citrate-capped gold nanoparticles (cit-AuNP) of 15 nm 

diameter were prepared using the method of Turkevich.27 Bovine serum albumin-coated gold 

nanoparticles (BSA-cit-AuNP) were prepared by incubating cit-AuNP with 0.1 mg BSA-mL-1 

using established protocols.28   

Polyethylene glycol (PEG) functionalized AuNP (PEG-AuNP) were prepared by attaching a 

heterofunctional thiolated/carboxylated PEG linker and thiolated PEG filler to cit-AuNP.29  

Briefly, heterofunctional HS-PEG-COOH at a ratio of 3,000 linker molecules per AuNP was 

added dropwise to a PBS (pH=7.4) buffered cit-AuNP suspension under rapid mixing. After 15 

min, an excess of HS-PEG (10 µM) was added dropwise to fill the areas not covered by the 

linker. Assuming each thiolated-PEG molecule occupies !0.35 nm2 of nanoparticle surface,30 

there were around 16,000 HS-PEG molecules conjugated to each AuNP. After reaction for 15 

min, excess ligands were removed by five rounds of centrifugation and the final PEGylated 

AuNPs were resuspended in PBS.  
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Polyvinyl pyrrolidone (PVP) coated AgNPs (PVP-AgNP) were prepared by reduction of 

AgNO3 in ethylene glycol (as solvent and reducing agent) with PVP added for stabilization.  The 

raw reaction product was dialyzed against water to remove ethylene glycol and unbound PVP.   

Ethylenediaminetetraacetic acid (EDTA) stabilized AgNPs (EDTA-AgNP) were prepared by 

adding 1 mL of 2.6 " 10-2 M AgNO3 to a mixture containing 100 mL of 1.6 " 10-4 M EDTA and 

4 mL of 0.1 M NaOH under vigorous stirring. Formation of EDTA-AgNP was indicated by the 

appearance of a faint yellow color that intensified after 2-4 minutes.  

For the synthesis of cit-AgNP, 1.690 mL of 58.8 mM silver nitrate and 2.920 mL of 34 

mmol"L-1 tribasic sodium citrate dehydrate were added to 400 mL of boiling distilled water 

stirred at 600 rpm.  Next, 2 mL of 100 mM sodium borohydride was added dropwise.  A 

transition from colorless to yellow to brown was observed over the course of the sodium 

borohydride addition.  The reaction was stirred for 30 minutes and allowed to cool to room 

temperature.  The cit-AgNP product solutions were purified by stirred cell ultrafiltration using 

10,000 MWCO regenerated cellulose filters, removing any unreacted reagents into the filtrate 

while the AgNPs remained in the retentate.  Purified nitrogen gas provided the pressure for the 

stirred cell.  Ultrafiltration resulted in an AgNP concentration of 1.0 mg mL-1.  Next, AgNP 

solutions were passed through a 0.2 #m PVDF syringe filter to remove dust or large aggregates.  

All suspensions were filtered (0.2 #m sterile vacuum filter), transferred to a glass vial, and stored 

in the dark at 4 °C until use.  
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Table 3-1. Summary of Au and AgNP suspensions prepared for the development and evaluation of a 
persistence metric for optically active MetNPs.     

MetNP dTEM (nm) Surface Coating 

Cit-AuNP 15, 46 
 

BSA-cit-AuNP 46 
 

PEG-AuNP 46 
 

Cit-AgNP 20 
 

PVP-AgNP 20 
 

EDTA-AgNP 30 

 

 

Characterization. All MetNP suspensions were characterized by UV-Vis spectroscopy, 

transmission electron microscopy (TEM), and dynamic light scattering (DLS). Primary particle 

size and morphology were determined using a Zeiss 10CA Transmission Electron Microscope 

equipped with a high resolution (1024 " 1024 pixel format) MT Advantage GR/HR-B CCD 

Camera System (Advanced Microscopy Techniques Corp.).  Voltage was kept at 60 kV for all 

samples.  Samples were prepared by pipetting 10-20 µL of nanoparticle suspension onto a 
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carbon-coated copper TEM grid (Electron Microscopy Sciences) that was then air dried at room 

temperature. To assess the heterogeneity of the nanoparticle suspensions and to determine 

average primary particle diameters, electron micrographs were digitized and analyzed using 

ImagePro (MediaCybernetics, Bethesda, MD).  Estimates of hydrodynamic diameter (Z-average) 

and electrophoretic mobility were obtained using a Malvern Zetasizer NanoZS (Malvern, UK). 

UV-Vis spectroscopy measurements were obtained using a Cary 5000 UV-Vis-NIR 

spectrophotometer (Agilent Technologies). Metal ion concentrations were measured using a 

Thermo Electron X-Series inductively coupled plasma-mass spectrometer (ICP-MS).  Samples 

and calibration standards were prepared in a matrix of 2% aqua regia to minimize adsorption to 

sample tubing or internal instrument surfaces. 

Evaluation of colloidal stability. In Chapter 2, the authors evaluated the colloidal stability 

of varying sizes of cit-AuNP suspensions using both time-resolved DLS (TR-DLS) and time-

resolved UV-Vis spectroscopy (TR-UV-Vis).  For the present work, TR-UV-Vis was used to 

evaluate the colloidal stability of MetNP suspensions with varying surface chemistries and in 

solutions of varying ionic composition.  Briefly, MetNP suspensions were added to 1 cm 

cuvettes and then spiked with electrolyte solutions (0.15 to 30 mM) containing either sodium 

bicarbonate (NaHCO3), potassium chloride (KCl), magnesium sulfate (MgSO4), calcium sulfate 

(CaSO4), or calcium chloride (CaCl2). Following addition of electrolyte, the absorbance intensity 

of the localized surface plasmon resonance band (AbsLSPR) of each MetNP suspension was 

monitored over time using either the kinetic ($ = LSPR) or kinetic scanning modes ($ = 300-800 

nm) of the UV-Vis spectrophotometer.  For all experiments, temperature was maintained at 25 

ºC by internal instrument controls.  Experiments ranged in length from 10 to 60 minutes.  All 



  54 

experiments were performed at a mass-normalized MetNP concentration of approximately 10 mg 

L-1 as [M+].  

 

3.4 Results and Discussion 
 

Determination of the optical absorbance persistence ratio (AbsLSPR1:AbsLSPR2). As 

defined in eq. 3-1, the optical absorbance persistence ratio represents the relationship between 

the absorbance intensity at the primary LSPR band (Abs$=LSPR1) and the absorbance intensity at a 

secondary, red-shifted LSPR band (Abs $=LSPR2) indicative of electrodynamic interactions 

between aggregating MetNPs and clusters.  As an initial indicator of MetNP persistence as NNI-

definable nanoscale materials, we can add a particular MetNP suspension to an electrolyte 

solution of interest (e.g., assay diluent, culture media) and measure the time required for the 

optical absorbance persistence ratio to decrease to one-half of its initial value.  Values of 

Abs$=LSPR1 are defined by the absorbance maximum of the LSPR band of the pristine MetNP 

suspension.  Values for Abs$=LSPR2 are defined based on observation of the bathychromic shift of 

the LSPR band upon electrolyte-induced aggregation of the MetNP suspension.      
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 (3-1) 

  

 

Comparing the decrease in absorbance intensity at Abs$=LSPR1 to the increase in absorbance 

intensity at Abs$=LSPR2, makes it possible to define an Abs$=LSPR1:Abs$=LSPR2 ratio that 
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quantitatively describes the aggregation behavior of optically active MetNPs as measured by 

UV-Vis spectroscopy.  As noted earlier, others have previously described the aggregation 

behavior of cit-AuNP in aqueous systems,13, 14, 31 using both TR-UV-Vis and TR-DLS, but to our 

knowledge, the relationship between the primary and secondary LSPR bands of aggregating 

MetNP dispersions has not been applied as an indicator of MetNP persistence in electrolyte 

solutions.   

 

Figure 3-2 illustrates the application of the AbsLSPR1:AbsLSPR2 persistence ratio for 15 nm 

citrate-AuNP (30 mg L-1 as Au).  Pristine cit-AuNP of this diameter displays a characteristic 

primary LSPR band (LSPR1) centered at 520 nm.  Upon addition of 750 µM MgSO4 to the cit-

AuNP suspension, charge-shielding leads to the collapse of the repulsive double layer separating 

the cit-AuNP monomers.15, 16  Interparticle spacing decreases until ultimately, cit-AuNP begins 

to aggregate irreversibly. The decrease in interparticle spacing and eventual particle coupling 

results in electrodynamic interactions between the cit-AuNP monomers, which leads to the 

formation of a second bathychromically (“red”) shifted LSPR peak near 700 nm.  To track the 

formation of this second LSPR peak relative to LSPR1, we define LSPR2, which occurs at a 

wavelength greater than LSPR1 and is determined based on the unique aggregation pattern of a 

particular MetNP suspension. Ideally, the increase in absorbance at LSPR2 should increase 

proportionally to the decrease in absorbance at LSPR1.  As illustrated in Figure 3-2, we have 

defined LSPR2 as 600 nm, as the secondary LSPR band that occurs in this region increases 

proportionally to the decrease in the primary LSPR band centered at 520 nm.  Over time, the cit-

AuNP clusters reach diameters sufficient to induce their settling and removal from suspension, 

thus resulting in the irreversible loss of their unique nanoscale optical behavior.  
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Figure 3-2. Results of TR-UV-Vis analysis of a 15 nm citrate-AuNP suspension (30 mg L-1 as Au) in 
750 µM MgSO4 for 60 min. illustrating the relationship between AbsLSPR1 and AbsLSPR2.  AbsLSPR1 is 
determined based on the location of the primary LSPR band for the pristine MetNP suspension; 
AbsSPR2 is selected based on the unique plasmonic behavior (typically, a bathochromic or red-shift of 
the LSPR) displayed by the MetNP suspension upon aggregation in a particular medium. 

 

Figure 3-3 plots the AbsLSPR1:AbsLSPR2 ratio for 15 nm cit-AuNP as a function of time in the 

presence of either MgSO4 or CaSO4 at 225 µM.  This plot allows us to define the time required 

for the characteristic AbsLSPR1:AbsLSPR2 ratio for 15 nm cit-AuNP to reach 50% of its initial value 

after addition of MgSO4 and CaSO4 at 225 µM as being %100 and 25 minutes, respectively.  In 

other words, the optical persistence of 15 nm cit-AuNP is nearly four-fold greater in 225 µM 

MgSO4 relative to 225 µM CaSO4.  
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Figure 3-3. Comparison of time required for the AbsLSPR1:AbsLSPR2 ratio to decrease 50% for 15 nm cit-
AuNP in 225 µM MgSO4 or CaSO4.  

 

Effects of divalent electrolyte composition on AbsLSPR1 and AbsLSPR2. As illustrated in 

Figure 3-3, the persistence of cit-AuNPs as optically-active nanoparticle suspensions varies 

between the divalent electrolytes. To investigate this phenomenon further, aggregation-induced 

changes in the LSPR behavior of 15 nm cit-AuNP were determined in three divalent electrolyte 

solutions, MgSO4, CaSO4, and CaCl2 at ionic strengths ranging from 150 to 250 µM.  Electrolyte 

solutions were mixed with 15 nm cit-AuNP and the absorbance between 200 and 800 nm was 

monitored at 25 ºC for a period of 12 h.  At electrolyte concentrations above 200 µM, both 

MgSO4 and CaSO4 induced measurable changes in the LSPR behavior of 15 nm cit-AuNP. 

These changes include a decrease in AbsLSPR1 ($=520 nm) coupled with an increase in AbsLSPR2 ($=600 
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nm) (Figure 3-4).  The formation kinetics of the secondary LSPR band are dependent on both the 

dominant cation present (Ca2+ or Mg2+) as well as the salt concentration (150, 200, 250 µM).  

At equivalent concentrations, Ca2+ induces a more dramatic affect than Mg2+ across the time 

and concentration range investigated (Figure 3-4).  Ca2+ has a slightly larger ionic radius than 

Mg2+ (100 vs. 72 pm),32 and larger counter-ions are generally thought to enhance colloidal 

stability by “increasing the distance of closest approach for two colloids to twice the diameter of 

the counter”,33, 34 but this does not appear to hold for Ca2+ and Mg2+.  Laaksonsen et al34 report 

that zeta potentials become less negative with increasing counter-ion size, which they attribute to 

more efficient shielding of the negatively charged AuNP surfaces. In their study of gold 

nanoparticle interactions with natural organic matter, Stankus et al35 report that Ca2+ is more 

effective than Mg2+ at inducing aggregation of negatively charged AuNP, and they attribute this 

result to the fact that Ca2+ (electronegativity = 1.00 Pauling units) is slightly more electropositive 

than Mg2+ (1.31 Pauling units).  Based on results of our UV-Vis studies comparing divalent 

electrolytes, it appears that between these divalent cations, electronegativity plays an important 

role in modulating the aggregation behavior of negatively charged colloids.  
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a. b. c. d. 

Figure 3-4. Panels a-d (top) show 3D plots summarizing the effect of varying electrolyte composition on the 
UV-Vis spectral properties of 15 nm cit-AuNP during 12 h incubation with 200 µM (a) MgSO4, (b) CaSO4 , 
(c) CaCl2, and (d) mixed CaCl2 and NaCl concentration.  Corresponding plots showing the change in the 
LSPR1, !=520 nm to LSPR2, !=600 nm ratio for each electrolyte are also shown (bottom).  
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Comparison of AbsLSPR1:AbsLSPR2 for Au and AgNPs with variable surface coatings: The 

functionalization of MetNPs with materials such as proteins, polymers, and other 

macromolecules has been shown to enhance MetNP stability in high ionic strength media.36, 37  

For example, the blood half-life of a nanopharmaceutical was prolonged by incorporation into a 

carrier molecule,38 and Yang and co-workers39 reported on the importance of extending the half-

lives and in vivo circulation times of core-shell magnetic nanoparticles used for targeted delivery 

of chemotherapeutic agents to gliomas occurring in the brain and spine.     

Figure 3-5 shows spectral plots obtained by TR-UV-Vis spectroscopy for six MetNP 

suspensions following addition of US EPA moderately hard synthetic freshwater (EPA MHS).  

At t = 0 min., the primary LSPR band of the pristine cit-AuNP suspension (dTEM = 46 nm) was 

centered at 530 nm.  Less than 10 min. after addition of EPA MHS, absorbance intensity at 530 

nm (Abs$=530 nm) decreased and a secondary LSPR band centered at 663 nm appeared.  

Absorbance intensity at this secondary band (Abs$=663 nm) increased over the 120 min. assay 

period.  As noted earlier, the formation of the second LSPR band is indicative of a decrease in 

interparticle spacing and subsequent electrodynamic interactions between particles that occur as 

a result of charge-shielding and subsequent collapse of the double layer separating individual-

stabilized MetNPs.  Addition of either a protein (BSA) or a polymer (PEG) surface coating 

dramatically increased the stability of AuNP over the duration of the assay.  Both of these 

molecules are relatively bulky and are capable of providing electrostatic and/or steric (i.e., 

electrosteric) particle stabilization, each of which effectively prevents any decrease in 

interparticle spacing.  The primary LSPR bands of pristine BSA- and PEG-AuNP (dTEM = 46 nm) 

were centered at 535 and 532 nm, respectively, and are bathochromically shifted relative to cit-

AuNP (530 nm) due to the effect of these coatings on the local refractive index in the vicinity of 
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the gold nanospheres.40  Unlike cit-AuNP, however, there was no indication of an appreciable 

decrease in AbsLSPR1, nor was there evidence of formation of a secondary bathochromically-

shifted LSPR band. The primary LSPR band of the pristine cit-AgNP suspension was centered at 

389 nm.  Immediately following addition of EPA MHS, absorbance intensity at 389 nm 

decreased rapidly and a bathochromically shifted secondary LSPR band appeared near 600 nm.  

Addition of PVP and EDTA had a stabilizing effect on AgNP that was similar to that observed 

for BSA and PEG stabilization of AuNP.  Primary LSPR bands for PVP- and EDTA-AgNP were 

centered at 405 and 427 nm, respectively, with no indication of a secondary LSPR band forming 

after 120 min. 
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Figure 3-5. Comparison of TR-UV-Vis spectral plots for six different MetNP suspensions mixed with EPA 
MHS.  MetNP concentrations were normalized at 10 mg L-1 as M+.  AbsLSPR1 and AbsLSPR2 for individual 
MetNP suspensions are noted on the spectral plots. 
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Plotting the AbsLSPR1:AbsLSPR2 ratios of the six MetNPs shown in Figure 3-5 permits 

quantitative comparison of the persistence of the novel optical behavior of each MetNP 

suspension in EPA MHS freshwater (Figure 3-6).  From these plots, MetNP persistence can be 

observed based on the loss of nanoscale optical activity.  The optical behavior of citrate-capped 

Au and AgNP was least persistent in EPA MHS, reaching 50% of the initial AbsLSPR1:AbsLSPR2 

value within !4 and 11 minutes, respectively.  This suggests that upon addition to EPA MHS, the 

interparticle spacing between adjacent cit-AuNP and cit-AgNP monomers decreased rapidly, 

leading to aggregate formation and subsequent loss of LSPR activity.  Optical activity of Au and 

AgNPs stabilized by polymer and protein coatings, however, was highly persistent in EPA MHS, 

as the AbsLSPR1:AbsLSPR2 ratio remained at unity throughout the duration of the assay.  Optical 

activity of EDTA-AgNP was intermediately persistent, as evidenced by a distinct decrease in the 

AbsLSPR1:AbsLSPR2 ratio.         
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Figure 3-6. Plot showing the decline of the AbsLSPR1:AbsLSPR2 ratio for six MetNPs with differing 
surface coatings following addition to EPA MHS freshwater. 

 

Although a number of approaches have been used to describe the stability of particles in 

biological and environmental media—including the critical coagulation concentration (CCC), the 

stability ratio (W), and the inverse stability ratio (#)—none of these approaches directly 

addresses the loss of unique nanoscale behavior, which, as defined by the NNI, represents a 

central criterion for defining a nanomaterial.20 Unique optical behavior, particularly the presence 

of defined LSPR bands, is one of the characteristic nanoscale properties of MetNPs.  The fact 

that these optical properties can be diminished upon interaction of MetNPs with electrolytes, and 

the subsequent formation and growth of nanoparticle clusters that accompanies such interactions, 

makes it be possible to develop a metric for quantifying and comparing the persistence of 

MetNPs in aqueous matrices.  Comparing the ratio of absorbance at AbsLSPR1 to the growth of a 

second red-shifted LSPR band (AbsLSPR2) may be a useful means for monitoring and comparing 
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the persistence of the unique nanoscale activity of MetNPs over time.  As we demonstrate here, 

the AbsLSPR1:AbsLSPR2 ratio is likely to be a function of solution ionic composition (Figures 3-3 

and 3-4), as well as a range of nanoparticle characteristics (Figures 3-5 and 3-6).  Such 

relationships can provide utility in a number of applications ranging from the development of 

nano-pharmaceuticals to deriving water quality criteria for optically-active MetNPs discharged to 

aquatic systems.  

 

The potentially enormous numbers of MetNP formulations possible makes full study of 

every material on a case-by-case basis intractable.  Consequently, the determination of MetNP 

persistence by a rapid and accurate means may assist with streamlining environmental risk 

assessment efforts as well as screening of prospective MetNP-based therapeutic compounds by 

enabling predictions of risk and efficacy from low-cost, high-throughput UV-Vis screening 

techniques.  This enables prioritization of the highest risk materials to send through more costly 

in vitro and in vivo studies early in the MetNP product discovery and development cycle. 
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nanoparticles 
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4.1 Abstract 

Nanoparticles resistant to salt-induced aggregation are continually being developed for 

biomedical and industrial applications.  Because of their colloidal stability these functionalized 

nanoparticles are anticipated to be persistent aquatic contaminants. Here, we show that Corbicula 

fluminea, a globally distributed clam that is a known sentinel of aquatic ecosystem 

contamination, can uptake and biodeposit bovine serum albumin (BSA) stabilized gold 

nanoparticles.  Nanoparticle clearance rates from suspension were dictated by diameter and 

concentration, with the largest particles cleared most quickly on a mass basis.  Particle capture 

facilitates size-selective ‘biopurification’ of particle suspensions with nanoscale resolution.  
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Nanoparticles were retained either within the clam digestive tract or excreted in feces.  Our 

results suggest that biotransformation and biodeposition will play a significant role in the fate 

and transport of persistent nanoparticles in aquatic systems.  

4.2 Introduction 
 

Gold nanoparticles (AuNP) are expected to be key nanoscale components in twenty-first 

century applications ranging from biosensors to catalysis due to their unique optical properties, 

chemical stability, and their capacity to exhibit a multiplicity of shapes, particle sizes, and 

surface chemistries.1 Because of their increased use and chemical inertness, gold nanoparticles 

have potential to become a significant persistent nanomaterial input to environmental systems. 

To facilitate gold nanoparticle incorporation into devices and applications it is generally 

necessary to functionalize the nanoparticle surface with DNA, peptides, proteins, or polymers.2-4  

Serum albumin proteins such as bovine serum albumin (BSA), which are abundant in 

mammalian plasma, have attracted particular interest as stabilizers given their frequent use in the 

development and study of emerging bionanomaterials,5 their ability to stabilize nanoparticles for 

cellular targeting,6 and the propensity for nanoparticles to associate with proteins both within 

cells7 and in environmental media.8  Although the extent to which the use of BSA, specifically, 

will be adopted by industry remains unknown, the use of BSA as a surrogate protein for the 

preparation of biological macromolecule-nanoparticle conjugates is well established.   

Given what we currently know about the persistence and toxicity of pharmaceutical 

compounds in the environment, the safe use and disposal of nanoscale particles, particularly 

certain types of nanomedicines functionalized for stability in highly saline media such as blood,9, 

10  inherently requires efforts to understand how primary particle size and surface 
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functionalization alter nanoparticle uptake and fate in biological and environmental systems. The 

objective of the present work was to investigate the size-dependent uptake, fate, and 

biotransformation of BSA-coated gold nanoparticles by the filter-feeding bivalve Corbicula 

fluminea. Freshwater and marine bivalves are commonly employed as biological sentinels11 for 

the detection and monitoring of a broad spectrum of environmental contaminants such as 

metals,12 biocides,13 asbestos fibers,14 bacteria,15 and protozoan parasites.16, 17  Recently, 

researchers have demonstrated that biofilms and clams were the primary biological compartment 

for surfactant-stabilized gold nanorods added to estuarine mesocosms,18 and that 10 nm amine-

functionalized gold nanoparticles penetrated the gills and digestive epithelia of C. fluminea.19  

The present work goes further in demonstrating the role of particle size on the rate of particle 

clearance from suspension and the importance of biodeposition to cross-media transference of 

colloidal particles.  

4.3 Experimental 
 

Preparation of gold nanoparticle suspensions. Bovine serum albumin-coated gold 

nanoparticles (BSA-AuNP) were prepared by incubating citrate-stabilized gold nanoparticles 

(citrate-AuNP) with 0.1 mg BSA-mL-1 using established protocols.20  Citrate-AuNP of 7.8 and 15 

nm diameter were prepared as described by Jana et al21 and by Turkevich, respectively.22  The 

seed-mediated process of Frens23 was used to prepare 46 nm citrate-AuNP.  Each suspension 

incorporated citrate as a reducing agent (or co-reducing agent) and surface stabilizer, as citrate is 

known to play an important role in determining the size and monodispersivity of gold 

nanoparticles by regulating the pH of the reaction.24  All suspensions were sterile-filtered (0.2 

µm), and stored in an amber glass vial at 4 °C until use.   
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Characterization. Gold nanoparticle suspensions were characterized by UV-Vis 

spectroscopy, transmission electron microscopy (TEM), and dynamic light scattering (DLS).  

Primary particle size and morphology were characterized using a Zeiss 10CA Transmission 

Electron Microscope (60 kV) equipped with a high resolution (1024 ! 1024 pixel format) MT 

Advantage GR/HR-B CCD Camera System (Advanced Microscopy Techniques Corporation). 

For sample preparation, 10-20 µL of citrate- or BSA-AuNP suspension were pipetted onto a 

carbon-coated copper TEM grid (Electron Microscopy Sciences) and dried at room temperature.  

Electron micrographs were digitized and analyzed using ImagePro (MediaCybernetics, Bethesda, 

MD) to assess the heterogeneity of the nanoparticle suspensions and to calculate average primary 

particle diameters.  An FEI Titan 300 operating at 200 kV was used to acquire high-resolution 

TEM, as well as scanning tunneling electron microscopy (STEM) images.  Characterization 

results for gold nanoparticle suspensions are provided in the Supporting Information (Table S1).    

Nanoparticle clearance assays with C. fluminea. Adult Asian clams (Corbicula fluminea 

[Müller]) were collected from the New River near Radford, VA, and acclimated to laboratory 

conditions for 14 d prior to testing.  C. fluminea nanoparticle clearance assays were performed in 

moderately hard, synthetic (MHS) freshwater. For studies investigating the size-dependent 

clearance of BSA-AuNP by C. fluminea, as well as the localization of BSA-AuNP within C. 

fluminea organ systems, exposures were performed in 10 L polypropylene aquariums filled with 

2 L of BSA-stabilized gold nanoparticle suspension prepared in EPA MHS at a concentration of 

2 mg L-1 as Au (BSA-AuNP were stable in EPA MHS throughout the exposure period as 

determined by UV-Vis measurements of control samples).  At 2 mg L-1, the concentrations of 

BSA-AuNP investigated in the current study exceed nanoparticle concentrations likely to occur 

in real-world environmental systems.  The elevated concentration, however, was necessary to 
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monitor colloidal stability of the BSA-AuNP suspension by UV-Vis spectroscopy analysis of the 

surface Plasmon resonance band (SPR) throughout the duration of the assay.  The authors 

considered the ability to monitor long-term colloidal stability to be of key importance during the 

current study, and thus exposures at concentrations in excess of environmentally relevant 

concentrations were used.  To each aquarium, 75 C. fluminea of 1-2 years of age, 15 ± 0.6 mm in 

length (umbo to ventral margin), and 2.0 ± 0.3 g whole body wet weight were added at t0 hours.  

Aquariums were continuously aerated using a borosilicate pipette.  To investigate the effects of 

initial (t0) Au concentration (2, 4, or 8 mg L-1 as Au) on BSA-AuNP clearance, additional assays 

were performed in replicate 50 mL glass beakers (n = 5), each of which contained 40 mL of test 

suspension.  Individual C. fluminea test organisms were added to each beaker.  All exposures 

were performed at 20 ± 1 °C.  To reduce system complexity, feeding was withheld during all 

particle clearance assays.   

Optical absorbance and water column gold concentration were monitored by UV-Vis and ICP-

MS, respectively. At each of the following time-points, a 1 mL water column sample was taken: 

0 (control, prior to addition of organisms to test suspension), 12, 36, 60, 84, 108, and 180 h.  

After 180 h, C. fluminea were removed from the BSA-AuNP exposure, rinsed with ultrapure 

water and transferred to 10 L polyethylene aquariums containing 2 L of EPA MHS diluent only 

(i.e., no BSA-AuNP were present in the depuration tanks).  After the transfer to fresh diluent, 

sampling resumed and one mL water samples were removed at each of the following time points: 

204, 228, 252, and 348 hours after the experiment began. For each one mL sample removed from 

the aquarium, absorbance from 300-800 nm was measured.  The same sample was then 

transferred to a sterile polystyrene tube, acidified with 200 µL aqua regia (1:3, Trace metal grade 

HNO3:HCl) and brought to a final volume of 10 mL with ultrapure water.  Samples then were 
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analyzed for gold content by ICP-MS per Standard Method 3125-B.25  Samples and calibration 

standards were prepared in a matrix of 2% aqua regia, which was more effective at dissolving the 

AuNP than either HNO3 or HCl alone.        

Micro X-ray Fluorescence Spectroscopy (µ-XRF). At each sampling point described 

previously for the water column samples, three C. fluminea were removed from each aquarium, 

euthanized, and prepared for µ-XRF measurements.  To facilitate shell opening, interior and 

posterior ligaments of C. fluminea were severed using a surgical scalpel.  Next, the interior soft 

tissue was dissected intact from each half-shell and rinsed three times with deionized water.  The 

soft tissue was then placed whole into a labeled plastic tissue cassette with foam absorbent pad.  

The tissue samples were prepared for µ-XRF analysis using a procedure described by Laforsch 

and Tolldrian26 for µ-XRF analysis of Daphnia magna.  Briefly, the samples were dried in a 

graded series of acetone solutions (70 to 100%) before being transferred to a solution of 

1,1,1,3,3,3 hexamethyldisilazane (HMDS).  After 30 minutes in HMDS, tissue samples were 

transferred to a vacuum desiccator and dried overnight.  

    All µ-XRF measurements were carried out at the lab-scale on a microscope (XGT7000, 

Horiba Jobin Yvon) equipped with an X-ray guide tube producing a finely focused and high-

intensity beam with a 100 µm spot size (Rh X-ray tube, accelerating voltage of 50 kV, current of 

1 mA). X-ray emission from the irradiated sample is detected via an energy-dispersive X-ray 

(EDX) spectrometer equipped with a liquid-nitrogen-cooled high purity Si detector.  Elemental 

maps and microanalyses were performed on HDMS-prepared whole-animal samples at 

atmospheric pressure.  Images were obtained from the intensity of the Au L"1 emission line. The 

selected region of interest (ROI) of this line was reduced in energy because of the partial overlap 

of the Zn K# line with the Au L"1 line. Moreover the background contribution was removed.  
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The average XRF spectrum for each whole organism was generated from hyperspectral mapping 

(i.e. a full XRF spectrum recorded at each and every pixel of the element image) and converted 

to semi-quantitative results (relative mass percent) using the fundamental parameters approach 

(FPA). 

For enhanced sensitivity and spatial resolution (3 !m " 3 !m), µ-XRF measurements were also 

performed on LUCIA beamline at the SOLEIL synchrotron (Paris, France) under vacuum, with a 

Si(111) monochromator and a silicon drift detector.27 Due to the high intensity of the P (K) 

phosphorus signal compared to the Au M3-edge (2 743 eV), the Au map is presented as the ratio 

of the normalized Au map over the normalized P map.  

Following µ-XRF measurements, Au body burdens were determined by ICP-MS of digestates 

prepared by nitric acid microwave digestion of the tissue amalgamated from 3 clams removed at 

each exposure time-point (CEM MARS method #375).  To ensure the complete solubilization of 

AuNP, 200 µL aqua regia was mixed with tissue digestates prior to analysis by ICP-MS as 

described previously for water column samples.  Body burdens for Au were expressed as the 

mass of Au (mg) per mass of wet tissue (kg).  

Characterization of clam feces. Upon termination of the exposures, visible feces were 

harvested from each aquarium by pipette and transferred to glass scintillation vials.  Up to 5 mg 

of each fecal sample then was transferred to an ultrathin carbon film/holey carbon 400 mesh 

copper TEM grid and dried overnight at room temperature.  Samples were imaged by TEM, 

HRTEM, and STEM.  
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4.4 Results and Discussion 
 

Suspensions of three different sizes of BSA-stabilized gold nanoparticles (BSA-AuNP; Figure 

4-1a-c) were added at a mass-normalized concentration of 2 mg L-1 (as Au) to aquariums 

containing seventy-five C. fluminea test organisms. After 180 h, C. fluminea filtered and 

removed from suspension BSA-AuNP of 7.8, 15, and 46 nm diameter (Figure 4-1d-e). Clearance 

of BSA-AuNP from the water column was quantified by daily monitoring of the total gold 

concentration by ICP-MS and the optical absorbance at the surface plasmon resonance band 

(AbsSPR) by UV-Vis spectroscopy.   Over the 180-h exposure period, both [Au] and the SPR band 

(Supporting Information Figure 4-S1) steadily decrease for samples from aquariums containing 

C. fluminea, but remain stable in the absence of test organisms (Figure 4-1d). Integrating these 

two measurement techniques provides a means to precisely determine concentration (in terms of 

total gold as measured by ICP-MS), while simultaneously providing evidence that the gold is 

present in nanoparticulate form (as indicated by a distinct SPR band between 500-550 nm that is 

absent for ionic gold; Supporting Information Figure 4-S2).  The location, intensity, and width of 

the SPR band are indicative of particle size, shape, concentration, and sample heterogeneity.28  

The initial SPR band location is a function of particle size, with the smallest particles exhibiting 

a hypsochromic (blue) shift of the SPR band relative to larger particles. For each particle 

suspension, the change in AbsSPR correlates with ICP-MS measurements of the total gold 

concentration indicating that the gold exists primarily as discrete nanoscale particles.  This result 

is consistent with the findings of others who have reported that AbsSPR can be used to quantify 

the concentration as well as the size of metallic nanoparticles in suspension.28   
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Figure 4-1. (a-c) TEM images of 7.8, 15, and 46 nm AuNP—in each panel, scale bars denote 100 nm; insets 
show particles at increased magnification. (d) Plot showing the average water column concentration of 7.8, 
15, and 46 nm BSA-AuNP expressed in terms of Au mass concentration (mg L-1) from 0 to 180 h (solid lines 
denote the average water column [Au] in negative controls—no clams present—as determined from AbsSPR), 
and (e) corresponding plot of the log-transformed data (and 95% confidence intervals) for the linear 
clearance phase (from 48 to 120 h).  (f) Plot of the average water column concentration of 46 nm BSA-AuNP 
as a function of [Au] at t0 and time exposed to C. fluminea; and (g) plot of the linear phase of BSA-AuNP 
clearance (and 95% confidence intervals).  Fitting of these data was used to determine first-order rate 
constants for clearance of BSA-AuNP as a function of primary particle size and [Au] concentration at t0.   

 

The absence of a measurable red-shift or significant broadening of the SPR peak between 600-

800 nm during the exposure indicates that particle removal from suspension was not the result of 

particle aggregation and settling (Supporting Information Figure 4-S3).29, 30  This absence 

provides clear evidence that C. fluminea removes discrete, BSA-stabilized nanoparticles from 

suspension through filtration.  It is important to differentiate between these processes since, as 

noted by others,31 many studies of nanoparticle uptake and toxicity fail to account for 
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aggregation processes that result in the removal of particles from suspension due to settling and 

not organismal uptake. 

Clearance of each size particle follows a logarithmic pattern: a lag-phase during the first 12 h 

of exposure, a linear clearance phase between 12 and 108 h, and a leveling off between 108 and 

180 h (Figure 4-1d). Other researchers have shown that the filtration rates of disturbed bivalves 

are reduced more than four-fold relative to undisturbed animals,32 thus suggesting that the initial 

lag-phase is attributable to the acclimation period required for the clams to begin filtering 

following transfer to the assay chamber. The linear clearance phase is representative of a period 

during which the clams have acclimated to the assay environment and begun actively filtering.  

The leveling off observed may be the result of a combination of factors including decreasing 

particle concentration, gill clogging,32 compaction of the digestive tract,33 or physiological 

adjustment of filtering34 and ingestion rates.35  We cannot presently exclude the possibility that C. 

fluminea is initially stimulated by free or surface adhered BSA protein or that the clams 

preferentially deplete the BSA protein fraction and then decrease filtration activity once the ratio 

of BSA to AuNP is reduced below some threshold. A similar phenomenon has been reported by 

researchers who observed stimulated feeding behavior for Sphaerium and Dreissena bivalves 

exposed to high concentrations of inorganic graphite particles of 0.5 to 1.5 µm diameter;36 in 

these experiments, measured filtration rates were initially very low, but increased upon addition 

of the algal cells on which these bivalve genera commonly feed.  The increase in feeding rates 

could be attributable to either a) facilitated uptake of graphite particles sorbed to algal cells or b) 

the availability of a preferred food source—in this case, algal cells.  Additional studies to test the 

hypothesis that the presence of proteins and other biological macromolecules may stimulate 
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uptake of BSA-AuNP are required to truly address this question. Such studies were outside the 

scope of the present investigation.     

Clearance of BSA-AuNP during the linear-uptake phase (12$t$180 h) followed first-order 

kinetics and rate constants determined for the 7.8, 15, and 46 nm nanoparticles were 0.0026, 

0.0052, and 0.0076 h-1, respectively (Figure 4-1e).  Plotting the particle clearance rate constant 

versus the primary particle diameter shows that the rate increases logarithmically with particle 

diameter (Supporting Information Figure 4-S4).  Although descriptive across the range of 

particle sizes studied here, this general pattern of clearance as a function of particle size does not 

extend to larger micron-sized particles, which can be cleared from suspension with 100% 

efficiency in less than one hour.37  This result is not surprising, since the mechanisms used to 

capture particles varying so greatly in size differ due to particle fluid dynamics, composition, 

density, and geometry.38   

Particle removal efficiencies,37 calculated based on the change in the Au mass concentration 

between t0 and t180 indicate that 7.8, 15, and 46 nm BSA-AuNP were removed from suspension 

with 39, 72, and 80% efficiency, respectively.  Others have demonstrated this positive 

correlation between the retention efficiency and the particle size with diameters as low as 2 µm.37  

Our results show that this correlation remains even at the sub-micron scale with particles 

differing in diameter by less than 30 nm.  However, our assays with nanoscale particles require 

clearance periods of up to 180 h, whereas the retention efficiencies of larger micron-sized 

particles are typically determined in assays of less than an hour duration to minimize the 

confounding effects of gravitational settling.37 Given the colloidal stability of BSA-AuNP in the 

absence of the clams (Figure 4-1d), gravitational settling was not a concern here. 
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Uptake experiments performed with 46 nm BSA-AuNP at differing initial (t0) concentrations 

of 2, 4, and 8 mg L-1 indicate that particle concentration also influences the rate of nanoparticle 

clearance from suspension (Figure 4-1f-g).  A logarithmic clearance pattern was again evident 

for each initial concentration, with a lag-phase of 24 h preceding a linear decrease in the water 

column concentration for the next 65-70 h, and then a leveling off over the final 70 h of the 

assay.  Nanoparticle clearance during the linear-phase followed first-order kinetics and as 

expected for a first-order process there is a positive relationship between the initial concentration 

of BSA-AuNP and the clearance rate (Figure 4-1g).  Previous research using micron-sized 

particles has shown a similar positive relationship between particle concentration and filtration 

rate as Corbicula are thought to physiologically adjust filtration rates to achieve an optimal rate 

of particle clearance.34  Our data suggest that this relationship extends to particles well into the 

nano-domain.   

Size-selective sorting of nanoscale particles by clams. The size-selective clearance of BSA-

AuNP observed for C. fluminea introduces the possibility of using bivalves or other suspension 

feeders to sort nanoscale particles by size with nanometer resolution.  To test this hypothesis, a 

size-selective uptake experiment was performed using three sizes of BSA-AuNP added to 50 mL 

assay chambers both separately and in a combined ‘cocktail’.  All particle concentrations were 

mass normalized to give a final in-chamber gold concentration of 15 mg L-1; for the cocktail this 

required adding each of the three suspensions at concentrations of 5 mg L-1.  A relatively high 

concentration was necessary to facilitate monitoring of the location and height of the SPR band 

by UV-Vis spectroscopy.  Suspensions could not be normalized by particle number or surface 

area since the mass concentrations required to achieve this for the smallest particle suspensions 

were below instrument detection limits.   
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Despite the increased t0 concentration, BSA-AuNP of all three sizes were readily cleared from 

suspension by C. fluminea (Supporting Information Figure 4-S5). Although the same positive 

relationship between clearance rate and particle diameter that was observed in the large-scale 

aquarium exposures was evident once again, quantitative comparisons among the rate constants 

obtained from these two experiments are not possible due to differences in Au concentration, 

water volume, and number of test organisms.  After 120 h the mean SPR band for the cocktail to 

which clams were added blue-shifted %4 nm, suggesting a decrease in the average particle 

diameter (Supporting Information Figure 4-S6a).  The difference between the location of the 

SPR band of the cocktail in the presence and absence of the clams was greatest after 72 h 

(Supporting Information Figure 4-S6a), suggesting that a practical application of filter-feeding 

organisms to size-purify nanoparticles would require an exposure duration that achieves 

maximum size-reduction without allowing excreted metabolites to reach levels that might induce 

particle aggregation through alteration of solution ionic strength or pH.           

Based on the clearance rates of the individual particle suspensions, after 120 h filtering by C. 

fluminea, the relative percent composition (by mass) of the cocktail changed from being divided 

evenly at one-third for each particle size to being more than one-half 7.8 nm particles 

(Supporting Information Figure 4-S6b).  The optical absorbance of the largest particles, 46 nm, 

was reduced to below the detection limits of the UV-Vis after 96 h, suggesting that these 

particles likely comprised less than 10% of the cocktail upon termination of the experiment.  It is 

worth noting that the SPR shift of ~4 nm could be replicated experimentally by preparing 

cocktails corresponding to the measured gold concentrations and predicted particle size 

distributions at t0 and t120 during the size-selective uptake assay (Supporting Information Figure 

4-S7).   
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Although not previously reported for nanoscale particles, investigators have noted that bivalves 

filter or retain small particles less efficiently than larger particles, and thus the fraction of these 

“inefficiently retained” particles can increase over time.32 Other researchers have suggested that 

small particles, typically < 3 µm in diameter, exhibit ‘negative retention’ in studies of particle 

retention by bivalves.37, 39, 40  A conspicuous lack of particle characterization in conjunction with 

these uptake studies, however, has limited the ability of investigators to draw definitive 

conclusions as to the source and composition of these particles.  At least one researcher 

concluded that small particles were produced by bivalve test organisms,37 whereas more recently, 

others have concluded that such particles do not necessarily originate from the  study 

organisms.41  Our results suggest that on a mass basis, the efficiency with which filter-feeding 

bivalves clear particles from the water column decreases with a decrease in particle diameter, 

even in the nanometer domain, and this may facilitate the biologically-mediated separation of 

particles differing in size by only tens of nanometers.   Clearance rates for particles of 7.8 and 15 

nm diameter, while generally indistinguishable from one another, could be differentiated from 

the largest diameter particles (46 nm).  In theory, such biologically-mediated size-selection of 

colloidal particles could be applied as a potentially low-cost, passive, and continuous alternative 

to conventional size purification techniques such as differential centrifugation or tangential flow 

filtration.  Additional studies are required, however, to realize any practical application of this 

concept, as a number of factors ranging from the condition of the filtering organisms to the 

presence of stabilizers or preservatives that may co-occur with commercial nanomaterials will 

likely influence actual filtration rates.          

Fate and biotransformation of nanoparticles in bivalves. Analysis of whole–organism, soft-

tissue preparations (shells removed) by X-ray fluorescence microscopy (µ-XRF) indicated that 
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gold was confined to the digestive gland and regions of the digestive tract of BSA-AuNP-

exposed C. fluminea with little indication of migration to other organ systems (Figure 4-2a,b). 

Because µ-XRF does not discriminate between surface-associated versus internalized analytes, 

analyses of organism cross sections were performed, and verified that gold was internalized and 

not simply sorbed to the external surfaces of the organisms (Supporting Information Figure 4-

S8a).  These cross-sections were also analyzed using the synchroton-based XRF microscope 

LUCIA with a beam size of 3 µm ! 3 µm. With this improved sensitivity and spatial resolution, 

we observed spots of gold that are diffusely distributed throughout the digestive gland. The 

larger clusters are about 15!30 µm, and most of them are below 3 to 6 µm (Supporting 

Information Figure 4-S8b).  We note that µ-XRF cannot differentiate between nanoparticulate 

gold or soluble gold; however, because nanoparticulate gold was observed in collected feces 

(vide infra) we expect that the gold signal from the digestive system is primarily due to 

nanoparticulate gold.   
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Figure 4-2. (a) A µ&XRF image of an HMDS-fixed C. fluminea specimen exposed to 46 nm BSA-AuNP for 
180 h.  Siphons, which were rich with Fe, are colored blue; Au-rich regions in the intestine and at the anus 
are colored green.  The body of the organism is encircled by a dashed line and the locations of the siphons and 
foot are noted; a dashed rectangle surrounds the digestive gland—additional analysis of the digestive gland 
and organism cross-sections are provided in the Supporting Information (Figure 4-S8).  (b) Semi-quantitative 
data of the elemental composition of samples were collected by µ-XRF spot-analysis of the C. fluminea 
specimen shown in panel (a), with numbers 1-5 corresponding to the Au-rich locations noted on the µ-XRF 
image.  Plots showing (c) the relative Au composition (%) of HMDS-fixed C. fluminea as determined by µ-
XRF and (d) Au body burden (mg Au kg-1 wet tissue weight) as determined by ICP-MS of acid-digested tissue 
as a function of time (0 to 345 h) and primary particle size of BSA-AuNP—7.8, 15, and 46 nm.  The vertical 
dashed lines at 180 h (panels c and d) indicate the point at which C. fluminea were rinsed and transferred 
from the BSA-AuNP test suspensions to fresh EPA MHS water and allowed to depurate their gut contents.  
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The gold content of whole C. fluminea was evaluated using a combination of µ-XRF and the 

fundamental parameters approach (FPA).42  The obtained percent mass as Au correspond to 

semi-quantitative and relative values, and are plotted as a function of time (Figure 4-2c).  These 

results show that exposed clams contained gold, particularly in the digestive gland and at regions 

along the digestive tract (Figure 4-2a,b), and that the relative mass concentration of gold 

increased as a function of time for each particle size until the clams were removed from the 

BSA-AuNP exposure after 180 h and transferred to clean water (Figure 4-2c).  For each particle 

size, the rate of increase in the relative mass concentration of gold measured in C. fluminea tissue 

was most rapid over the first 108 h of the exposure, which corresponds with the period of most 

rapid particle clearance from suspension.  At each measured time-point during the accumulation 

phase, the relative mass concentration of gold present in the clams exposed to 15 nm BSA-AuNP 

was consistently greater than for the other two particle sizes, but this relationship was not 

statistically significant.  In contrast to the µ-XRF results, but in strong support of the suspension 

chemistry results showing reduced clearance rates for the smallest particles (Figure 4-1d,e), ICP-

MS analysis of tissue digestates show that the mass of Au internalized by C. fluminea via 

filtering of 7.8 nm BSA-AuNP was dramatically reduced relative to that of the 15 and 46 nm 

particles (Figure 4-2d).  Discrepancies in µ-XRF and ICP-MS measures of Au were expected, 

however, since µ-XRF of whole-organism samples is sensitive to variations in three-dimensional 

sample geometry and subsequent flucutations in X-ray penetration and fluorescence, whereas 

ICP-MS is not subjected to these same influences.       

Following the transfer of clams to clean water, tissue gold concentrations determined by µ-

XRF decreased, but even after 165 h, did not return to pre-exposure levels (Figure 4-2c).  Tissue 

Au concentrations measured by ICP-MS, however, indicated a return to near-background levels 
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for 15 and 46 nm BSA-AuNP, whereas Au levels remained elevated for clams exposed to the 7.8 

nm particles (Figure 4-2d).  As suggested by others who recently compared the uptake of 

aggregated versus disaggregated nanoparticles by Mytilus edulis and Crassostrea virginica,43 

extended retention times in the gut (e.g., >72 h) may be indicative of particles undergoing 

extracellular digestion processes, and our results support this contention.   

Semi-quantitative µ-XRF data suggest that clams partially accumulate and retain gold in the 

digestive tract and gland, but provide only limited information about the form that gold 

nanoparticles take during digestion.  If C. fluminea are capable of digesting gold nanoparticles, 

then changes in particle size, shape, or aggregation state should be expected.  Examination of 

fecal material by Scanning Tunneling Electron Microscopy (STEM) and High-Resolution 

Transmission Electron Microscopy (HRTEM) coupled with Energy Dispersive X-Ray 

Spectroscopy (EDX) indicate that particles can be recovered from C. fluminea feces in a variety 

of forms, including nanoscale aggregates and individual particles (Figure 3a-e), and that feces 

are comprised of a mixture of electron-dense metals including Au (Figure 4-3f).  For the 46 nm 

BSA-AuNP, nanoparticles recovered in feces appeared much less spherical and uniform in size 

than prior to the exposure (Figure 4-3a), suggesting that some dissolution or mechanical 

alteration of the particles had occurred as a result of digestion and excretion.  Conversely, 15 nm 

BSA-AuNP were recovered in fecal materials in dense clusters of particles (Figure 4-3d), but 

retained their spherical shape and uniform size (Figure 4-3e).  These results confirm that filter-

feeding bivalves likely will play an important role in transforming and transferring nanoscale 

particles suspended in the water column to the subsurface via biodeposition.  Biodeposition, or 

the process of filtering, compacting, and depositing suspended particulate matter at the sediment-

water interface, is an important ecological function performed by both freshwater and marine 
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bivalves as well as many other suspension feeders, and in some aquatic systems, the magnitude 

of this process can exceed tens of thousands of metric tons of biodeposited material annually.44   

 
Figure 4-3. TEM images showing structures recovered from feces egested by C. fluminea following exposure 
to BSA-AuNP at 2 mg L-1 as [Au]: (a) cluster of AuNP that are less spherical and less uniform in size than the 
46 nm BSA-AuNP that were originally dosed to clams; (b, c) two different types of aggregate structures 
recovered from the same fecal sample;  (d) STEM image of low electron-density fecal material containing 
clusters of 15 nm AuNP (white circle added to indicate one cluster); (e) Hi-Res TEM and (f) EDX indicating 
that particles recovered from feces of clams exposed to 15 nm BSA-AuNP at 2 mg L-1 are spherical, 
crystalline, uniform in size, and comprised primarily of Au.   
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4.6 Supporting Information  

Characterization 

Analysis of TEM images indicated that mean primary particle diameters were 7.8 ± 3.3, 15 ± 

6.8, and 46 ± 5.3 nm (Table 4-S1).  Corresponding hydrodynamic diameters (Zave, nm) measured 

by dynamic light scattering (DLS) were 12.9 ± 0.4, 31.9 ± 0.3, and 44.1 ± 0.1 nm, respectively.  

Polydispersity indices ranged from 0.230 to 0.289, suggesting that suspensions were similarly 

monodisperse.  Particle diameters predicted from the position of the surface plasmon resonance 

(SPR) band1 were 4.2, 11.4, and 38.4 nm, which is in general agreement with the diameters 

measured by TEM and DLS.  All particles were negatively charged at the pH of the assay (pH = 

7.8) with electrophoretic mobilities of -1.47 ± 0.25, -2.05 ± 0.13, and -1.71 ± 0.01 µm-cm (V-s)-1 

for the 7.8, 15, and 46 nm BSA-AuNP, respectively. Accurate zeta potential values could not be 

calculated for these particles due to the soft BSA coating,2, 3 nonetheless, these electrophoretic 

mobilities support the contention that the particles were negatively charged under the assay 

conditions.   

Consideration of Dosimetry: Mass, Particle Number, and Surface Area   

On a mass basis, approximately 70-80% of the 15 and 46 nm BSA-AuNP were removed from 

suspension after 180 h, compared to less than 40% of the 7.8 nm BSA-AuNP.  In terms of 
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particle number concentration, however, the number of 7.8 nm BSA-AuNP removed from 

suspension exceeded the number of 15 and 46 nm particles by 1.0 ! 1014 and 1.5 ! 1014 particles-

mL-1, respectively.  When the concentrations are expressed in terms of the total surface area of 

particles removed, cumulative clearance of 7.8 and 15 nm BSA-AuNP were similar at 

approximately 3.0 ! 107 m2-mL-1, which was nearly three-fold greater than the total surface area 

concentration of the 46 nm BSA-AuNP removed. 

 

Experimental Replication of Size-selective Biopurification of BSA-AuNP 

It is worth noting that the SPR shift of ~4 nm could be replicated experimentally by preparing 

cocktails corresponding to the measured gold concentrations and predicted particle size 

distributions at t0 and t120 during the size-selective uptake assay (Supporting Information Figure 

4-S7).   

 

Figure 4-S1. Plots of UV-Vis spectra showing the time-dependent (0 to 180 h) decrease in absorbance intensity 
at AbsSPR for 7.8 nm, 15 nm, and 46 nm BSA-AuNP suspensions in the presence of C. fluminea.  Initial 
concentrations of BSA-AuNP were mass normalized to 2 mg L-1 as [Au].   
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Figure 4-S2. Extinction spectra for the Au ion and 7.8, 15, and 46 nm gold nanoparticles.       
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Figure 4-S3. Characteristic changes in absorbance spectra and the location or height of AbsSPR over time due 
to (a) aggregation in EPA MHS after 120 min versus (b) particle clearance by a filter-feeding bivalve.  The 
arrow denotes the location of a new absorption band that forms upon aggregation of AuNP, but is not evident 
when AuNP are cleared from suspensions via biological filtration.    

 

Figure 4-S4. Plot showing first-order rate constants for clearance of BSA-AuNP as a function of 
primary particle diameter.    
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Figure 4-S5. UV-Vis spectra showing the time-dependent decrease in absorbance intensity of the SPR band of 
three sizes of BSA-AuNP—prepared individually and in combination as a ‘cocktail’ at a concentration of 15 
mg L-1 as [Au]—in the presence of C. fluminea.  
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Figure 4-S6. (a) Plot of the mean blue shift ±  SD (n = 3) observed for the SPR band of the cocktail in 
the presence and absence of clams and (b) the predicted change in the respective contributions of 
each size of particle to the overall composition of the cocktail based on the size-dependent clearance 
rates.  Beyond 96 h, the composition of 46 nm BSA-AuNP was below detection limits. 
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Figure 4-S7. Comparison of average SPR band shift for BSA-AuNP cocktails from the size-selective uptake 
experiment (with and without clams) and the experiment with cocktails prepared at the particle size 
composition and total [Au] predicted from the size-selective uptake experiment.   

 

 
Figure 4-S8. (a) µ-XRF image of C. fluminea tissue cross-sections showing the internalization of Au 
(light areas surrounded by dashed boxes) within the digestive tract; (b) synchrotron-based µ-XRF 
(LUCIA beamline) Au map of a cross-section of the C. fluminea digestive gland.   
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Table 4-S1. Characteristics of BSA-AuNP.  Size of primary particles on a TEM grid (n '  100) is expressed as 
the median value of the size determined using ImagePro and as the diameter predicted by Haiss et al. using 
the location and height of the surface Plasmon resonance (SPR) band.1  Mean effective hydrodynamic 
diameter (Zave, nm), polydispersity index (PDI), electrophoretic mobility (µm cm (Vs)-1), and location of the 
SPR band as measured in EPA moderately hard reconstituted water (EPA MHS).   

BSA-AuNP 

Suspension 

TEM  

(nm) 

Predicted by 

Haiss et al. 

(nm) 

Zave  

(nm) 
PDI 

Electrophoretic  

mobility  

(µm cm (Vs)-1) 

SPR band 

(nm) 

8 nm 7.8 ± 3.3 4.2 12.9 ± 0.4 0.23 ± 0.03 -1.06 ± 0.45 518 

15 nm 15 ± 6.8 11 31.9 ± 0.3 0.24 ± 0.00 -1.96 ± 0.19 523 

46 nm 46 ± 5.3 38 44.1 ± 0.1 0.29 ± 0.00 -1.80 ± 0.07 536 
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5.1 Abstract 

In controlled laboratory exposures we measured the uptake, distribution and elimination of two 

types of metallic nanoparticles (MetNPs): polyethylene glycol functionalized paramagnetic 50 

nm Fe3O4 nanoparticles (PEG-FeOxNP) and 8 ! 3 nm (length ! diameter) quantum dots 

(Invitrogen Qdot® 655 ITK, PEG-coated Cd-Se core (PEG-Qdot)) by the aquatic mussel Mytilus 

galloprovincialis.  All MetNPs were dosed using static water exposures.  Our focus was on 

collecting a dataset to estimate a mass-balance determination of MetNP fate within test 

organisms. Water-column exposures used individual mussels placed in Pyrex® aquariums 
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containing known volumes of water maintained under natural photoperiod and constant 

temperature.  Stability of the MetNP suspensions in seawater test media was monitored prior to 

the addition of test organisms.  Water samples were removed prior to and during filtering activity 

to assess the uptake of MetNP from the water.  At selected time points, groups of mussels were 

serially euthanized and various tissues (hemolymph, digestive gland, remaining carcass) 

dissected and analyzed for the presence of MetNP ions by ICP-OES (Fe in FeOxNPs) or ICP-MS 

(Cd in Cd-Se Qdots).  Results indicated that all MetNPs were rapidly accumulated by the 

mussels with >90% of the MetNPs accumulated within 8 h of initial exposure.  Metal analysis of 

tissues indicated that nearly the entire retained dose of FeOxNPs was deposited in the digestive 

gland whereas PEG-Qdots appear to have been rapidly eliminated from mussels as feces. These 

results provide important insights on the uptake and elimination kinetics of MetNPs in filter-

feeding marine bivalves, and may be useful for subsequent development of toxicokinetic models 

to predict the kinetics of these processes.    

5.2 Introduction 

The paucity of data on the biological fate of nanoparticles in aquatic organisms has hindered 

development of explanatory frameworks and predictive models to estimate bioavailability, 

retention, and potential for trophic transfer within food webs.  To better comprehend the 

consequences of environmental nanoparticle release, it is important to understand how variations 

in the physical and chemical properties of nanoparticles impact toxicokinetic processes that 

ultimately determine bioavailability. Aquatic environments are the ultimate sink for most 

persistent contaminants and this may also be the case for nanoparticles resistant to environmental 

degradation.  There is a need to better understand how the physicochemical properties of 
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nanoparticles affect their absorption by, tissue distribution within, and excretion by aquatic 

animals.  Understanding how these properties influence MetNP uptake and retention in filter-

feeding invertebrates such as bivalves that actively ingest particulate matter is especially critical 

as these invertebrates are common prey items and serve as a food source for man, thus raising 

concerns about potential biomagnification of MetNPs at higher trophic levels. 

The current work investigated the biological fate of two metallic nanoparticles (MetNPs)—

iron oxide nanoparticles (FeOxNP) with and without a polyethylene glycol (PEG) coating and 

PEG-coated quantum dots (PEG-Qdot)—in a marine mussel. Nanoparticle disposition and 

bioavailability were assessed using water column exposures.  A preliminary mass balance model 

was developed to determine particle bioavailability and clearance within test organisms.  These 

results provide fundamental information on both the environmental and biological fate of 

MetNPs in estuarine environments.  

Environmental significance of metallic nanoparticles. The production and search for 

commercial applications of nanoscale structures has been acclaimed as the next great general 

purpose technology that will impact society in a manner similar to the electronic technologies of 

the 20th century.1  A subset of nanoscale structures are nanoparticles, which have been defined 

by many authors as single particles with a diameter less than 100 nm and novel properties 

stemming from their small size.2  Nanoparticles can be synthesized from almost any material, but 

can be broadly separated into carbon based, such as C60 fullerenes and metal or metal oxides 

(collectively termed “metallic” nanoparticles or MetNPs henceforth).  MetNPs can be divided 

into many sub categories including quantum dots, which are semiconducting nanocrystals 

varying in size from ~2 to 100 nm.3 MetNPs are finding a growing number of applications in the 

medical, industrial, military and environmental sectors. 
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The potential for widespread environmental release is a recognized concern as a result of 

manufacturing processes, accidental spillage and through commercial uses such as personal-care 

products (e.g. sunscreens4). Other proposed applications of metal oxide nanoparticles, such as 

iron oxides, are in environmental remediation.5  Still other types of MetNPs including those 

made from silver, gold, manganese, and molybdenum have a variety of military or biomedical 

uses.6, 7  It is well known that aquatic sediments tend to be the ultimate repository for particulate 

bound contaminants.8 Thus, it is reasonable to assume a similar fate for MetNPs. This potential 

fate raises particular concerns for near-shore marine environments, which are expected to 

experience increased pollution from the growth of coastal urban centers. 

Marine invertebrates as test organisms. It is well established that all aquatic invertebrates 

accumulate trace metals due to environmental exposures.9  The ability of sessile marine 

invertebrates to accumulate and tolerate high levels of contaminants such as trace metals has 

spurred the international development of “mussel watch” programs, which use mussels and other 

bivalves as environmental sentinels of pollution.10  Associated with these activities has been 

substantial research activity in the past few decades to better understand the bioavailability of 

metals to marine invertebrates and physiological processes that appear to regulate tissue and 

cellular distribution and excretion of metals.11  The physicochemical form of absorbed metal in 

marine invertebrates is generally considered to exist in three different pools: small quantities 

freely soluble or in metabolically available forms (as for essential metals), bound with high 

affinity to specific proteins such as metallothioneins, and as insoluble nano- and micron sized 

granules.9 The formation of large metal granules in various tissues is a particularly interesting 

phenomenon well documented to occur in marine bivalves and decapod crustaceans (among 

other invertebrate groups) after laboratory and environmental exposures to a wide variety of 
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metals including Cu, Cd, Zn, Ti, Cr, Fe, Mo and Ag.12-17  The formation of metal granules 

particularly within digestive tissues is generally considered to be a detoxification process, with 

the granules eventually being excreted as a result of discharge of senescent cells into the feces.17  

With regard to trophic transfer of trace metals among invertebrates, recent evidence suggests 

metal granules can be bioavailable to predators feeding on bivalves and other invertebrates, 

although the extent appears to vary depending in part on the metal composition of the granules.18-

20 

The ability of marine invertebrates to form and store metallic nano-sized granules combined 

with the filter feeding behavior of bivalves such as mussels raises several important questions 

associated with exposure to synthetic MetNPs: can bivalves such as mussels accumulate and 

retain metallic nanoparticles; are all metallic nanoparticles accumulated alike or can mussels 

discriminate between particles; will metallic nanoparticles be stored and eliminated in a similar 

manner to naturally formed metal granules; and what is the potential for trophic transfer of 

MetNPs to predators?  

Overview of nanoparticle kinetics in animals. Results from mammalian studies using iron 

oxide or biodegradable nanoparticles of various sizes suggest that after intravascular injection, 

nanoparticles can be rapidly cleared from the bloodstream within minutes by a process known as 

opsonization, which involves the binding of opsonin proteins to the surface of the particle and 

subsequent removal by the reticulo-endothelial system (RES).21, 22 The RES removal process 

tends to cause non-biodegradable particles (such as iron oxide) to accumulate in the liver and 

spleen, which are the major tissues comprising the RES.23  However, this process can be 

disrupted by surface modifications to the nanoparticles that disrupt attachment of opsonin 

proteins thus prolonging by hours to days nanoparticle clearance from the bloodstream.24  In 
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addition to surface characteristics, another factor influencing blood clearance is size, with 

nanoparticles below 200 nm in diameter generally cleared more slowly than larger particles.23, 25  

Perhaps because most pharmaco-/toxicokinetic studies of nanoparticles are motivated by 

therapeutic implications, there has been a notable lack of studies on nanoparticles comprised of 

metallic cores other than iron oxide, preventing generalization about how the chemical properties 

of the nanoparticle core impact particle clearance rates and tissue distribution. 

There has been very little research effort to understand the biological fate of nanoparticles in 

aquatic organisms. Although invertebrates have a simplified version of the complement system,26 

it is unclear whether nanoparticles can be efficiently removed as compared to higher vertebrates.  

Of greatest relevance to this work, is the recent study by Haye et al.27 characterizing the uptake 

of spherical, latex nanoparticles varying in size from 40–1000 nm in the American oyster 

(Crassostrea virginica). This study reported that oysters were able to completely remove by 

filtering activity, 90-99% of the 40 nm latex particles from a 0.4 L solution (initial concentration 

2 mg L-1) within 4-10 hrs.  This result provides an indication of the potential for nanoparticle 

accumulation to occur in marine bivalves. Other studies, however, have shown that particle 

clearance rates vary considerably based on bivalve species and composition.  For example, Hull 

et al.25 reported that >180 h were required for Corbicula fluminea, to effectively clear 2 mg L-1 

(as Au) suspensions of protein-stabilized gold nanoparticles.  In this same study, particle 

clearance rates were related positively to primary particle diameter in the size range of 7 to 46 

nm.      

Need for explanatory frameworks and use of QSAR models for nanoparticles. The 

expanding diversity of nanoparticles underscores the need for basic studies relating nanoparticle 

physical and chemical properties with biological fate and toxicity. Development of structure 
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activity relationships for nanoparticles is a recognized priority worldwide to both focus 

experimental studies towards critical data gaps and provide risk assessors with a rational 

approach for estimating environmental impacts.28  With respect to MetNPs, important unresolved 

questions are related to whether any aspects of conceptual models for metal bioaccumulation in 

aquatic animals are relevant to nanoparticles. In the worst-case scenario, all that has been learned 

previously for metal bioaccumulation is useless towards understanding nanoparticle kinetic 

behavior.  Alternatively, there may be certain fundamental aspects of metal ion characteristics 

that can be used to allow prediction of nanoparticle bioavailability and disposition once 

confounding variables associated with nanoparticle physicochemical properties are better 

understood.  Therefore, an important aspect of the present work was the collection of a detailed 

toxicokinetic dataset on two different MetNPs that when integrated with findings from other 

MetNPs studies will permit statistical analysis using various predictive models of metal 

bioaccumulation, including metal ionic characteristics.  The latter has been successfully used to 

relate overall bioaccumulation or assimilation29, 30 and also specific aspects of metal 

toxicokinetics such as blood clearance after environmental exposures or intravascular injection in 

aquatic animals.31 These examples are in addition to many studies of metal toxicity and structure 

activity in diverse organisms from bacteria to rodents.32-35   

5.3 Experimental Section 

Synthesis and physical characterization of MetNPs. Carboxylic acid-terminated iron oxide 

nanoparticles (FeOxNP) of 50 nm diameter and stabilized in deionized water were purchased 

from Ocean Nanotech (Springdale, AR).  Varying surface chemistries were evaluated to achieve 

stabilized suspensions of FeOxNP in seawater exposure media.  Ultimately, a surface coating 

consisting of amine-terminated polyethylene glycol (PEG) was selected for subsequent 
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exposures as it prolonged the stability of FeOxNP in seawater test media relative to an FeOxNP 

suspension that was not stabilized with PEG (Figure 5-1).  PEG-FeOxNP were prepared by first 

activating the terminal carboxylic acid groups present on FeOxNP surfaces using carbodiimide 

and N-hydroxysuccinimide, followed by conjugation to a terminal amino group present on the 

PEG molecule.  In addition to PEG-stabilization of FeOxNP, one experiment involved 

stabilization of FeOxNP by extended stirring of FeOxNP in humic acid (HA).  The HA-FeOxNP 

were not stable in seawater test media, but their uptake by mussels was nevertheless investigated 

given the potential relevance of organic matter-stabilization of nanoscale particles to real-world 

environmental systems.  Samples of PEG-FeOxNP suspended in 0.45 µm filtered Sequim Bay 

seawater (SW) were prepared for analysis by Transmission Electron Microscopy (TEM) by 

dropcasting onto carbon and Formvar coated copper grids.  TEM analysis was carried out on a 

Zeiss 10CA TEM (60 kV) equipped with a high resolution (1024 ! 1024 pixel format) MT 

Advantage GR/HR-B CCD Camera System (Advanced Microscopy Techniques Corporation).  

Determination of the elemental composition of the PEG-FeOxNPs was performed as follows: 2.5 

mg of the material was fully dissolved in 5 mL of concentrated (15.6 M) HNO3 at room 

temperature after about 2 h contact time; the samples were then diluted 1600-fold in 1% (v/v) 

HNO3 and analyzed for Fe using an inductively coupled plasma-mass spectrometer (ICP-MS, 

Agilent 7500ce, Agilent Technologies, CA).    
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Figure 5-1. a) Suspensions of FeOxNP stabilized with PEG (left) and unstabilized (right) prepared in 
SW—note the visible aggregates in the unstabilized FeOxNP suspension on the right; b) TEM image of 
PEG-FeOxNP.  

 

 Carboxylic acid-terminated quantum dots (Qdot® ITK™) of approximately 8 nm length 

and 3 nm diameter comprised of a semiconducting CdSe core and ZnS shell were purchased 

from Invitrogen (Figure 5-2).  The core-shell particles were coated with a PEG layer to permit 

facile dispersion and retention of their optical properties in common aqueous matrices.  The 

particles exhibited a symmetric optical emission band with an emission maxima near 655 nm.   

 

Figure 5-2. Manufacturer-reported information for Invitrogen Qdot® ITK 655 quantum dots: a) 
TEM image of core-shell Qdot® nanoparticles at 200,000x magnification—scale bar = 20 nm. b) 
Schematic of Qdot® conjugate structure.  Image credit: Copyright © 2011, Invitrogen.     

Qdot® ITK™ Carboxyl Quantum Dots
Catalog nos. Q21341MP, Q21391MP, Q21331MP, Q21311MP, Q21301MP, A10200, Q21321MP, Q21361MP, Q21371MP

Table 1. Contents and storage information.

Material Amount Concentration Storage Stability

Qdot® ITK™ carboxyl 
quantum dots 250 µL 8 µM solution in 50 mM 

borate, pH 9.0
2–6°C
Do not freeze

•
•

When stored as directed the 
product is stable for at least 
6 months.

Approximate ! uorescence excitation/emission spectra: See Figure 2.

Introduction

Structure of 
Qdot® Nanocrystals Qdot® ITK™ (Innovator’s Tool Kit) carboxyl quantum dots are made from nanometer-

scale crystals of a semiconductor material (CdSe), which are shelled with an additional 
semiconductor layer (ZnS) to improve their chemical and optical properties. The Qdot® 705 
and Qdot® 800 nanocrystals, which include CdSeTe, are made in a similar fashion. These 
materials have narrow, symmetric emission bands with emission maxima near 525 nm, 
565 nm, 585 nm, 605 nm, 625 nm, 655 nm, 705 nm, or 800 nm. This core-shell material 
(Figure  1A) is further coated with a polymer layer that allows facile dispersion of the quantum 
dots in aqueous solutions with retention of their optical properties. The polymer coating 
has –COO- surface groups available for modifications such as macromolecule attachment 
(Figure 1B). Qdot® ITK™ carboxyl quantum dots are about the size of a large macromolecule or 
protein.

Figure 1. A. Transmission electron microscope image of core-shell Qdot® nanoparticles at 200,000x magnification. 
Scale bar = 20 nm. B. Schematic of the overall structure of a Qdot® conjugate. The layers represent the distinct structural 
elements of the Qdot® nanocrystal conjugates, and are roughly to scale. 

Revised: 20–December–2007 | MP 19020
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Water column exposures. Experiments were performed to focus on collecting a data set for 

nanoparticle accumulation and tissue distribution that allows for mass-balance determinations of 

a) nanoparticle transfer from the water column to the animal as well as b) nanoparticle fate 

within test organisms.  Mediterranean mussels (M. galloprovincialis) were obtained from local 

Puget Sound growers (Penn Cove, Whidbey Island WA) and held in flowing raw seawater from 

Sequim Bay. We then used a static exposure system (Figure 5-3) similar to that used in previous 

toxicokinetic studies by Schultz and Hayton employing fish 36 and by others with bivalves and 

latex nano- and micron-sized particles.27  Individual mussels were placed in one liter beakers 

partially filled (0.75 L) with sterile filtered Sequim Bay seawater (SW). The beakers were placed 

in a large (1 m wide ! 2.5 m long ! 0.3 m deep) water table flooded with SW providing a near 

constant temperature water bath during the experiment.  Prior to placement of a mussel in the 

exposure beakers, each beaker was seeded with a specific quantity of PEG-FeOxNP, HA-

FeOxNP, or PEG-Qdot.  Constant aeration was provided to maintain desired dissolved oxygen 

levels and to help maintain circulation of the nanoparticles within the exposure tank.  Next, a 

single mussel of 20-25 g total wet weight was added to each of three replicate beakers (n = 3) 

and observed for filtering behavior, which typically began within 5-20 minutes. Water samples 

were removed before and during filtering activity to assess uptake of MetNPs from the water 

column.  At selected time points, groups of mussels were serially euthanized and hemolymph 

samples removed from the posterior adductor muscle sinus, along with gills, intestinal, and 

digestive gland tissues.  Exposure beakers were also prepared that contained either a mussel shell 

or a mussel that had been banded closed to prevent filtering activity. 
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Figure 5-3. Experimental set-up for water column exposures. 

Time-course analysis of MetNPs in dosing solutions and water column and tissue 

samples. The total metal content of water and tissue samples (corrected for background levels) 

collected from the mussel experiments was determined using inductively-coupled plasma optical 

emission spectroscopy (ICP-OES) for all FeOxNPs and inductively-coupled plasma emission 

mass spectrometry (ICP-MS) for the PEG-Qdots.  These data were used to prepare time-course 

MetNP water column and tissue concentration profiles based on the concentration of each metal 

in the sample.  These profiles were used in subsequent toxicokinetic analysis, as described 

below.  Due to high Fe background levels in bivalve tissue, a magnetically-assisted clean-up 

procedure was used to separate FeOxNP fractions from dissolved Fe.  Briefly, soft tissue 

dissected from euthanized mussels was homogenized with a ground glass mortar and Teflon® 

pestel, diluted with deionized water 1:10, vortexed and centrifuged at 12,000 ! g for 10 min. to 

remove solid material; the supernatant was then placed on top of a magnet for 15 mins.  Next, to 

wash the samples, " of the supernatant was removed and then replaced with deionized water.  

This process was repeated three times to remove as much soluble Fe as reasonably possible.  

Finally, the bottom portion of the supernatant fraction was processed for analysis of Fe by ICP-

OES.  The ICP-OES / ICP-MS detection limits for Fe and Cd were in the 0.002 to 0.5 µg g-1 dry 

wt. range.  To prepare dosing solutions, and water column and tissue samples for analysis of 
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metals, the solutions and samples were digested in high purity acids in a pre-cleaned sealed 

Teflon® vials.  The digestates were diluted with 2% nitric acid and appropriate internal standards 

were added. Blanks, duplicates, matrix spikes, and certified reference materials, such as NIST 

Mussel Tissue SRM-2976 were prepared with each analytical batch.  

 

5.4 Results and Discussion 

Uptake and partitioning of PEG- and HA-FeOxNPs. Figure 5-4 summarizes the clearance 

and uptake of 50 nm PEG-FeOxNPs by mussels during the water column exposures. Based on 

the time-course Fe concentration profiles measured by ICP-MS in test and control beakers for 

2.5 h prior to the addition of mussels, PEG-FeOxNP is relatively stable in the seawater test 

media (Figure 5-4a).  Following addition of test organisms, clearance of PEG-FeOxNP occurred 

rapidly, with water column Fe concentrations reduced to 50% of the initial delivered Fe 

concentration within 1-2 h following the introduction of test organisms, and >90% of the initial 

water column Fe mass removed within 18 h (Figure 5-4b).  The rapid rate at which PEG-

FeOxNPs were cleared from suspension by M. galloprovincialis is more than 20 times faster 

than clearance rates reported for C. fluminea, for protein-stabilized gold nanoparticles.25  Despite 

the numerous experimental differences between the two studies, which prevent direct 

comparison of the two works (e.g., differences in particle composition, t0 nanoparticle 

concentration, surface coatings, assay media, test organisms), the dramatic difference in 

clearance rates between the studies is noteworthy and suggests distinct differences in how 

different species of bivalves process different types of MetNPs.  For example, clusters of 

nanoparticles are likely to be cleared more rapidly than individually-stabilized particles;37 and, 
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depending on the size of the laterofontal cirri of the gill, which are thought to play an important 

role in particle retention,38 some bivalve species may be better suited for filtration and retention 

of smaller particles than others.39    

In shell-only and banded live mussel control beakers, Fe levels decreased throughout the 

assay by ~30% and <20%, respectively, suggesting that some sorption of PEG-FeOxNP to shells 

or assay containers may have occurred.  Despite these losses to the system, it is apparent that M. 

galloprovincialis is capable of rapidly removing PEG-FeOxNP from suspension.  Post-exposure, 

test organisms were washed with fresh seawater, transferred to clean beakers containing seawater 

only, and permitted to depurate for >84 h.  Water column Fe levels did not increase appreciably 

(Figure 5-4c), suggesting that Fe was either retained by the test organisms for an extended 

period, or biodeposited to the subsurface as solid fecal matter.  Either of these scenarios is likely 

given previous studies demonstrating both the retention of MetNPs in bivalve organ systems 

(primarily the digestive tract and digestive gland) and biodeposition of MetNPs in solid feces.25 
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Figure 5-4. Uptake of 50 nm PEG-FeOxNPs from the water column by mussels. a) Pre-exposure 
evaluation of PEG-FeOxNP stability in SW.  Total Fe was measured after PEG-FeOxNPs were 
isolated magnetically.  b) Loss of Fe from water column after the addition of mussels to beakers 
(white squares, n = 3).  Shell only beakers are black squares.  Banded mussels (to prevent filtering) 
are represented by the black triangles.  c) Fe measured in water column during depuration.  After 
exposure, mussels were washed in clean SW and placed in new beakers with clean SW. 

 

Following the termination of the exposure, levels of Fe were measured in the hemolymph, 

digestive gland and remaining carcass at exposure termination (18 h) and at 73 and 140 h post-

exposure (mussels removed from PEG-FeOxNP exposure and allowed to depurate in fresh 

seawater).  Immediately following termination, most of the Fe—greater than 90% of what was 

initially added to the exposure water—was retained within the digestive gland, while very little 

(2-4%) was retained within the remaining carcass (Figure 5-5a).  These results suggest that the 

digestive gland of filter-feeding bivalves, and possibly ecologically similar biota, may serve as 

important organismal compartments for nanoparticle mass balances in aqueous systems.  



 115 

Although Fe levels in the digestive gland decreased by !10% after 73 h depuration, they 

remained elevated (Figure 5-5a).   

Levels of Fe measured in hemolymph were greatest immediately following the uptake 

period, but decreased by nearly 50% after 73 h depuration (Figure 5-5b).  Even after 73 h 

depuration, however, Fe levels in the actively-filtering mussels were 80% greater than those 

measured in the hemolymph of banded mussels that were allowed to depurate for the same 

period.  After 140 h depuration, Fe levels decreased by nearly 70%, yet remained significantly 

greater than Fe levels measured in control mussels.     

 

Figure 5-5. Levels of Fe in a) digestive gland and carcass at termination and after 18 and 73 h (n = 3), 
and b) hemolymph immediately following uptake plus 73 and 140 h depuration in fresh seawater.  
Note that most of the Fe, >90% of what was initially added to the exposure water is retained in the 
digestive gland.  Very little Fe, 2-4 %, is retained in the remaining carcass. 
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In addition to investigating clearance of the polymer-stabilized iron particles (i.e., PEG-

FeOxNP), we also evaluated the clearance and partitioning of humic-acid stabilized FeOxNP.   

As shown in Figure 5-6, the bioavailability of non-functionalized FeOxNPs was increased by the 

addition of humic acid (HA-FeOxNP), although this process is difficult to assess given that HA-

FeOxNPs were unstable in seawater test media as evidenced by the dramatic decrease in water 

column Fe in shell-only controls.  The instability of HA-FeOxNP in this test system is likely 

more indicative of the type of behavior displayed by most non-functionalized nanoscale 

materials, particularly upon addition to high ionic strength marine and estuarine waters.  Thus, 

the loss of Fe in these exposures is likely attributable in part to aggregation and subsequent 

settling of the HA-FeOxNP.  However, despite the overall instability of the test system, 

clearance rates for active mussels relative to shell-only controls indicate that the loss of Fe from 

the system was accelerated by mussel filtration (Figure 5-6).  As shown in Figure 5-7, even 

though particles were aggregating, the accelerated clearance of HA-FeOxNP once again resulted 

in the disproportionate accumulation of Fe in the mussel digestive gland relative to the remaining 

carcass. Although clearance of HA-FeOxNPs via the independent processes of 

aggregation/settling and mussel filtration cannot be discerned separately in this case, these data 

nevertheless support our previous findings indicating that FeOxNPs are likely to accumulate in 

the digestive gland following uptake from the water column.  
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Figure 5-6. Loss of Fe from SW after adding mussels (white squares, n = 3).   Black triangles indicate 

shell-only controls.  
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Figure 5-7. Total Fe in digestive gland and carcass following termination of mussel exposures to HA-
FeOxNP.  

Uptake and partitioning of PEG-Qdots. Similar to what was observed for PEG-FeOxNP, 

PEG-Qdots stabilized in seawater media (Figure 5-8a) were rapidly cleared from suspension and 

presumably accumulated by mussels during water column exposures (Figure 5-8b).  During 

depuration, Cd was not detectable in the water column (Figure 5-8c), suggesting that like PEG- 

and HA-FeOxNP, PEG-Qdots either were retained within mussels or incorporated within feces 

and egested to the bottom of the test chamber.    
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Figure 5-8. a) Pre-exposure tests for PEG-Qdot stability in solution as determined by levels of Cd.  b)  
Uptake of PEG-Qdots into mussels (white squares n = 4). Beakers with only mussel shells are black 
squares (n = 2).  c) PEG-Qdots in water during depuration.  After exposure, mussels were washed in 
SW and placed in new beakers with fresh SW. 

 

Following termination of the exposures, levels of Cd were measured in the hemolymph, 

digestive gland, and the remaining carcass at exposure termination (24 h) and after 72 h 

depuration.  Approximately 25% of the total Cd dose that was initially in the exposure water 

partitioned to the digestive gland, while very little (1-2%) remained in the carcass (Figure 5-9).  

While the levels of Cd partitioning to the carcass represent a fraction similar to that observed for 

Fe (both were <4%), the fraction of Cd retained within the digestive gland is markedly reduced 

(25% versus >90% for Cd and Fe, respectively).  Unlike the case of the FeOxNPs where we 

accounted for >90% of the added Fe mass within the M. galloprovincialis tissue (primarily the 

digestive gland), we accounted for only 25-27% of the Cd mass initially added to the system via 

PEG-Qdots.  One possible explanation for the missing Cd is that while PEG-Qdots were filtered 



 120 

and cleared from the water column, they may have been largely excreted in the feces of M. 

galloprovincialis test organisms prior to termination of the uptake phase of the exposure.  We 

cannot test this hypothesis, however, as fecal material was not recovered and analyzed for Cd 

content in our study.  Using radioisotopic techniques other researchers have shown that M. 

galloprovincialis rapidly eliminated foodborne 109Cd in fecal pellets.40  Related studies performed 

with other Mytilus species, M. edulis, M. trossulus, and M. californianus, present conflicting 

results suggesting that metal uptake and release kinetics, particularly for Cd, can vary 

considerably across species of Mytilus.41          

 

Figure 5-9. (left) PEG-Qdots in the digestive gland and remaining carcass after 72 h depuration. 
(right) % of PEG-Qdots in the tissue relative to the total loss of Cd from the exposure beaker. 

 

Figure 5-10 shows depuration of Cd from the hemolymph upon exposure termination and 

after 24 and 72 h depuration.  Most notable from these data is that upon termination, Cd levels in 
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hemolymph are nearly 100 times less than those measured for Fe (4 ng Cd mL-1 versus 400 ng Fe 

mL-1—Figures 5-10 and 5-5b, respectively).  After 24 h depuration, Cd levels in hemolymph 

have decreased by nearly 60%, but remain near this level for the duration of the assay, indicating 

only minimal elimination beyond this point.         

 

 

Figure 5-10. Depuration of Cd measured in hemolymph upon exposure termination and after 24 and 
72 h depuration in fresh SW. 

Despite comparable doses via water column exposures, the disproportionately high 

accumulation of PEG-FeOxNP relative to PEG-Qdot (in terms of measured Fe and Cd levels) 

may be attributable in part to the fact that Fe is an essential element with relatively low toxicity 

in waters of circumneutral pH,42 whereas Cd is widely regarded as a non-essential or trace 
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element with high toxicity.43  Many species of marine and freshwater bivalves have evolved 

cellular detoxification mechanisms that facilitate the elimination of Cd and similar toxic metals.42  

Summary. In summary, mussels rapidly accumulated all MetNPs investigated during the 

present work through filtering activity.  Surface functionalization with PEG prolonged stability 

of MetNPs in high ionic-strength filtered seawater test media, and facilitated the assessment of 

particle clearance by filtering mussels. Extended mixing of FeNP with humic acid minimally 

increased stability of FeNP in seawater, yet aggregation of HA-FeNP was evident based on 

dramatic decreases in Fe water column concentration-time profiles.  Interestingly, aggregation of 

HA-FeNP coupled with mussel filtering accelerated the removal of Fe from the water column, 

implying that that the bioavailability of some MetNPs can increase, at least temporarily, after 

environmental release and subsequent growth of MetNP aggregates to size regimes (e.g., micron-

scale) more accessible to filter-feeding bivalves.  Disposition studies indicated that the digestive 

gland was the predominant site of storage for all MetNPs after absorption by mussels with little 

evidence of MetNP migration to other organ systems.  
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Chapter 6. Conclusions 

6.1 Conclusions and Implications 

Given their colloidal stability in high ionic-strength matrices, functionalized MetNPs are 

anticipated to be persistent aquatic contaminants.  Despite their potential environmental 

significance, the persistence of surface-functionalized MetNPs as individually-stabilized 

nanoparticles in aquatic environments is largely unknown.  Further, few studies have 

investigated the fundamental factors influencing MetNP uptake and fate/transport processes in 

ecologically susceptible aquatic biota, such as filter-feeding bivalves, which ingest and 

accumulate a broad range of dissolved- and particulate-phase contaminants.  

We investigated the influence of size and surface chemistry on the uptake and biological fate 

and transport of MetNPs in two species of filter-feeding bivalves: C. fluminea, a freshwater 

clam, and M. galloprovincialis, a marine mussel.  An important objective of our work was to 

prepare well-characterized nanoparticle test suspensions and apply complementary 

characterization techniques that facilitated understanding of nanoparticle disposition in exposure 

media and within bivalve test organisms and biodeposited feces.  This comprehensive approach 

was warranted since much of the published literature offers limited understanding of the 

relationships between physicochemical properties of nanoscale particles and their uptake by 

aquatic biota.  In particular, many published studies fail to describe the persistence of nanoscale 

test materials in exposure media as individually stabilized nanoscale particles.  In theory, the 

existence of nanoscale materials as either individually-stabilized, monodisperse particles or as 

clusters or aggregates of varying size and shape would likely have significant effects on the 

nature of nanoparticle interactions with biological and environmental systems.  Thus, our 

research objectives were focused on investigating the validity of four hypotheses relevant to 
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understanding MetNP aggregation in aquatic systems and the subsequent uptake and fate of 

MetNPs by filter-feeding bivalves.  Findings and conclusions stemming from each of our four 

hypothesis statements are presented in the following sections.   

Hypothesis 1. Integrated characterization techniques are necessary to evaluate the 

stability and persistence of MetNP suspensions in aquatic media, and to effectively 

interpret the bioavailability of nanoscale particles to filter-feeding biota.  In studies of 

MetNP aggregation to date, researchers typically use time-resolved dynamic light scattering (TR-

DLS) to measure increases in hydrodynamic diameter over time, with UV-Vis spectroscopy 

being employed sparingly to verify the size or concentration of the pristine MetNP, or to confirm 

the presence of the classic red-shift of the localized surface plasmon resonance (LSPR) band 

known to occur when MetNPs aggregate.1-9  As we demonstrate in Chapter 2, the integration of 

DLS and UV-Vis measurements provides an important technique to characterize two distinct 

aggregation regimes that occur when optically-active MetNPs become destabilized. Regime 1 

represents the initial decrease in interparticle spacing that occurs as the double layer surrounding 

individual MetNPs contracts and monomers begin to interact and form clusters.10  Regime 1 is 

most effectively characterized through kinetic UV-Vis measurements and the subsequent 

calculation of the ratio of the absorbance at the primary LSPR band of the pristine MetNP 

suspension relative to the absorbance at a second LSPR band that occurs and intensifies as 

interparticle spacing decreases.10  Regime 2 occurs when interparticle spacing has effectively 

reached ‘0’ nm and cluster growth becomes the dominant process.  Regime 2 can be suitably 

characterized using TR-DLS to measure hydrodynamic diameter over time, which, as noted 

above, has been the primary means to evaluate this process in previous studies.2, 11   

Employing the complementary techniques of TR-DLS and TR-UV-Vis allows us to develop a 
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unique approach for quantifying the persistence of optically-active MetNPs as NNI-defined 

‘nanoscale’ materials, which we discuss in detail in Chapter 3.  Understanding the persistence of 

NPs, particularly MetNPs, in environmental systems is critical to environmental risk assessments 

of nanoscale materials and subsequent determinations of unique nanoscale hazards.  During the 

earliest stages of aggregation—which we define as Regime 1 in Chapter 2—UV-Vis 

measurements provide a rapid and cost-efficient means for characterizing the destabilization and 

subsequent loss of nano-unique properties (e.g., LSPR behavior) of MetNP suspensions before 

such events can be measured by DLS.  The rate at which these properties are lost can be used to 

define and relate the persistence of MetNPs as individually-stabilized nanoparticles with 

different surface coatings and upon addition to media of varying chemical composition.  

Additionally, the integration of both UV-Vis and DLS measurements can enhance understanding 

of MetNP disposition in exposure media, and provide critical insights about the effects of MetNP 

size, shape, aggregation state, and stability, on uptake, toxicity, and biological fate/transport in 

exposures with aquatic test organisms (such as we report in Chapter 4).     

Hypothesis 2. Uptake of MetNPs by filter-feeding bivalves should be modulated by 

particle size, with larger particles being cleared from suspension more rapidly than smaller 

particles.  Previous studies have shown that micron-sized particles are cleared from suspension 

by filter-feeding bivalves relatively rapidly (within 30 minutes to a few hours).12-16  Particle 

clearance rates are typically positively related to initial particle concentration and particle 

diameter.  However, studies of sub-micron particles are lacking in the peer-reviewed literature.  

We observed that clearance rates for bovine serum albumin-stabilized gold nanoparticles (BSA-

AuNP) were positively related to initial AuNP concentration in the range of 2 to 8 mg L-1 (as 

[Au]).  These results are consistent with experimental results showing that filter-feeding bivalves 
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increase filtration rates to maximize particle clearance.  Further, in support of our hypothesis that 

the positive relationship between particle size and clearance rate observed for micron-scale 

particles would extend into the nano domain, we observed that 46 nm BSA-AuNP were cleared 

from suspension by C. fluminea more rapidly than particles of either 7.8 or 15 nm in diameter.  

In contrast to these results, however, the marine mussel M. galloprovincialis cleared polymer-

coated FeOxNPs and Qdots ranging in size from 2-50 nm diameter equally rapidly.  Collectively, 

these results suggest that clearance rates for MetNPs by filter-feeding bivalves are expected to be 

a function of numerous factors including MetNP composition, concentration, primary particle 

diameter, dispersing media, and bivalve species.  

Hypothesis 3. Biological fate and transport of MetNPs in filter-feeding bivalves should 

follow established bivalve models and localize primarily in the gills, mantle, and digestive 

gland; non-compartmental toxicokinetic models may be useful for predicting MetNP fate in 

bivalves.  In clearance studies with both C. fluminea and M. galloprovincialis, we observed that 

MetNPs partitioned primarily to the digestive tract and/or the digestive gland.  These results 

were confirmed using three different techniques to analyze metals in tissue and organ systems 

including x-ray fluorescence microscopy (µ-XRF), inductively coupled plasma emission mass 

spectroscopy (ICP-MS), and optical emission spectroscopy (ICP-OES).  In general, there was 

little evidence suggesting that MetNPs were translocated to other organ systems, but in-depth 

histological and electron microscopy studies with additional MetNP types varying in diameter 

and surface coating are required to better understand the potential for MetNPs to pass through 

the digestive epithelium and accumulate in biological compartments beyond the digestive 

system.  Nevertheless, our observation that three different types of MetNPs partitioned primarily 

to the digestive glands of two different bivalve species is compelling evidence that the biological 
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fate of MetNPs in bivalves is likely to be similar to that observed for dissolved metals.  Finally, 

although we cannot yet definitively conclude that non-compartmental toxicokinetic models are 

useful for predicting MetNP fate in bivalves, we have collected a preliminary dataset with M. 

galloprovincialis (Chapter 5) that can be used to inform future efforts to develop such models.       

Hypothesis 4. Biodeposition will factor prominently in the transference of MetNPs from 

the water column to the benthic zone, and patterns of uptake and biodeposition may be 

useful for biomonitoring of AuNP as well as other nanoparticles discharged to aquatic 

systems. Biodeposition, or the biologically-mediated process of transferring particulates 

suspended in the water column to subsurface environments, is an important ecological function 

performed by filter-feeding bivalves.  To our knowledge, no other studies have investigated the 

influence of biodeposition on the environmental fate and transport of NPs in general and MetNPs 

in particular.  Further, no studies have examined the effects of bivalve digestive processes on the 

physicochemical properties of biodeposited MetNPs versus pristine MetNPs.  Our results, which 

clearly show that AuNPs were concentrated in C. fluminea feces in both free and aggregated 

forms, demonstrate that biodeposition is likely to factor significantly in transferring 

physicochemically-altered forms of MetNPs from the water column to the benthic zone.  The 

ultimate biological fate and toxicity of these altered MetNPs to benthic-dwelling organisms is 

largely unknown, but is expected to differ from the fate and toxicity of pristine MetNPs.  Finally, 

the observation that colloidally stable MetNPs can be accumulated and concentrated by filter-

feeding bivalves in tissue and feces indicates that in addition to their long-held utility as 

indicators of dissolved chemical pollutants, bivalves should serve as useful biomonitors for 

MetNPs discharged to aquatic systems.  Further studies are needed, however, to investigate such 

utility at environmentally relevant concentrations (e.g., <100 µg L-1).         
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6.2 A Simplified Conceptual Framework for Bivalve-Mediated Uptake and Fate/ Transport 

of MetNPs  

Figure 6-1 presents a simplified conceptual framework for the bivalve-mediated uptake and 

fate/transport of MetNPs in aquatic systems.  Based upon our studies and a synthesis of the 

current literature,2, 11 dependent on their surface chemistry and the chemistry of aquatic receiving 

systems, pristine MetNPs will either aggregate rapidly (‘Unstable’) or remain suspended in the 

water column for indefinite periods (‘Stable’).  Aggregation and settling processes of MetNPs 

and numerous other colloidal materials have been studied extensively (e.g., Chapter 2), and a 

range of parameters including our proposed metric for measuring the persistence of optically-

active MetNPs as individually-stabilized nanoparticles (Chapter 3) can be used to describe these 

processes quantitatively.  While unstable MetNPs are likely to be transferred from the water 

column to subsurface environments via gravitational settling, some researchers suggest that 

aggregate formation and a subsequent increase in particle size is likely to accelerate clearance of 

nanoscale particles by filter-feeding bivalves.17  Although our work cannot directly confirm or 

refute such claims, our observation that clearance rates were positively related to primary particle 

diameter (dTEM) indirectly supports this possibility.  More importantly, however, our results 

confirm that bivalves are capable of filtering and removing from the water column individually 

stabilized nanoscale particles (Chapters 4 and 5).  Once filtered by bivalves, MetNP are 

expected to partition primarily to the digestive gland and digestive tract, where they are altered 

physicochemically and excreted in feces.  Thus, biodeposition is expected to be an important 

mechanism whereby MetNPs are transferred by filter-feeding bivalves from the water column to 

subsurface environments.     
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Figure 6-1. Simplified conceptual framework for bivalve-mediated uptake and fate/transport of MetNPs in 
aquatic systems.   

 

6.3 Summary and Future Work 

In summary, the present study describes a comprehensive approach to prepare and rigorously 

characterize MetNP test suspensions to facilitate fundamental examinations of nanoparticle 

uptake and fate/transport processes in freshwater and marine bivalves.  We demonstrate the 

importance of accurately characterizing test suspensions in order to better understand MetNP 

persistence as individually-stabilized nanoparticles within aquatic test media, and define an 
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optical-activity metric suitable for quantifying and comparing the persistence of variable MetNP 

formulations as National Nanotechnology Initiative (NNI) definable nanoscale materials.  We 

also show that individually-stabilized MetNPs of variable elemental composition, particle 

diameter, and surface coating are accessible to bivalves in both freshwater and marine 

environments.  Clearance rates for MetNPs are positively related to the diameter and initial 

concentration of MetNP suspensions.  The observed size-dependence of particle filtration rates 

facilitates ‘size-selective biopurification’ of particle suspensions with nanoscale resolution, and 

may have applicability in future sustainable nanomanufacturing processes.  Filtered MetNPs are 

retained for extended periods post-exposure primarily within the bivalve digestive tract and 

digestive gland, but migration to other organ systems was not observed.  Clusters of MetNPs 

were recovered in concentrated form from excreted feces, suggesting that biotransformation and 

biodeposition processes will play an important role in transferring MetNPs from the water 

column to benthic environments. 

Prospects for future research have been noted in the preceding sections, but in general should 

include the following: 

• Studies of MetNP uptake, fate/transport should be expanded to include smaller particle 

diameters (e.g., < 5 nm) and additional surface coatings to determine the potential for 

MetNPs to cross the digestive epithelium and partition to organ systems beyond the 

digestive gland and digestive tract. 

• Although the MetNPs investigated in the current study were not acutely toxic to test 

organisms (i.e., survivorship was 100% in all experiments), studies are needed to 

assess the sublethal toxicity of MetNPs.   

• Physicochemical transformation (e.g., aggregation, dissolution) of MetNPs that could 
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potentially occur during filtering, digestion, and subsequent biodeposition should be 

characterized more extensively to facilitate understanding of the potential impacts of 

biodeposited MetNPs on other benthic-dwelling organisms.   

• The utility of bivalves for biomonitoring of NPs in general and MetNPs in particular 

should be investigated at environmentally-relevant concentrations below 100 µg L-1.    
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