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Abstract 

Engineered nanomaterials (ENMs) have become increasingly popular for use in 
both industrial and consumer settings in recent years. Of the myriad of materials used to 
synthesize ENMs, silver is one of the most common. Silver nanoparticles (AgNPs) 
undergo dynamic transformations in biological environments, leading to modifications in 
their reactivity, surface interactions, and speciation. In particular, release of ionic silver 
(Ag(I)(aq)) through AgNP dissolution can have significant impacts on ecological and 
human health. Thus, quantifying AgNP dissolution rates in biologically relevant matrices 
can provide valuable information regarding their potential cytotoxic effects. Linear sweep 
stripping voltammetry (LSSV) is a technique that provides high throughput, in situ 
measurements of the concentration of Ag(I)(aq) dissolved from AgNPs. These 
measurements are better time-resolved and have comparable sensitivities to those 
obtained using atomic spectroscopic techniques, allowing for more detailed investigation 
of AgNP dissolution kinetics. 

LSSV was first used to investigate the dissolution of AgNPs in the presence of 
bovine serum albumin (BSA), a point-of-use system used to model medical and 
consumer applications of AgNPs. Dissolution of AgNPs was enhanced in the presence of 
BSA in a concentration-dependent manner. This effect was also dependent on AgNP 
diameter, with smaller particles exhibiting a greater degree of BSA-enhanced dissolution 
than larger particles. These findings were supported by AgNP-BSA binding assays, 
which showed a subtle decrease in AgNP-BSA binding strength with decreasing AgNP 
size. These data point to a model in which Ag(I)(aq)-loaded BSA is displaced by BSA in 
the bulk solution in a more facile manner at the surface of smaller AgNPs. LSSV was 
subsequently used to probe the dissolution of AgNPs in the presence of peptone yeast 
extract growth medium (PYE) and metabolites isolated from the bacterium Caulobacter 
crescentus, referred to as "spent medium". There is significant overlap between common 
AgNP waste repositories and the habitats of C. crescentus, making this a relevant end-of-
use model. Dissolution of AgNPs was mediated by spent medium in a culture density-
dependent manner. DLS size data show increasing hydrodynamic diameter of AgNPs 
when incubated with spent medium from increasingly dense cultures, supporting these 
findings. We hypothesize that glutathione (GSH) levels in spent medium vary with the 
density of their derivative culture, and that GSH is responsible for both this dissolution 
trend and surface layer formation on AgNPs. 

Both the point-of-use and end-of-use models investigated here allowed us to 
characterize AgNP dissolution in a wide range of environments. Further, the novel 
application of LSSV to study AgNP dissolution kinetics can be expanded to encompass 
other model proteins and bacterial species. In this way, the present work both advances 
our understanding of complex AgNP transformations and provides quantitative analytical 
tools that can be easily accessed and more broadly applied by other researchers in the 
nanotechnology field. 
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Chapter 1: Introduction 

The use of silver nanoparticles ( AgNPs) has seen a marked increase in industrial 

production, medical applications, and consumer product placement in recent years. 1 They 

are being used in novel drug delivery pathways,2 food packaging,3 sunscreens, 4 athletic 

clothing, 5 antimicrobial agents and disinfectants, 6 and even solar panels. 7 The global 

production of AgNPs is estimated to be between 320 and 500 tons per year, making up 

;:::;25% of total engineered nanomaterials (ENMs) globally. 8- 10 However, the increased use 

of ENMs has led to their release into the environment, which primarily occurs through 

three pathways: i) release during production; ii) release during use; and iii) release after 

use ( during disposal). The greatest portion of environmental AgNPs enter through waste 

streams, including wastewater effiuent and landfill leachate. According to a model 

developed by Mueller and Nowack, 8 textiles, cosmetics, supplements, metal products, 

plastics, cleaning agents, paint, and seatings collectively made up nearly 100% of total 

AgNP use in consumer products. All of these product categories have the potential to be 

placed in landfills and in wastewater streams. Due to the extensiveness of AgNP use, it 

follows that there would be a large body of academic work surrounding properties unique 

to AgNPs. While a majority of the work conducted relates to industrial and consumer 

applications, the environmental impacts and biological interactions associated with 

AgNPs have been less-frequently studied. 

The utility of AgNPs is largely derived from the special properties that silver 

possesses at the nanoscale , including biophysicochemical surface interactions due to 

modifications not possible in the bulk parent material. 11 AgNPs undergo surface changes 

that can induce free energy changes, structural diversity, catalytic activity, and variable 
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dissolution rates. 12 As released free ionic silver carries the greatest degree of cytotoxicity 

in AgNP solutions, 13 factors affecting ionic release during oxidative particle dissolution 

are some of the most consequential in regards to biological and environmental impacts. 14 

Thus, in this work, linear sweep stripping voltammetry (LSSV), an advanced 

electrochemical technique, was optimized and utilized to investigate the effects of various 

biological media on AgNP dissolution. Point-of-use and end-of-use model systems were 

used to characterize the scope of AgNP dissolution spanning consumer products to waste 

repositories. Herein, the dissolution of AgNPs in the presence of bovine serum albumin 

(BSA) and the metabolic products of the bacterium Caulobacter crescentus will be 

discussed. 

1. 1 Silver N anoparti cle Transformati ans 

Engineered nanomaterials (ENMs) are a diverse set of materials which range from 

1-100 nm in size and can be synthesized with a number of shapes that have multiple 

nanoscale dimensions, such as nanoplates, nanofibers, and nanospheres ( one, two, and 

three nanoscale dimensions, respectively). ENMs also vary in composition, ranging from 

metals and metal oxides such as Ag, Fe, Zn, Au, TiO2 and ZnO, to organics like silica, 

polystyrene and C.15 The synthesis of metal and metal oxide ENMs is typically achieved 

by the reduction of a metal salt. The resulting nanoparticle suspension is stabilized by 

surface coatings to prevent ENM aggregation in solution either through electrostatic or 

steric repulsion. 16 

AgNPs are one of several ENMs that undergo aggregation. Aggregation kinetics 

have been modeled using Derajaguin-Landau-Verway-Overbeak (DVLO) theories, a set 
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of equations that allow the calculation of second-order rates of aggregation. These 

models assume both that aggregation is dominated by electrostatic forces, and that 

nanoparticles in solution are spherical. In many cases, negatively charged coatings such 

as citrate are used to cover the surface of AgNPs, providing a charge layer between 

distinct nanoparticles and preventing aggregation via electrostatic repulsion forces. It 

then follows that the addition of ionic species to citrate-stabilized AgNPs will disrupt this 

charge layer, lessening electrostatic repulsion and allowing for the aggregation of AgNPs. 

As the ionic concentration of the solution increases, the rate of AgNP aggregation 

simultaneously increases until the critical coagulation concentration (CCC) is reached. 

The CCC describes the concentration of electrolyte beyond which the AgNP suspension 

is completely destabilized and the rate of aggregation is independent of further increases 

in ionic strength. 17 

Stabilization is vital to the utility of AgNPs, enabling their successful transport 

and functionality in industrial settings. The main modes of interaction between coating 

ligands and the AgNP surface include chemisorption processes, electrostatic interactions, 

and hydrophobic interactions. 18 Some functional groups that are capable of strong 

interactions with the surface of AgNPs include -COOH, -C=O, -NH and -SH. These 

groups are capable of both stabilizing the AgNP (maintaining its nanoparticulate form) or 

functionali zing it (modifying its bioavailability in various matrices ).19 

The biophysicochemical interactions that occur at the AgNP surface interface are 

extremely diverse in both scope and effects. Most pertinent to this project are the 

formation of protein coronas, or coatings of protein, on the AgNP surface. Corona 

formation is dependent on dynamic AgNP-protein interaction , involving both the varying 

4 



binding affinities of proteins to the AgNP surface and the exchange of bound protein 

ligands with bulk protein suspended in solution. Proteins that possess greater affinity for 

the AgNP surface exchange slowly, at time scales on the order of multiple hours. These 

proteins form what is termed the "hard corona". Proteins with lower affinities for the 

AgNP surface exchange on the order of seconds or minutes , forming a "soft corona". 20 In 

this transformation, surface charges play a role in the degree of protein affinity for the 

AgNP surface. For example, anionic proteins see a decreased affinity towards binding 

AgNPs coated with negatively charged citrate. 21 In addition, the composition and binding 

interactions of these surface coronas are often influenced by nanoparticle morphology, in 

particular the size and surface curvature of AgNPs. 22- 26 

When investigating the toxicity of AgNPs, it is extremely important to account for 

interactions with the surrounding medium in addition to interactions with living 

organisms. For example , the interaction of AgNPs with a protein medium has been 

shown to influence the reactivity of the particles, and thus is of great consequence when 

investigating their cytotoxic effects. 27 The release of Ag(I)( aq) has been shown to imbue 

the greatest degree of cytotoxicity when compared to other species present in 

nanoparticle suspensions, such as silver in its nanoparticulate form. 28 The most 

commonly proposed mechanism for Ag(I)(aq) toxicity includes the uptake of free 

Ag(I)(aq), whereafter it interferes with enzymes in the respiratory chain reaction as well 

as transport proteins, compromising the proton-motive force as well as interfering with 

phosphate uptake. 29- 32 However, other studies have presented evidence that the presence 

of AgNPs and Ag(l)(aq) together show combined enhanced toxicity. 33•34 This toxicity can 

proceed through the generation of reactive oxygen species (ROS) which disrupt protein 
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structures and interfere with DNA replication, 35- 37 and direct disruption of the cell 

membrane, 35- 37 both of which are extremely deleterious to living cells. From these 

previous studies, it is evident that the cytotoxic action of AgNPs cannot wholly be 

attributed to the release of ionic silver. 38 This discrepancy calls for a more comprehensive 

investigation of the interactions that occur at the AgNP surface in biological matrices, 

particularly in regard to matrix effects on AgNP dissolution. 

AgNPs undergo oxidative dissolution according to: 

2Ag(s) + ~0 2 (aq) + 2H+ 2Ag(I)(adsorbed) + H2 O(l) 2Ag(I)(aq) + H2 O(l) (1) 

where zerovalent particulate silver (Ag(s)), surface oxidized ionic silver 

(Ag(I)(adsorbed)), and dissolved ionic silver (Ag(I)(aq)) are speciated in solution. 39 

However, even in the presence of oxygen, AgNPs do not undergo complete dissolution, 

with reports in the literature placing the extent of AgNP dissolution between ;c::;I 5% to 

;c::;60%.40-4 3 Only in the presence of a strong oxidizing agent such as H2O2 is complete 

dissolution of these particles observed.41 In addition, the composition of nanoparticle 

suspensions affects their dissolution rate. For example, in the presence of excess chloride 

anions (Cl/ Ag ratio 2675) in the AgNP suspension, speciation of dissolved Ag(I)( aq) to 

soluble AgClx(x-l)- can drive the equilibrium of this dissolution based on Le Chatelier's 

principle. The formation of soluble AgCl species removes Ag(I)(aq) from solution 

( decreases the concentration of the product) , leading to the formation of more 

Ag(I)(aq). 44•45 This phenomenon is possible because of the low thermodynamic stability 

of AgCl at high Cl/ Ag, thus allowing AgCl/x-l)- to dominate. 46 Organic ligands and 

sulfur-containing compounds have been shown to complex with the surface of AgNPs 

and stabilize their structure , preventing dissolution. 47 .48 Dissolution effects are also 
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modulated by pH, with enhanced dissolution at lower pH values. 49 Changes to AgNP 

dissolution kinetics and mechanisms induced by the presence of proteins is another 

property that has recently garnered growing attention. These proteins have been shown to 

participate in the nucleophilic dissolution of the nanoparticle, and in limiting reactant 

access (such as oxygen) to the surface of the particle. 42 

1. 2 Model Systems for Investigating AgNP Surface Modifications 

There have been a number of model systems proposed to investigate the 

dissolution of AgNPs in the presence of biological matrices, including simple model 

proteins ,45 artificial sea water, 50 cell culture medium and hard water, 51•52 live bacterial 

cultures, 53 and even simulated gastric acid and complex protein systems. 54 From the 

research surrounding these model systems, it is clear that work regarding AgNP 

dissolution model systems has spanned the scope of point-of-use (medical treatment , 

consumer products etc.) to end-of-use (waste streams). In order to form a complete 

picture of the effects of AgNP use in industry, medicine, and the environment , the 

development of representative model systems is an important avenue of research. Testing 

the validity and impacts of point-of-use and end-of-use model systems for the study of 

AgNP dissolution is one of the major aims of this work. 

Point-of-use models are an important avenue in discussing the impacts of AgNP 

utilization. These models encompass the effects of products at the time point and location 

of their application. For example , testing the chemical contents of water that has 

contacted a particular type of metal piping is a point-of-use model system for water purity 

in homes that use these specific metal pipes. In the context of AgNP dissolution , a similar 
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tract involves the quantification of Ag(J)(aq) in the presence of biological matrices which 

model human systems. For example, previous work in our lab has shown that decreased 

pH and increased NaCl concentration in simulated sweat lead to enhanced AgNP 

dissolution. 55 This is a prime example of a point-of-use study, in which a common 

application of AgNPs in consumer products ( athletic wear used during exercise, in this 

case) was used as a model system to elucidate possible impacts on AgNP dissolution. 

AgNPs are also beginning to be studied as a drug delivery vehicle through surface 

conjugation with bioactive molecules. Molecules that have been successfully conjugated 

to the AgNP surface include the immunosuppressant azathioprine , 56 which is used to treat 

rheumatoid arthritis, and antibiotics such as tetracycline 57 and vancomycin 58 which are 

hypothesized to function synergistically with the intrinsic antibacterial properties of 

AgNPs. 59 While drug delivery applications are an exciting new avenue of research, we 

must exercise caution and fully explore the impacts of AgNPs on the human body before 

introduction of these compounds in treatment regimens. Logical next steps involve 

observing the effect of serum proteins on the dissolution of AgNPs, as these proteins 

make up the largest portion of proteins in blood plasma 60 and therefore represent an 

effective point-of-use matrix for the study of AgNP dissolution in the context of drug 

delivery. Human serum albumin (HSA) and the structurally analogous bovine serum 

albumin (BSA) have been used interchangeably in many studies, 61- 64 including to 

understand the role of proteins in mediating the dissolution of AgNPs. 65 In the present 

work, a comprehensive analysis of AgNP dissolution and the formation of the protein 

corona was evaluated over several concentrations of BSA and several nanoparticle sizes 

in order to elucidate the mechanism of protein-mediated changes to AgNP properties. 
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While BSA provides us with a model for understanding the influence of simple 

AgNP-protein interactions on AgNP dissolution, analysis of AgNP behaviors in more 

complex matrices and at end-of-use points is required to further characterize AgNP 

interactions in the environment. Generally, end-of-use points for AgNP-related consumer 

products and medicines are waste streams, which include wastewater effluent and landfill 

leachate. Estimates of total ENM waste release indicate that landfills c~ 63-91 %) and 

soils c~ 8-28%) receive the largest share of environmental discharge, followed by the 

aquatic environment(~ 7%) and air(~ 1.5%).66 

A potentially relevant environmental matrix for evaluating AgNP dissolution is 

the metabolic waste of the bacterium Caulobacter crescentus. C. crescentus is an 

oligotrophic alphaproteobacterium that is ubiquitous in surface fresh water, estuarine 

environments, and soils.67 Wild-type C. crescentus cells can be found in two distinct 

Non-cyclic Development 

Cyclic Develop/, 

/ G, phase /J 
~ lkedcell .. ,.~n 
Holdfast_/) 

Figure 1. Outlines the life cycle of Caulobacter crescentus, including its 
stages of development and various morphotypes. This image was 
reproduced from Curtis & Brun et al., 2010.67 
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morphotypes: a motile "swarmer" cell containing a flagellum and multiple pili at one 

pole, and a sessile "stalked" cell, where the flagellum has been replaced by a thin 

extension of the cell membrane called a prostheca, or stalk, as pictured in Figure 1. 

The cell cycle proceeds as follows: the stalked cell (the progenitor, or "mother" 

cell) is the only replication and division-competent morphotype, and so division begins in 

this stage. As division proceeds through the synthesis (S) phase, DNA is replicated until 

the cell enters the G2 phase, where it becomes replication incompetent. At this point, a 

swarmer (daughter) cell is produced. Separation of the cells marks the introduction of a 

new swarmer cell, while the original stalked cell re-enters the divisional cycle. This new 

swarmer cell is replication incompetent, but is capable of differentiation into a competent 

stalked cell at a later time point, and thus capable of perpetuating the cell cycle of the 

bacterium (Figure 1).67 At different culture densities, different cell morphotypes tend to 

dominate , 68
•
69 and these different cell cycle stages could potentially have varying 

metabolic requirements and outputs.70 

There is a significant amount of overlap between the habitats of C. crescentus and 

the terminal location of industrial and consumer waste streams for AgNPs, indicating its 

utility as an end-of-use model. Furthermore , while previous studies have extensively 

studied the cytotoxic effects of AgNPs on bacterial cells,53•71- 73 the effects of isolated 

bacterial metabolite composition on AgNP dissolution have been neglected. Assaying 

AgNP dissolution in the presence of these isolated metabolites would provide unique 

insights into the behavior of AgNPs in biological matrices , while maintaining 

independence from cellular effects. This could grant a more nuanced look at the 

mechanisms involved in the oxidative dissolution of AgNPs. 



1.3 Analytical Tools for AgNP Characterization 

A number of techniques are utilized in characterizing interactions at the AgNP 

interface. Only those most relevant to the current work are addressed here, including UV-

Vis spectroscopy, dynamic light scattering (DLS), and circular dichroism (CD). UV-Vis 

spectroscopy can be used to characterize AgNP surf ace interactions due to an effect 

called localized surface plasmon resonance (LSPR) in which electrons oscillate in the 

conduction layer of an irradiated surface. Because AgNP diameters are by definition 

smaller than light wavelengths in the UV-visible region, the particle vibrates and 

becomes resonant allowing it to absorb light in this region. 74 The peak absorbance of 

AgNPs as recorded by UV- Vis spectroscopy is the wavelength at which AgNPs exhibit 

optical diffraction. 75 These absorbance measurements can be used to calculate the binding 

constants for proteins (in this case, BSA) adsorbing to the surface of AgNPs using a 

Langmuir adsorption isotherm: 

,:l,l 

L1Amax 

Ka[BSA] 
1 + Ka[BSA] (2) 

where a red shift in the peak maximum Amax of the LSPR band of AgNPs occurs upon 

protein binding. This shift is thought to be caused by a change in the refractive index of 

the particles when bound. 76•77 In this equation, Llil is the shift in the peak maximum, 

Llilmax is the maximum shift, Kais the binding constant , and [BSA] is the concentration of 

BSA. 

Dynamic light scattering (DLS) serves to measure the hydrodynamic diameter and 

zeta potential(~) of suspended AgNPs. In solution (such as a buffer) the positions of 

suspended AgNPs are changed by contact with the surrounding solvent molecules, 

resulting in a process called Brownian motion in which each AgNP undergoes constant 
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motion uncorrelated with that of other particles. When light is directed through the 

solution, the moving AgNPs scatter the light which leads to time-dependent changes in 

light intensity recorded by a detector. These fluctuations are directly related to the 

diffusion of the AgNPs through the solution, and therefore their hydrodynamic diameter, 

as outlined by the Stokes-Einstein equation: 

2ksT 

6TCJJD 
(3) 

where dH is the hydrodynamic diameter, D is the diffusion coefficient, k8 is Boltzmann's 

constant, Tis temperature, and T/ is the viscosity of the suspension. Zeta-potential 

measures the surface charge of suspended AgNPs by employing much the same strategy 

while correlating the particle mobility to Doppler shift under an applied electric field. In 

addition, DLS can be used to monitor colloidal stability through the polydispersity index 

(PDI). PDI is a measure of solution uniformity, with greater PDI values indicating larger 

size distributions of the sample. A low PDI value recorded during DLS size 

measurements indicates that the particles suspended in solution possess colloidal 

stability. 78 By using DLS, it is possible to measure size increases and surface charge 

changes of nanoparticles as protein coronas form on their surface 79 and further 

characterize the existence and degree of protein-AgNP interaction at the surface interface. 

Circular dichroism (CD) is an absorption spectroscopy method which takes 

advantage of the optical activity of chiral molecules (such as BSA) by measuring the 

preferential absorption ofleft or right circularly polarized light by the molecule. The 

difference in absorption between the two directions of polarized light is measured and 

used to determine characteristics of protein secondary structure. For example , a-helices 

and ~-sheets have characteristic absorption profiles, which can be used to evaluate 
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conformational changes in the protein due to adsorption to the AgNP surface. 80 This 

provides another method by which the presence and extent of protein-AgNP interaction 

can be characterized. 

A second major aim of this work is to develop techniques that allow for the 

inexpensive and rapid quantification of AgNP dissolution through the direct measurement 

of the dissolved fraction, Ag(I). Atomic spectroscopy is most typically used in 

determining concentrations of metal ions in solution , including techniques such as 

graphite furnace and flame atomic absorption spectroscopy (GF AAS, FAAS) , 81- 85 

inductively coupled plasma-optical emission spectroscopy (ICP-OES) ,46-86,87 and 

inductively coupled plasma mass spectroscopy (ICP-MS). 45•52•88•89 While having sensitive 

limits of detection for Ag(I) (typically µg/L or sub-µg /L), these methods carry a number 

of limitations. Spectroscopic methods require arduous sample preparation processes 

intended to separate dissolved ionic species from their nanoparticulate forms. Multiple 

rounds of centrifugation are necessary to effectively carry out this separation and can 

result in loss of sample, incomplete separation, and introduction of contaminating 

species. The detection capabilities of atomic spectroscopy are also significantly 

influenced by the sample matrix, sometimes leading to undesirable species in solution 

that carry different degrees of ionization. 38 Finally, atomic spectroscopy sample 

preparation requires relatively long periods of time. This means that the time resolution 

between measurements is low, making short-term kinetics studies with these techniques 

problematic. 

As a lower-cost and better time-resolved method for determining released ionic 

species concentration from metal or metal oxide ENMs, we utilize linear sweep stripping 
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voltammetry (LSSV) here to determine the first-order rate kinetics of AgNP 

dissolution. LSSV employs a three-electrode setup with an auxiliary, reference , and 

working electrode. The working electrode is held at a sufficiently negative potential to 

reduce Ag(I)(aq) to Ag0, or "deposit", the silver ions. Then , the potential is swept linearly 

towards a more positive potential. As the potential passes through the redox potential of 

silver, the Ag0 that was deposited at the electrode surf ace is oxidized back to 

Ag(I)(aq). This oxidation generates a flux of electrons at the working electrode which 

produces a measurable current that is directly proportional to the concentration of 

Ag(I)(aq) in solution. The improved cost, sample preparation, and time resolution of 

electrochemical techniques such as LSSV will generate a deeper understanding of AgNP 

dissolution kinetics in simulated biological environments and will allow us to determine 

what constitutes the responsible use of AgNPs in industrial and consumer products in the 

future. 

1. 4 Proposed Wark 

It is clear from previous studies that the effects of model protein systems (point-

of-use) and complex bacterial systems (end-of-use) will provide a more complete picture 

of AgNP dissolution in biological matrices. In this work, we first present a 

comprehensive evaluation of AgNP dissolution in the presence of BSA. We quantified 

the dissolution behaviors of three AgNP sizes (10 nm, 20 nm , and 40 nm) across several 

concentrations of BSA (0, 0.5, 1, and 2 nM) using LSSV. The low concentrations of BSA 

employed allowed for measurable changes in AgNP dissolution , but prevented additional 

AgNP transformations , like aggregation. 54 We also characterized the adsorption of BSA 
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on AgNPs using a variety of techniques. DLS size and zeta potential measurements were 

used to monitor changes in AgNP size and surface charge upon interaction with BSA. 

UV-vis spectroscopy was used to estimate BSA-AgNP binding constants with Langmuir 

adsorption isotherms. Finally, CD spectroscopy was used to evaluate any changes in BSA 

secondary structure. 

The second portion of this work presents observations of AgNP dissolution in the 

presence of isolated C. crescentus metabolites, or "spent" peptone yeast extract (PYE) 

medium as it will be referred to from this point forward. We quantified the dissolution 

behavior of 40 nm AgNPs across increasing optical density (OD6oo) C. crescentus 

culture-derived spent medium (OD60o 0.2, 0.4, 0.6, 0.8 and 1.0) using LSSV. Varying 

optical densities allowed us to determine AgNP behavior in changing culture conditions, 

and more accurately model a range of terminal waste environments. We also measured 

the dissolution of AgNPs in PYE medium not used to culture bacteria, or "neat" medium 

as it will be referred to from this point forward (OD60o 0.0) and individual PYE medium 

components (Bacto Peptone®, yeast extract, and trace MgSO4 and CaCh) to determine the 

dissolution effects of growth medium. DLS and zeta potential measurements were used to 

monitor changes in AgNP size and surf ace charge upon interacting with spent medium or 

medium components. Together, this work provides AgNP model systems which have 

implications on AgNP regulation in both consumer use and waste disposal. 
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Chapter 2: Materials and Methods 

2.1 Chemicals 

Citrate-stabilized AgNPs with nominal diameters of 10, 20, and 40 nm were 

purchased from NanoComposix (La Jolla, CA). The NanoXact™ product line was used 

for all experiments, containing 0.02 mg mL-1 AgNPs suspended in a 2 mM sodium citrate 

solution. Lot numbers for each stock are listed in Table Al. All AgNP solutions were 

handled in a dark room to prevent UV-induced dissolution or aggregation. 

Peptone yeast-extract growth medium (PYE) was prepared in Millipore water 

(18.2 m.Q.cm at 25°C) using 0.2% w/v Bacto Peptone® and 0.1 % w/v yeast extract 

purchased from BD Biosciences (Sparks, MD), and 1 mM MgSO4•7H2O, and 0.5 mM 

CaCh•2H2O sourced from Sigma Aldrich. For individual component analysis, Bacto 

Peptone®, yeast extract, and the salts were prepared separately at the same concentrations 

and in the same manner as neat PYE medium. 

Caulobacter crescentus strain NAl000 was graciously provided by the laboratory 

of Dr. Michael Laub at the Massachusetts Institute of Technology. Cultures were initially 

streaked from glycerol stocks stored at -80 °C. Working stocks were prepared by 

incubating plated cultures at 30°C for 2-3 days. The cultures were covered with Parafilm 

and stored at 4 °C and were re-plated once every two weeks. Broth cultures were 

incubated at 30 °C with continuous shaking at 210 rpm. Cultures for experimental use 

were started with a 1 :400 dilution of 1.0- 1.3 OD6oo starter culture, which was inoculated 

with a single colony from plate stocks. 

Sodium citrate monobasic (anhydrous, ~99 .5% (T)) and sodium chloride (~99.5% 

(AT)) were sourced from Sigma Aldrich. A 5 mM sodium citrate, 5 mM NaCl at pH 6.5 
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was used to quantify AgNP dissolution in the presence of BSA. A stock buffer containing 

100 mM sodium citrate, 100 mM NaCl at pH 5.0 was prepared and then diluted to a final 

15 mM sodium citrate, 15 mM NaCl at pH 5.3 to quantify AgNP dissolution in the 

presence of PYE medium. Buffers were pH adjusted using 1 M NaOH. 

2.2 LSSV General Methodology 

A diagram of the LSSV method for determining AgNP dissolution rate kinetics is 

outlined in Figure 2. AgNPs are first injected into a solution containing the desired 

(B) stripping 

Potential vs. Ag/AgCI 

(D) repeat at 
defined intervals 

(C) correlation to 
[Ag(l)(aq)]dissolved 

/ /4 -~, 
• LOO = 5 ppb Ag(l)(aq) 

[Ag(l)(aq)J,1anda,d 

(E) kinetics fitting of 
replicate analyses 

slope = kdissolution 

Figure 2. Linear sweep stripping voltammetry (LSSV) method for measuring silver 
nanoparticle (AgNP) dissolution rate kinetics. Each arrow indicates a defined step in 
the data collection process, ending in the calculation of an average first-order rate 
constant for each tri-replicate trial. 

sample matrix, after which dissolved Ag(I)(aq) is reduced ("deposited") at the surface of 

a glassy carbon electrode held at -0.5 V (Figure 2A). The potential at the electrode 

surface is then swept from -0.5 V to 0.35 V, oxidizing the deposited silver and stripping it 

from the electrode while generating a measurable change in the current (Figure 2B). The 
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area of this peak is correlated to the concentration of dissolved Ag(I)(aq) in solution 

using a matrix-matched calibration curve that is generated at the beginning of each day 

using a AgNO3 standard solution (Figure 2C). Deposition and stripping is carried out at 

5-minute intervals over the duration of the experiment (2-4 h) and a dissolution curve that 

plots the concentration of dissolved Ag(I)(aq) as a function of time is generated (Figure 

2D). Finally, the dissolution curve is linearized using first-order kinetics and the rate 

constant for AgNP dissolution is determined (Figure 2E). 

2.3 LSSV Parameters and Sample Preparation for AgNP Dissolution in the Presence of 

BSA 

LSSV experiments were carried out using a BASi Epsilon EClipse potentiostat 

and C-3 Cell Stand from Bioanalytical Systems, Inc. (West Lafayette, IN). Measurements 

were controlled by the provided BASi Epsilon - EC Electrochemical Analyzer software. 

Prior to electrochemical analysis, all solutions were sparged with N2(g) for at least 10 

minutes with stirring, achieving a final dissolved oxygen concentration of ;::::8.0 mg L-1. A 

three-electrode setup was used with a glassy carbon macroelectrode (~3 mm) as the 

working electrode , a platinum wire as the auxiliary electrode , and a Ag/ AgCl electrode as 

the reference electrode. The working electrode was polished daily using 0.05 µm alumina 

polish, and weekly using successive 15 µm, 3 µm, and 1 µm diamond polishes, followed 

by a final 0.05 µm alumina polish. Between each polishing step, the electrode was 

sonicated for 30 s in Millipore water. After polishing, cyclic voltammetry was used to 

condition the electrode by cycling the potential 100 times from 0.35 V to -0.5 Vat 0.3 
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V/s in citrate buffer. After conditioning, electrodes were rinsed with Millipore water and 

then sonicated for 30 s in Millipore water. 

A IO-point, matrix-matched calibration curve was generated each day. A working 

stock of 10 mg mL-1 AgNO1 silver standard solution was prepared in Millipore water 

before each experiment, and the calibration curve was generated by injecting known 

volumes of silver standard into an electrochemical cell containing citrate buffer. 

Concentrations of injected AgNO3 ranged from Oto 250 µg mL-1 in 25 µg mL-1 

increments. Five voltammograms were recorded at each concentration. The potential at 

the working electrode surface was held for 30 sat -0.5 V for deposition , followed by a 

linear sweep from -0.5 to 0.35 Vat 0.1 V/s for each voltammogram. 

After calibration, a fresh electrochemical cell was prepared with citrate buffer, 

followed by stirring and sparging with N2(g) for 10 minutes. For experiments including 

protein, the appropriate volume of BSA solution was added to reach the desired 

concentrations (0.5 nM, 1.0 nM, and 2.0 nM BSA) prior to stirring and sparging. A blank 

stripping voltammogram was then recorded to ensure no residual silver contaminated the 

solution. Then, the appropriate volume of 20 mg mL-1 AgNP solution was added to the 

cell to reach a final concentration of 1.0 mg L-1, followed by a stirring period of30 s to 

ensure the solution was homogenous. Stripping voltammograms were then recorded in 

five-minute increments for a total of four hours. OriginPro 2018b (v. 9.55) software was 

used to perform batch peak integration and data analysis, and dissolution rate constants 

(kctissolution) were calculated by fitting 

ln (1 - [Ag(I)lr) - -k • • t 
[AgNP]o - dissolution (4) 
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over the first 30 minutes of dissolution, where [ Ag(l)]1 is the concentration of dissolved 

Ag(]) at some time point t during AgNP dissolution, and [ AgNP]o is the initial 

concentration of AgNPs introduced (1.0 mg L-1 ). The entire dissolution experiment was 

repeated twice more for a total of three replicates. 

2.4 LSSV Parameters and Sample PreparationforAgNP Dissolution in the Presence of 

C aulobacter crescentus-Derived Spent Medium 

Spent PYE medium was prepared from C. crescentus cultures incubated at 30°C 

with 210 rpm shaking. For LSSV dissolution and AgNP characterization experiments, 

medium was removed from the culture in 30 mL aliquots, followed by centrifugation for 

24 minutes at 3500xg. 90 The supernatant was decanted through a 0.2 µm filter, stored in a 

sterile container, and 0.5 mL of the filtrate was re-plated to ensure that all bacterial cells 

were removed. Growth curves were determined by measuring OD6oo using an Ultraspec 

10 spectrophotometer from Amersham Biosciences. For spent medium experiments 

conducted at the maximum OD6oo (;::,1.3), aliquots were removed after overnight growth 

before undergoing centrifugation and filtration steps to remove bacterial cells. For spent 

medium experiments conducted at variable OD6oo, the OD6oo was monitored throughout 

growth and aliquots were removed at the desired culture density (OD6oo 0.2, 0.4, 0.6, 0.8, 

and 1.0). Neat PYE medium and individual components (including Bacto Peptone®, yeast 

extract, and trace salts) were not used to culture bacteria, but were still subjected to the 

centrifugation and filtration protocol in order to control for changes in composition due to 

spent medium preparation methods, such as peptide concentration due to centrifugation. 
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AgNP dissolution experiments were carried out in PYE that was diluted 1: 1000 in 

15 mM sodium citrate, 15 mM NaCl buffer of pH 5.3. These conditions were chosen to 

ensure electrode sensitivity to Ag(I)(aq) by reducing the potential for biofouling of the 

electrode and to mimic biological pH and the expected environmental concentration of 

bacterial metabolites. C. crescentus overnight growth in PYE yields about 3 x 109 

CFU/mL, while overnight growth in lake water yields about 5.5 x 105 CFU/mL, 

indicating that the 1: 1000 dilution of original spent medium samples is environmentally 

relevant. 91 A matrix-matched calibration curve was generated just as described in Section 

2.2, except the calibration curve was generated in the presence of the appropriate matrix 

component (PYE or spent medium). Dissolution experiments were carried out just as 

described in Section 2.2, except the total analysis time was abbreviated to 2h. These 

adjustments were made to isolate the effects of spent medium interacting with the 

nanoparticle surface and increase the throughput of the method. LSSV dissolution 

experiments were carried out in neat PYE, maximum OD6oo spent PYE (:=::ol.3), varying 

OD60o PYE (OD60o 0.2, 0.4, 0.6, 0.8, and 1.0) and individual neat PYE components and 

their combinations (Bacto Peptone ®, yeast extract , and trace salts). 

2.5 AgNP Size and Surface Charge Characterization by DLS 

DLS hydrodynamic diameter (dH) and zeta potential (0 measurements were 

performed using a Malvern Zetasizer Nanoserie s instrument. Samples were prepared in 

sodium citrate, NaCl buffer filtered with a 0.20 µm nylon syringe filter before addition of 

the appropriate matrix component and AgNPs. Each sample was allowed to equilibrate at 

25°C for 120 s within the instrument. A total of 5 replicates per sample were recorded 
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and averaged, and the number of runs per replicate was automatically determined based 

on the purity of the sample. A backscatter angle of 173° was used and samples were 

prepared in disposable polystyrene cuvettes with a 1 cm pathlength for all experiments. 

Zeta potentials were measured using a Pd dip cell and applying the Smoluchowski 

equation. For all experiments, the concentration of AgNPs was increased to 4.0 mg L-1 to 

improve the DLS and zeta potential signals. In order to replicate the ratio of AgNPs: 

solution components used in both LSSV analyses , the BSA concentration was increased 

to 8 nM and the PYE and spent medium were diluted 1:250 in the buffer. 

2.6AgNP Characterization using UV-Vis Spectroscopy 

Absorbance spectra of 10, 20, and 40 nm AgNPs were recorded using a Cary UV-

Vis spectrophotometer (Agilent Technologies, Inc.). First, absorbance spectra were 

recorded with 0, 2, 4, and 8 nM BSA in 5 mM citrate buffer with a constant AgNP 

concentration of 4.0 mg L-1. Absorbance was recorded from wavelengths of300-800 nm 

at a scan rate of 300 nm/min. Next, triplicate samples of 4 mg L-1 AgNPs and 0-500 nM 

BSA were prepared and incubated overnight (~18 h) at room temperature. Absorbance of 

these samples was recorded from wavelengths of 350-500 nm at a scan rate of 60 

nm/min and was used to generate Langmuir adsorption isotherms (Eqn 2). 

2. 7 Characterization of AgNP-BSA Interaction via Circular Dichroism 

The alpha-helical character of BSA in the presence and absence of 10, 20 and 40 

nm AgNPs was measured using an Aviv 410 circular dichroism spectrometer (Aviv 

Biomedical Inc.). Samples were prepared in 5 mM NaCl to avoid interference , as citrate 
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contains carbonyl groups which absorb in the far UV region. 92 A 1.0 µM BSA sample 

was used to ensure sufficient sensitivity for analysis. A concentration of 1.0 mg L-1 

AgNPs was used as the small sample volume precluded concentrating the stock solution 

to the degree needed to maintain the AgNP: BSA ratio used in other experiments. Blanks 

were recorded with 5 mM NaCl, and each experimental sample was scanned 7 times from 

200- 260 nm at 25 °C with a 2 nm bandwidth. Spectra at 260 nm were normalized to zero, 

blank scans were subtracted from each trial and the alpha-helicity was calculated using 

MRE _ observed CD signal (mdeg) 
208 - C n!Xl0 p 

(5) 

0 1 h z · [-M REius-4000] 100 10a - e lX = ----- X 
33000-4000 

(6) 

where Cµis the molar concentration of protein, n is the number of amino acids in a 

protein, l is the pathlength, M RE2 08 is the mean residue ellipticity at 208 nm, 4000 is the 

mean residue ellipticity of the random coil formation at 208 nm, and 33000 the mean 

residue ellipticity of the pure alpha helix at 208 nm. 

Chapter 3: Bovine Serum Albumin Enhances AgNP Dissolution in a 
Size- and Concentration-Dependent Manner 

LSSV has been used in previous works to detect trace metal ion concentrations, 93-

95 but has not been used extensi vely to measure dissolution kinetics of metals and metal 

oxides. 40 .49,96- 98 Atomic spectroscopic methods have been more commonly employed to 

answer questions regarding the dissolution of AgNPs in biological matrices, but LSSV 

provides a number of distinct advantages over these techniques while maintaining useful 

limits of detection. These advantages include a high measurement throughput and 

avoidance of contamination issues due to the lengthy sample preparation methods seen in 
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spectroscopic methods. Having high-throughput, better time-resolved experiments allows 

us to parse minute effects and details in extremely dynamic systems. We can probe the 

effects of rapidly changing biological systems on AgNP dissolution in real-time, as 

opposed to removing samples and analyzing them separately. 

3.1 Quantifying Enhanced AgNP Dissolution Kinetics in the Presence of BSA 

In order to validate the effectiveness of 1SSV in the presence of biomolecules, we 

first collected calibration curves in the presence and absence of 2 nM BSA (Figure 3). 

This was done to ensure that the electrode surface was not modified, and measurements 
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Figure 3. Calibration curves demonstrating that the presence of BSA does not affect 
electrode sensitivity to ionic silver or contribute to electrode fouling. Triplicate 
calibration curves in the presence of0 nM BSA (A) and in the presence of 2.0 nM BSA 
(B). All samples were prepared in 5 mM sodium citrate, 5 mM NaCl buffer at pH 6.5. 

were not affected in the presence of BSA It was possible that the protein could non-

specifically adsorb to the surface of the electrode, modifying its functionality. 99 However, 

it was confirmed that there were similar limits of detection (1OD) in both the presence 

(1OD = 7 ± 5 µg 1· 1) and absence (1OD = 12 ± 4 µg 1· 1) of BSA (Figure 3). This 

control experiment accomplished two goals: validating that Ag(I)( aq) quantitation by 

24 



LSSV was not affected by electrode biofouling , 100 and indicating that ionic silver can be 

detected with similar sensitivity regardless of its interaction with BSA. 

LSSV was then used to determine the AgNP dissolution rate constant, k ctissolution, 

for three particle sizes (10 nm, 20 nm and 40 nm) across varying concentrations of BSA 

(0 nM , 0.5 nM , 1 nM and 2 nM) . It was found that for each [BSA] tested , both kctissolution 

and the extent of dissolution were greater as particle size decreased (Figure 4, Table 1 ). 

The kctissolution for 10 nm AgNPs was significantly greater than kctissolution of both 20 and 40 

nm AgNPs across all concentrations of BSA . There was no significant difference 

between dissolution rates of 20 nm and 40 nm AgNPs in the presence of 0-1 nM BSA. 
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Figure 4. Effect of the [BSA] on the dissolution rate of AgNPs with varying diameter. 
Each rate constant (kcti ssolution) represents the average and standard deviation of three 
replicate dissolution measurements using LSSV. All samples were prepared in 5 mM 
citrate - 5 mM NaCl buffer at pH 6.5. AgNPs were prepared to the same total Ag 
concentration= 1.0 mg L-1 (molar particle concentrations were as follows: 10 nm AgNPs: 
290 pM, 20 nm AgNPs: 50 pM, 40 nm AgNPs: 5 pM). Statistical significance was 
determined using a Student ' s t-test evaluated at the 95% (*) confidence interval. 
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However, in the presence of the highest BSA concentration tested (2 nM), the kctissolution of 

20 nm AgNPs was significantly greater than that of 40 nm AgNPs (Figure 4, Table 1). 

The extent of AgNP dissolution at each concentration of BSA was calculated using 

[Ag(I)(aq)t =4h]/[AgtotaJ], where [Agrotal] = 1.0 mg L-1. For 10 nm, 20 nm and 40 nm 

AgNPs, the extent of dissolution ranged from 10-20% , 7-9%, and 4-7%, respectively. 

These results confirm previous findings that smaller AgNPs dissolve at both a faster rate 

and to a greater extent than their larger counterparts_ 4 1,1oi,io 2 However, previous works 

place the extent of AgNP dissolution at equilibrium between 15-60%. 42 .42,76,1° 3 The lower 

percentages found in this study indicate that solution equilibrium had not yet been 

reached after t=4h, showing that AgNPs were actively undergoing dissolution throughout 

the entire time-course of the experiment. 

Table 1. BSA-Dependent AgNP Dissolution Rate Constants, kctissolution 

Nominal kctissolution (xt0- 3 min·1)4 
AgNP 

Diameter 
(run) OnMBSA O.SnMBSA lnMBSA 2nMBSA 

10 0.77 ± 0.12 0.95 ± 0.25 1.4 ± 0.4 2.0 ± 0.7 

20 0.22 ± 0.05 0.38 ± 0.14 0.46 ± 0.11 0.53 ± 0.07 

40 0.19 ± 0.07 0.21 ± 0.04 0.27 ± 0.13 0.33 ± 0.06 

"Experimental conditions were as reported in Figure 4. Each rate constant represents the average and 
standard deviation of three replicate LSSV experiments. 

LSSV dissolution experiments also revealed that kctissolution linearly increases with 

increasing BSA concentration across all particle sizes (Figure 4). To date, the literature 

presents mixed conclusions on protein-mediated AgNP dissolution. In some studies , it 
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was found that a low concentration of BSA suppressed AgNP dissolution compared to a 

control lacking BSA.42 ,1o3 Other works revealed that AgNP dissolution was enhanced in 

the presence of protein. In studies which showed enhanced dissolution, as in this work, 

the mechanism likely proceeds via the sequestration of chemisorbed Ag(I)(aq) by thiol 

groups in BSA. 39,42 ,103 ,104 It should be noted that studies that found suppression of AgNP 

dissolution used far higher concentrations of BSA than the nanomolar concentrations 

used in this study. This has important implications regarding the formation, structure, and 

functionality of the protein corona at the AgNP surface. 

The BSA concentrations used in this study were at or near the concentration 

required for protein monolayer formation on the AgNP surface. 43 As the total Ag 

concentration was kept constant across all particle sizes at 1.0 mg L·1, the molar particle 

concentration varied across the different AgNP sizes tested. 10 nm, 20 nm and 40 nm 

AgNPs had molar particle concentrations of 290 pM, 50 pM, and 5 pM, respectively, 

leading to varying molar ratios of BSA: AgNPs (Table 2). Because these ratios varied 

across particle size, we calculated the theoretical packing density of BSA on the AgNP 

surface interface. BSA was first modeled as an ellipse with dimensions 140 Ax 40 Ax 

40 A (Figure 5A). By assuming a side-on 1o4,1os interaction between BSA and AgNPs 

(Figure 5B), we were able to calculate the theoretical number of BSA needed to produce 

monolayer coverage of individual AgNPs of diameters 10 nm, 20 nm, and 40 nm 

according to: 

2 No. of BSA = SAAgNP _ 4rrr AgNP 

Ag NP AB sA rrab 
(7) 
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Table 2. Experimental molar ratios of BSA:AgNPs and theoretical packing densities of 
BSA on AgNP surfaces 

Nominal Molar Ratio BSA:AgNPs Saturated 
AgNP Theoretical Monolayer 

No.of [BSA] Diameter 0.5nM 1.0nM 2.0nM 
(nm) BSA BSA BSA BSA/AgNP (nM) 

10 1.7 3.4 6.9 ,:::,7 2.1 

20 10 20 40 ,::;,29 1.4 

40 100 200 400 ,::;,114 0.57 

where the contact area of BSA, A8 sA, was modeled as the surface area of an ellipse with 

width a and length b, the surface area of AgNPs, SAAgNP, was calculated based on a 

spherical shape. This allowed us to calculate the theoretical concentration of BSA 

required to form a saturated mono layer (Table 2) for the AgNP sizes tested in Figure 4 

usmg 

No. of BSA X [A NPs] 
AgNP g (8) 

These calculations indicate that 10 nm particles theoretically had a saturated mono layer at 

the highest concentration of BSA tested during LSSV dissolution experiments (2 nM 

BSA), while the larger particle sizes (20 nm , 40 nm) were more readily saturated at lower 

BSA concentrations. Furthermore, these calculations show that all dissolution 

experiments were performed at or near the [BSA] required for monolayer formation, 

while other works have performed experiments with orders of magnitude greater 

concentrations of protein. The differences in protein layer dimensions and 

properties(such as decreases in BSA-AgNP binding affinity with greater BSA 

concentration 106) created by greater protein concentration could explain the variation in 
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results between studies. Also, differences in solution characteristics (such as salinity42, 

temperature, and pH 107) between studies could alter the conformation and charge 

localization of these proteins, affecting the extent ofBSA-AgNP interaction and thereby 

influencing AgNP dissolution kinetics. 107 The diverseness of solution conditions and 

protein concentrations found in the literature may explain the observed differences in 

AgNP dissolution in the presence of BSA. 

Our data clearly demonstrate that at each particle size, the addition of BSA 

induces concentration-dependent increases in kdissolution. Upon further analysis, it was 

A. 140A 

40A 

Figure 5. Monolayer coverage of the AgNP surface by BSA can be modeled by 
representing BSA as an ellipse (A) in a side-on interaction at the nanoparticle surface 
(B). Actual dimensions as measured in PyMOL molecular modeling software were 
142.7 Ax 41.3 Ax 42.3 A (PDB ID 3V03). 

discovered that these increases in kdissolution were linear with respect to BSA concentration, 

and that the extent of each increasing rate was dependent on the AgNP diameter (Figure 

4, Table 3). When calculating the slopes ( dkdissolution/d[BSA]) for each particle size, a 2.1-

fold increase was observed from 40 nm to 20 nm AgNPs, a 3.6-fold increase from 20 nm 

to 10 nm AgNPs, and a 7.7-fold increase from 40 nm to 10 nm AgNPs (Table 3). These 

results imply a size-dependent interaction between the AgNP surface and BSA, with BSA 

mediating a larger magnitude effect on the dissolution of smaller AgNPs. In order to 
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determine the mechanistic implications of these data, further characterization of the 

AgNP-BSA surface interaction was performed. 

Table 3. Dependence of AgNP Dissolution 
Rate Constants, kdissolution, on fBSAt 

Nominal AgNP 
Diameter (nm) 

20 

40 

Slope 

0.59 ± 0.09 

0.16 ± 0.03 

0.076 ± 0.005 

0.96 

0.95 

0.99 

aLinear regression slope, standard error in the 
slope , and correlation coefficient are for the data 
presented in Figure 4. 

3.2 Characterization of the BSA-AgNP Interaction at the Swface Interface 

DLS experiments were first performed to investigate changes in the surface 

interface of AgNPs upon BSA adsorption. The hydrodynamic diameter (see Equation 3) 

of both 10 nm and 40 nm AgNPs increased in the presence of BSA, while the diameter of 

20 nm AgNPs did not. Zeta potential measurements in the presence of BSA revealed a 

slight increase in surface charge (to a more positive potential) in 40 nm AgNPs, but no 

such increase in 20 nm and 10 nm AgNPs was observed (Table 4, Figure Al). Changes 

in the hydrodynamic diameter and zeta potential of AgNPs can indicate protein corona 

formation, 108 but the low concentrations of BSA tested here make it difficult to make 

definitive statements regarding the formation of the BSA-AgNP complex from this DLS 

data. 
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Table 4. DLS Characterization of AgNPs in the presence and absence of BSA a 

Nominal [BSA] AgNP lluLs (nm) ~(mV) 
Diameter (nm) (nM) 

0 15.4 ± 0.2 -28 ± 2 
10nm 

8 16.0 ± 0.1 -26 ± 2 

0 25.4 ± 0.3 -38 ± 1 
20nm 

8 25.4 ± 0.2 -38 ± 1 

0 42.1 ± 0.2 -39 ± 1 
40nm 

8 44.1 ± 0.5 -34 ± 1 

a All samples were prepared to a total silver concentration of 4.0 mg 1·1 in 5 mM 
sodium citrate - 5 mM NaCl buffer of pH 6.5. 

UV-Vis spectra were then collected for solutions containing AgNPs and BSA in 

conditions representing those seen in dissolution experiments. A slight decrease in the 

absorbance signal was observed for 10 nm AgNPs , and an approximate 1 nm red shift in 

the peak maximum (Amax) of the LSPR band was observed for both 10 nm and 40 nm 

AgNPs (Figure A2). These results could potentially indicate BSA-AgNP binding for 10 

nm particles. Next, Langmuir adsorption isotherms were constructed using UV-Vis, and 

titrating BSA concentrations up to 500 nM. In this experiment , a red shift in the LSPR 

band was observed for all particle sizes, a result indicative of BSA-AgNP complex 

formation (Figure A3). When fitted with Equation 2, these data show a marginal increase 

in the association constant Ka with increasing particle size (Table 5). UV-vis has been 

used in previous studies to generate Langmuir adsorption isotherms for citrate-capped 
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gold nanoparticles (AuNPs) with BSA 77•109 and found a similar marginal increase in 

binding, substantiating these results. 

Table 5. Association constants, Ka, of 
BSA with AgNPs of varying <liametera 

1.7 ± 0.2 0.96 

20 2.1 ± 0.3 0.96 

40 2.2 ± 0.3 0.97 

aExperimental conditions are as reported in Figure A3. 
6Ka values were calculated using Eqn. 2 

CD spectra were then collected to measure the change in % a-helicity of BSA in 

the presence of AgNPs. When analyzed by CD, BSA presents two bands in the ultraviolet 

region ( one at 208 nm and one at 222 nm) which are characteristic of its a-helical 

character. 110- 113 Decreases in% a-helicity in the presence of AgNPs can be attributed to 

slight denaturation upon BSA-AgNP binding. 63 In these experiments, the a-helical 

content of native BSA was 57.2 ± 2%, while the a-helical content of BSA decreased by 

7.1 % and 3.4% in the presence of 40 nm and 10 nm AgNPs, respectively. No change 

within error was observed in the presence of 20 nm AgNPs (Table 6, Figure A4). 

Consistent with these data, previous work has shown that larger deformations in BSA 

secondary structure occurred upon binding larger particle sizes with lesser curvature, 114 

indicating that the differences in curvature could be predictive of BSA-AgNPs binding 

affinities, and therefore dissolution effects. 22 
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Table 6. Effect of AgNP diameter on the% 
a-helicity of BSA 

Sample« % a-helicityb 

BSA Only 57.2 ± 1 

10 nm AgNPs 53.8 ± 2 

20 nm AgNPs 56.4 ± 1 

40 nm AgNPs 50.1 ± 2 

aExperimental conditions were as reported in Figure A4. 
bPercent a-helicity was calculated using Eqns. 5 & 6 

3.3 Mechanistic Implications of the Size-Dependence of BSA-Enhanced AgNP 
Dissolution 

We have shown here that BSA-mediated dissolution of AgNPs is dependent on 

AgNP size, which is the first time this effect has been observed to our knowledge. 

Explaining the mechanism by which BSA-enhanced AgNP dissolution proceeds is a 

difficult task, as the effects of protein corona formation and characteristics at the AgNP 

surface interface are both diverse and dynamic, as discussed in Section 1.1. One such 

effect that has the potential to affect AgNP-BSA interactions is the surface curvature of 

AgNPs. In comparing NPs of different sizes with otherwise similar surface chemistry, 

smaller NPs adsorb a higher density of proteins across their surface than larger NPs. This 

variation in density could be due to the volume available to adsorbing proteins. Smaller 

NPs have higher curvature, granting a greater volume closer to the NP surface. This 

decreases steric interactions between neighboring proteins adsorbed to the surface, and 

allows for a greater degree of interaction between the NP surface and proteins in 

solution. 25•115 
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By comparing equal areas across different particle sizes, Hill et. al. (2009) 116 

showed that there was a dramatic increase in the surface coverage of attached thiol-

terminated oligonucleotides for uncoated gold NPs smaller than 20 nm versus their larger 

counterparts. In addition, Walkey et al. (2012) 25 demonstrated that proteins in the corona 

surrounding smaller gold NPs were more densely packed than in their larger 

counterparts. However, other studies have shown increases in protein adsorption with 

increases in particle size, demonstrating the opposing phenomena. 115 These contradictory 

reports demonstrate both that the dynamics of protein corona formation and the effects 

they mediate are highly dependent on both the surface coating ofNPs and the matrix of 

the individual system under investigation. 

The dissolution and surface interactions measured in this study are subtle, but 

clearly demonstrate a connection between AgNP dissolution rate, AgNP-BSA surface 

interactions, and AgNP size. LSSV dissolution experiments show that the increase in 

BSA-mediated AgNP dissolution rates is dependent on particle size, with the dissolution 

of smaller AgNPs experiencing the most significant enhancement. The theoretical BSA 

surface coverages calculated for the concentrations tested in this study (Figure 5, Table 

2) are consistent with experimental adsorption data. DLS size, zeta, and CD structural 

studies demonstrate a marginal increase in the AgNP-BSA binding interaction between 

10 nm and 40 nm AgNPs (Table 4, Table 6), while Langmuir adsorption isotherms show 

increases in AgNP binding affinity with increasing particle size for all particle sizes 

tested (Table 5). Isotherms also show that at 2 nM BSA, AgNPs of diameters 10 nm, 20 

nm and 40 nm are 3.3%, 4.0%, and 4.4% saturated, or have 0.25, 1.1, and 5 BSA bound 
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per particle, respectively. These data corroborate theoretical values in that larger AgNPs 

reach surface saturation at lower concentrations of BSA (Figure 5, Table 2). 

The distinctions between the protein coverage and affinity to AgNPs of varying 

size indicate a size-dependent mechanism for BSA-mediated AgNP dissolution. To-date, 

three distinct mechanisms of BSA-mediated nucleophilic dissolution of AgNPs have been 

proposed in the literature: 1) Proteins bind surface-adsorbed Ag(I)(aq), and subsequently 

exchange with a free protein in the bulk solution; 2) diffusion of Ag(I)(aq) through gaps 

in the protein corona layer; and 3) displacement of Ag(I)(aq)-loaded protein at the AgNP 

surface with free protein in the bulk solution. 117 Mechanism (1) relies on dissociative 

exchange, and is dependent on the amount of adsorbed protein, mechanism (2) depends 

on the rate of Ag(I)(aq) diffusion through the protein corona, while mechanism (3) is the 

only one that depends on the concentration of protein in solution. 42.11 7 Because oxidative 

dissolution of AgNPs was shown in this work to increase in the presence of increasing 

concentrations of BSA, the displacement mechanism (3) is likely to be in effect. 118 

In previous studies involving massive silver surfaces and BSA, BSA was found to 

undergo an increase in exchange rate at the surface with increasing protein concentration, 

and a subsequent increase in the amount of released silver upon complexation. 43 In the 

context of AgNPs, smaller particles have a lower proportion of BSA adsorbed to their 

surface, meaning that the bulk solution contains a higher concentration of protein. This 

concentration differential should drive more rapid displacement of Ag(I)(aq)-loaded BSA 

from the surface, mediating the more rapid dissolution presented in this work (Figure 6). 
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Figure 6. Proposed mechanism for the BSA-mediated size-dependent enhancement in 
AgNP dissolution. The mechanism outlines the displacement of Ag(I)(aq)-loaded BSA 
(shown as red Ag+ directly adjacent to BSA molecules) with BSA from the bulk 
solution. The top panel indicates BSA-mediated dissolution in larger particles , with 
marginal increases in released ionic silver (shown in black as Ag+). The bottom panel 
shows BSA-mediated dissolution in smaller particles , with a greater flux of Ag(I)(aq)-
loaded BSA across the AgNP surface, and a greater amount of released ionic silver. As 
BSA-mediated dissolution of AgNPs is size-dependent, a greater concentration of BSA 
in the bulk solution of smaller AgNPs drives oxidative dissolution. BSA also exhibits 
weaker binding to smaller AgNPs , indicating more facile on-off rate constants and 
further enhancing the rate of dissolution is observed in smaller AgNPs. 

In support of this conclusion, the characterization experiments performed here show a 

weaker binding of BSA to smaller AgNP surfaces, suggesting more facile on-off rate 

constants which would further increase both the flux of BSA and release of Ag(I)(aq) 

into solution . In addition, the stronger binding of BSA to the surface of larger AgNPs 

could possibly hinder dissolution by restricting oxygen access to the particle surface, a 

necessary factor in the oxidative dissolution of AgNPs. The mechanism proposed here , 

involving the concentration-dependent exchange of Ag(l)(aq)-loaded BSA, more facile 

on-off rate constants with decreasing particle size, and restricted access of oxygen to the 

AgNP surface are supported both by the data presented here and in the literature. 42·117 
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3.4 Conclusions and Implications of the BSA Point-of Use Model 

Prior to this work, it was established that smaller AgNPs generally carry greater 

cytotoxic effects than their larger equivalents. 119 These effects have been largely 

attributed to their greater release of Ag(I)(aq). 35 However, Park et. al. (2011) 119 also 

showed that while Ag(I)(aq) had statistically equivalent cytotoxicity between multiple 

cell types, smaller AgNPs showed more significant, and varying, cytotoxic effects 

between multiple cell types. This implies that there are unique , size-dependent 

phenomena occurring between biological cell components and the AgNP surface which 

cause this cytotoxic action. It is entirely possible that these varying effects were due to an 

increase in localized protein-mediated dissolution, similar to what we have shown in this 

work using the model protein BSA. 

Our results suggest that the oxidative release of Ag(I)(aq) is enhanced by the 

presence of BSA at the AgNP surface interface, and that the degree of this enhancement 

is dependent on particle size. These data first demonstrate the efficacy of LSSV and, 

generally, electrochemical techniques in characterizing rate effects of ionic species in 

simulated biological matrices. In addition, the results outlined here raise further questions 

regarding dissolution rates in more complex matrices, and regarding the stringency of 

industry and environmental regulation with respect to nanoparticle size. The protein BSA 

is sufficient as an introductory point-of-use model system for AgNP use in consumer 

products and medicine, but further work is needed to characterize complex 

transformations occurring at the nanoparticle surface interface. 
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Chapter 4: Caulobacter crescentus Metabolic Products Enhance AgNP 
Dissolution in a Culture Density-Dependent Manner 

The behavior of AgNPs in environmental systems has been addressed sparingly in 

the literature, focusing mainly on the gross cytotoxic effects of the particles. 53,71- 73 Even 

fewer studies have investigated end-of-use models such as landfills or bodies of water 

where AgNP waste may be deposited. 120 As previous works have largely focused on 

AgNP transformations at the organismal level, a gap in the literature remains in the 

investigation of their mechanistic properties in environmental settings. In the first portion 

of this work, we addressed a potential mechanism of biomolecule-mediated AgNP 

dissolution in the point-of-use model system BSA. In an effort to produce an effective 

end-of-use model system, we next addressed how AgNP dissolution is affected by 

metabolites isolated from cultures of the bacterium C. crescentus, an organism found in 

many waste repositories of AgNPs. 

4.1 Culture Density Influences AgNP Dissolution Kinetics 

LSSV was first used to quantify kctissolution for 40 nm AgNPs in the presence of 

spent medium extracted from C. crescentus cultures prepared at varying 0D6oo ( equal to 

0.0, 0.2, 0.4, 0.6, 0.8, or 1.0) (Figure 7). In the presence of neat medium (0D 6oo = 0.0), 

kctissolution was slightly suppressed relative to a buff er control. For spent medium with low 

0D6oo (0.2, 0.4), kctissolution was also slightly suppressed relative to a buffer control but was 

not significantly ditlerent from neat medium. Interestingly, with increased 0D 6oo (0.6, 

0.8, 1.0) kctissolution was significantly enhanced relative to neat medium , with the largest 

increases in kctissolution seen for spent medium with 0D6oo = 0.6 or 0.8. In these high 0D60o 

samples , kctissolution was also significantly enhanced relative to a buffer control. For spent 
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medium with 0D6oo = 1.0, no significant difference in kctissolution was observed relative to a 

buffer control (Figure 7, Table 7, Table A2). 
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Figure 7. Effect of spent medium with varying optical density on the dissolution rate of 
40 nm AgNPs. (A) C. crescentus growth curve. Teal circles indicate times at which 10 
mL aliquots were removed from the culture. Each spent medium aliquot was 
centrifuged (24 minutes at 3500xg) then decanted through a 0.20 µm filter to remove 
live cells. Each aliquot was diluted at a ratio of 1: 1000 in 15 mM citrate - I 5mM NaCl 
buffer at pH 5 .3 during dissolution experiments. The black arrow indicates the OD6oo at 
which the "swarmer rush" occurs. (B) Rate constants (kctissolution) show the average and 
standard deviation of three replicate dissolution experiments using LSSV. LSSV 
measurements were taken every 5 minutes for two hours. AgNPs were introduced at the 
same total Ag concentration= 1 mg L-1. Statistical significance from the buffer control 
sample(*) and neat (OD6oo 0.0) medium( *) was determined using a Student's t-test 
evaluated at the 95% confidence interval. 
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Table 7. Spent medium culture density 
affects AgNP dissolution rate a 

Spent medium 
kctissolution (X10-3 min- 1) 0D6oo 

Buffer control 0.54 ± 0.05 

0.0 0.38 ± 0.05 

0.2 0.40 ± 0.03 

0.4 0.31 ± 0.03 

0.6 0.87 ± 0.11 

0.8 1.70 ± 0.64 

1.0 0.60 ± 0.05 

"Experimental conditions are as reported in Figure 7 

The extent of dissolution of 40 nm AgNPs was calculated as in Section 3. 1. but at 

the end of 2 hours instead of 4 hours. The equation [Ag(I)(aq)t=2h]/[Agtota1], where 

[Agtotal] = 1.0 mg L-1 was used to calculate the extent of dissolution for all samples, 

which ranged from 5- 7%. These values are lower than those found in the literature, 4o--43 

once again indicating that solution equilibrium had not yet been reached at t=2h and 

AgNPs were actively undergoing dissolution throughout the time-course of the 

experiment. These data taken together demonstrate a clear link between OD6oo of spent 

medium and the dissolution rate of AgNPs. 
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At both the start (t=0h) and end (t=2h) of dissolution experiments, dissolved 

oxygen content and pH of the samples remained relatively constant at~ 8.3 mg L-1 and 

5.3, respectively. Therefore, the observed differences in kctissolution observed when varying 

the OD6oo of spent medium can likely be explained by the metabolic output of C. 

crescentus at different points during its cell cycle. As outlined in Section 1.2, C. 

crescentus has a unique cell cycle, switching between replication competent (prosthecate) 

and incompetent (swarmer) morphotypes in culture. Throughout the early exponential 

phase, cultures maintain a relatively consistent proportion of these two cell types. 

However, as cultures reach late exponential and stationary phase, previous work has 

demonstrated a 35 to 60% increase in the proportion of swarmer cells between cultures 

with OD60o 0.9 and 0.97. 68•69 This "swarmer rush" (Figure 7A) is attributed to nutrient 

limitations of the medium at higher culture density. As nutrients become scarcer, more 

swarmer cells are likely to maintain their current morphotype and avoid differentiation 

into replication-competent stalked cells. This leads to an accumulation of swarmer cells 

in the late exponential stage and, consequently, the increase in the percentage of swarmer 

cells outlined above. This accumulation of swarmer cells does not last long, however, 

before cells largely shift towards pre-divisional (S) phase cells as they enter stationary 

phase arrest. 121 Due to these unique culture properties, we hypothesized that shifts in cell 

morphotype could have an effect on the metabolic output of C. crescentus, and therefore 

the dissolution rate of AgNPs in the presence of spent medium. 

In C. crescentus cultures, metabolite abundance is largely independent of cell 

cycle progression, but there exists a distinct subset of metabolites that vary upon changes 

in cell morphotype. 122 Differentiation of swarmer cells to stalked cells and their 
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subsequent division requires significant biosynthetic labor. Overabundant phospholipid 

synthesis in order to form the stalk during differentiation 123 is unique to C. crescentus, .,67 

but more general bacterial metabolic requirements are also greater during cell division. 124 

In low nutrient environments, cells can suspend this differentiation process, and in doing 

so modify certain subsets of their metabolic pathways. 

Sulfur metabolism is a subset of pathways that is particularly important for C. 

crescentus growth. It was recently found that glutathione ( GSH), a cysteine synthesis 

precursor and among the most widely present metabolites characterized in bacteria, 125 is 

both abundant in C. crescentus cultures and varies in concentration with cell cycle stage 

(Figure 8). 122 In nascent cultures in early exponential phase, the proportion of swarmer 
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Figure 8. Relative abundance of glutathione ( GSH) in synchronized 
cultures of Caulobacter crescentus throughout one full cell cycle ( see 
Figure 1 ). Relative abundance denotes the ratio of GSH detected in 
synchronized versus asynchronous culture samples per time point ( n = 
3). GSH levels depleted to a minimum at the G 1-S transition, 
followed by an increase during S phase, and peaked in pre-divisional 
cells. Figure was reproduced from Hartl et al., 2020. 120 

cells to other cell stages is relatively stable, leading to consistent pools of GSH across 

0D6oo 0.0-0.4. As nutrients in the medium become more limited and cells become 
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more stressed in later stages of growth (OD6oo:::::; 0.6-1.0), cell proportions begin to shift 

towards a greater proportion of swarmer cells, with these cells soon entering phase arrest 

in pre-divisional (S) phase, as stated prior. Previous work has shown that in synchronized 

C. crescentus cultures, GSH pools reach a maximum concentration when the majority of 

cells occupy this pre-divisional stage (Figure 8).122 This means that GSH concentrations 

should increase with culture density in asynchronous cultures, as were used in the current 

study. In addition, C. crescentus has a high intracellular concentration of GSH (in excess 

of 1 mM), 122 indicating that, upon the slight increase in cell death during late exponential 

and stationary phase, a greater amount of GSH will be released into the medium. In 

summary, the literature indicates that as C. crescentus culture density increases, so should 

the abundance of GSH. 

The optical density of C. crescentus cultures is clearly connected to both the 

dissolution of AgNPs in spent medium and the concentration of GSH. Therefore, we 

propose a tentative mechanism in which the dissolution of AgNPs is mediated by GSH in 

a concentration-dependent manner. In early exponential stage, GSH pools are consistent 

and do not modify the dissolution of AgNPs, as observed for OD6oo equal to 0.2 and 0.4 

in the present work. In late exponential phase, GSH begins to increase in concentration. 

This increase drives dissolution of AgNPs in a similar manner to cysteine residues found 

in BSA (Chapter 3) and as observed for OD6oo equal to 0.6 and 0.8 in the present study. 

In stationary phase, GSH pools reach saturating concentrations, sequestering released 

Ag(I)(aq) and attenuating dissolution as seen in the present work when the OD60o 

increases from 0.8 to 1.0. It is possible that greater concentrations of GSH could prevent 

oxygen access to the AgNP surface, also hindering dissolution. Our hypothesis that GSH 
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concentrations are saturating at higher concentrations is further supported by dissolution 

experiments performed with maximum 0D6oo spent medium (::::::::1.3) at concentrations 

higher than the original 1: 1000 dilution. When spent medium concentrations were 
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Figure 9. Graph of kdissolution as a function of spent medium concentration showing 
that increased concentration attenuates AgNP dissolution. Cultures were removed 
after overnight growth and spent medium samples were prepared in the same 
manner as Figure 7. For each dilution, buffer concentration was kept consistent at 
15 mM citrate - 15mM NaCl buffer at pH 5.3 during dissolution experiments. 
Rate constants (kdissolution) show the average and standard deviation of three 
replicate dissolution experiments using LSSV. LSSV measurements were taken 
every 5 minutes for two hours. AgNPs were introduced at the same total Ag 
concentration= 1.0 mg L-1. Statistical significance from the buffer control sample 
(*) and 1: 1000 diluted spent medium( *) was determined using a Student's t-test 
evaluated at the 95% confidence interval. 

increased 10-fold, 20-fold, and 100-fold, kdissolution was significantly suppressed 

compared to both the buffer control and 1: 1000 spent medium (Figure 9, Table A3). 

Work characterizing the surface interactions between GSH and AgNPs is 

extensive, with GSH used both as a capping agent 126•127 and model system for AgNP 

transformations. In previous studies investigating the effects of GSH and other 
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organothiols on AgNP dissolution, AgNPs were discovered to behave in a manner 

reminiscent of the BSA-mediated dissolution discussed in Chapter 3; that is, GSH bound 

Ag(I)(aq) ions at the AgNP surface, drawing these ions into the bulk solution and further 

driving the oxidative dissolution of AgNPs at low concentrations. 128.129 However, other 

studies have examined GSH at higher concentrations, finding that the extent of 

dissolution of GSH-coated AgNPs at equilibrium was only 0.8% of the total silver 

concentration in cell culture medium. 126 While these results may seem contradictory, they 

are consistent with the results found in this study: AgNP dissolution is accelerated at 

lower GSH concentrations, while dissolution is hindered at saturating concentrations 

(such as those found in AgNPs that are capped with GSH.) 

4.2 Characterization of the Spent Medium-AgNP Interaction at the Suiface Interface 

To further characterize the interaction between spent medium and AgNPs, we 

conducted DLS experiments. The PDI of all samples was < 0.160, indicating that the 

AgNPs formed a stable colloidal suspension and little to no aggregation took place. As 

the OD6oo of the spent medium increased from 0.0 to 0.2, there was a 2.9 nm increase in 

the hydrodynamic diameter of AgNPs, indicating that there are significant interactions 

between even low concentrations of C. crescentus metabolites and the AgNP surface 

(Figure 10A, Table 8). There was a total increase of 5.6 nm in hydrodynamic diameter 

over the OD6oo range 0.0-1.0, suggesting the formation of a thick multi-layer of 

metabolic products at the surface. These data are consistent with our hypotheses that 

lower concentrations of GSH interact with the AgNP surface to medite dissolution but 

have a more significant interaction at higher concentrations (Figure 7, Figure 9). 
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Figure 10. DLS size distributions of 40 nm AgNPs in the presence of spent medium 
with varying optical density analyzed immediately after mixing (A) or after a 2h 
incubation period (B). In all trials, AgNPs were prepared to a total Ag concentration = 
4.0 mg L-1 (molar particle concentration~ 0.02 nM), while spent medium was prepared 
with a dilution factor of I :250. All samples are prepared in 15 mM sodium citrate - 15 
mM NaCl buffer of pH 5.3. Size distributions of AgNPs prepared in spent medium of 
varying OD60o are each overlaid with AgNPs prepared in the buffer control. 

DLS experiments were repeated after a 2h incubation period in order to fully represent 

the AgNP surface at the beginning and end of dissolution experiments. We discovered 

that the hydrodynamic diameter of the incubated samples also increased with increasing 

OD60o of spent medium in a similar manner to that seen in Figure t OA, albeit with 

consistently larger sizes across all samples (Figure lOB, Table 8). 
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Table 8. Characterization of AgNPs in the presence of spent medium with varying 
OD60o 

Non-incubated Incubated 

Spent 
Medium ~Ls(nm) ~(mV) ~LS(nm) ~(mV) 
0D6ooa 

Buffer control 43.6 ± 0.2 -42 ± 2 44.6 ± 0.2 -43 ± 2 

0.0 41.2 ± 0.9 -32 ± 2 45.5 ± 0.9 -33 ± 5 

0.2 44.1±0.7 -32 ± 2 46.8 ± 0.8 -38 ± 2 

0.4 44.6± 0.6 -35 ± 2 47.3 ± 0.8 -37 ± 1 

0.6 44.9 ± 0.4 -31 ± 2 50.7 ± 1.0 -34 ± 3 

0.8 46.5 ± 0.4 -31 ± 1 49.1 ± 0.8 -34 ± 1 

1.0 46.8 ± 0.4 -33 ± 3 48.6 ± 0.7 -33 ± 2 

"All samples were prepared as outlined in Figure 10 

As hydrodynamic diameter increases can be indicative of corona formation, 108 these 

increases in size with both increasing OD6oo of the spent medium and sample incubation 

time reveal a dynamic system in which AgNP surface architecture is influenced by the 

bacterial metabolite profile over time. 

Of note, there is a sharp decrease in size between the buffer control and neat 

medium (OD6oo = 0.0) in non-incubated samples (Figure 10, Table 8). This is indicative 

of an interaction between the PYE medium and AgNPs. Previous work has shown that 

the presence of weak cationic species can compress the electric double layer of AgNPs, 

resulting in a reduction of AgNP size as measured by DLS .130 An increase in the ionic 

strength of the solution upon the addition of neat PYE could explain this size decrease. 

However, no such drop is observed between the buffer control and neat medium for 
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samples incubated for 2h. This may be due to the longer time scale granting sufficient 

time for the neat PYE to form a corona at the AgNP surface. Further evidence of 

interaction with the PYE medium is a ~5- 11 m V shift towards a more positive zeta 

potential in all samples containing spent or neat medium when compared to the buffer 

control. Since the displacement of negatively charged citrate from the AgNP surface by 

some species in solution can cause the net surface charge to become more positive, shifts 

towards a more positive zeta potential can also indicate corona formation. 108 There does 

not appear to be a discernible correlation between spent medium 0D60o and zeta potential 

in either incubated or non-incubated samples, indicating that the PYE medium used to 

grow C. crescentus is likely modifying the AgNP surface , and maintaining a similar 

interaction throughout the samples with 0D6oo 0.0-1.0. 

4.3 Future Works Involving the Spent M edium End-of Use Model 

The results presented in this study point to a tentative mechanism in which GSH 

mediates the dissolution of 40 nm AgNPs in a concentration-dependent manner, first 

enhancing kctissolution at lower concentrations and beginning to attenuate dissolution at 

higher concentrations. Future work will aim to confirm this mechanism by measuring 

concentrations of GSH in each spent medium sample, using either colorimetric assays 129 

or mass-spectrometric techniques. 122 This will allow us to quantitate the redox state of 

GSH and relative GSH concentrations at nanomolar detection limits , confirming that the 

data presented previously in the literature accuratel y represents the biological system that 

we used in this specific study. LSSV and DLS experiments will be repeated in neat 

medium spiked with equivalent concentrations of reagent-grade GSH to confirm that 
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AgNP dissolution effects are largely due to changes in GSH concentration and not due to 

other metabolites. 

Another possibility that must be addressed is that the concentration and structure 

of peptides in the PYE itself could differentially influence dissolution rates as it is 

catabolized by bacteria over time. However, due to the heterogeneity in both peptide 

length and composition of the hydrolysates which make up PYE, we believe it is unlikely 

that there are significant , directional changes in overall PYE component structure during 

bacterial growth. 131 Also, the high affinity of GSH to the AgNP surface and relatively 

high concentration in spent medium samples should imply that this species would 

dominate during corona formation. Also, the proposed follow-up experiment using 

reagent-grade GSH spiked into neat medium would allow us to support this hypothesis by 

eliminating the possibility of changes in PYE composition due to bacterial catabolism. If 

dissolution rates and DLS data from this study mirror that seen in Figure 7 and Table 8, 

we would have even greater confidence in the proposed mechanism of dissolution. 

Our DLS size and zeta potential data indicate that there is some degree of 

interaction between the PYE medium and the AgNP surface. Data from Johnston et al. 

(2018) 132 show only minimal changes in the extent of AgNP dissolution when in the 

presence of peptone hydrolysates and yeast extract (<0.2%) when compared to water 

during the first 30 minutes of dissolution, the time points used to calculate kdissolution in our 

study. They also show that there are no significant changes in hydrodynamic diameter for 

particles incubated with growth medium, contradictory to our findings. This could 

indicate that medium has minimal effects on dissolution. However , these experiments 

were performed using AgNPs coated with the polymer polyethylene glycol (PEG) , which 
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has long been known to hinder corona formation, 133 decreasing its relevance to this work. 

We will discuss these possible growth medium effects further in Chapter 5. 

4. 4 Conclusions and Implications of the Spent Medium End-of Use Model 

We demonstrate in this work that the variation in kdissolution of AgNPs is clearly 

connected to the 0D60o of C. crescentus cultures, and that this variation is due to 

changing interactions at the AgNP surface interface. While demonstrating only a tentative 

mechanism involving GSH-mediated AgNP dissolution in this model system, our work 

has broad implications for the regulation and environmental impacts of AgNPs. 

We have shown here that bacterial metabolites, specifically those of a bacterium 

that shares its habitat with common AgNP waste repositories, have the potential to 

mediate AgNP dissolution. In freshwater lakes, Caulobacter lineages are widely 

distributed and abundant, 134 sometimes making up the majority of the 

Alphaproteobacteria population in lake water samples. 135•136 Groundwater , estuaries, 

rivers, and soils were also found to have high abundances of Caulobacter. 137 These 

findings indicate that C. crescentus and AgNP waste share common locations, and are a 

strong indicator that the model system we have studied here is an effective end-of-use 

model for environmental AgNP exposure. 

The abundance of different bacterial populations should be a topic of 

consideration when discussing AgNP waste disposal. However, this study focuses only 

on one species of bacteria. Different bacterial species have different metabolic profiles 

and are likely to modify AgNP dissolution in highly variable ways. For instance, distinct 

populations of anaerobic and methanotrophic bacteria dominate in certain landfills, 138•139 

50 



a common AgNP waste repository. Anaerobic respiration and fermentation products are 

vastly different from those of aerobic respirers, 140-143 suggesting that they will interact 

with and modify the AgNP surface in a manner distinct from that seen in this work. In 

addition to environmental settings, future work could apply the electrochemical methods 

and results validated here to investigate AgNP interactions with metabolites produced by 

the gut microbiome, 144 common food contaminants such as Salmonella or 

Campylobacter, 145 or even the human skin microbiome. 146 

Chapter 5: Preliminary Analysis of the Effect of PYE Medium on AgNP 

Dissolution 

DLS size and zeta potential data provides evidence of an interaction between neat 

PYE medium and AgNPs (Figure 10, Table 8). We sought to investigate this interaction 

further by performing dissolution experiments in the presence of the individual 

components which make up PYE medium. 

5.1 Peptone Yeast Extract (PYE) Growth Medium Components Have Diff erential Effects 

on AgNP Dissolution 

LSSV was first used to quantify kctissolution for 40 nm AgNPs in the presence of 

Bacto Peptone ®, yeast extract , and trace salts (MgSO 4 and CaCh). These components 

were prepared in the same manner and with the same concentrations as neat PYE , and 

also diluted by a factor of 1: 1000 during LSSV dissolution experiments. 

The kctissolution of AgNPs in the presence of trace salts was not significantly 

different from a buffer control. This result was expected , as previous work in our group 
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has shown that NaCl enhances dissolution only at concentrations greater than 8.6 mM, 55 

while the concentrations of the trace salts in this work, MgSO4 and CaCb, were 1. 0 x 10-3 

mM and 5.0 x 10-4 mM respectively. In addition, yeast extract suppressed kctissolution with 

respect to a buffer control. This is consistent with AgNP dissolution rates collected in the 

presence of neat medium. However, kctissolution in the presence of Bacto Peptone® was 
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Figure 11. Individual components of peptone yeast extract (PYE) medium 
differentially influence AgNP dissolution rates. Individual components were 
prepared in the same manner and concentration as seen in neat PYE (Section 2.1). 
Max OD6oo spent PYE corresponds to the 1: 1000 sample in Figure 9, and is 
provided for reference. Samples were diluted 1 : 1000 in 15 mM citrate - l 5mM Na Cl 
buffer at pH 5.3 during dissolution experiments. Rate constants (kctissolution) show the 
average and standard deviation of three replicate dissolution experiments using 
LSSV. LSSV measurements were taken every 5 minutes for two hours. AgNPs were 
introduced at the same total Ag concentration = 1 mg L-1. Statistical significance 
from the buffer control sample(*) was determined using a Student's t-test evaluated 
at the 95% confidence interval. 
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significantly enhanced compared to a buffer control (Figure 11, Table A4). This result is 

unexpected based on dissolution data collected in the presence of neat medium and 

requires further characterization. 

5.2 Future Works Involving Medium Component Analysis 

These preliminary data provide a starting point, but further work is necessary to 

fully characterize interactions between the AgNP surface interface and PYE medium 

components. LSSV dissolution experiments in the presence of individual components 

must be repeated to verify their validity, and further dissolution experiments involving 

combinations of the various components (i.e. Bacto Peptone ® + yeast extract, Bacto 

Peptone® + trace salts, yeast extract + trace salts) must be conducted. This will allow us 

to see if the interactions between these components synergistically or antagonistically 

influence AgNP dissolution. In addition, DLS size and zeta potential data for AgNPs in 

the presence of these components and their various combinations will allow us to 

determine what changes at the AgNP surface interface could influence AgNP dissolution. 

In order to address the points made in Sec ti on 4. 3 regarding changing medium 

concentrations over time, a pertinent follow-up study could include recording kdi ssolution 

with varying concentrations of neat PYE medium and PYE medium components. Ifwe 

were to see minimal changes or a decrease in kdissolution with decreasing PYE 

concentration , it would provide a complement to the proposed GSH-concentration-

dependent study (Section 4. 3) and allow us to rule out changing medium concentration s 

as a cause for the enhanced dissolution seen in spent medium with higher OD60o (Figure 

7). 
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Chapter 6: Conclusions and Future Directions 

In this work, we sought to characterize AgNP transformations, specifically 

dissolution, in the context of both simple and complex biological matrices. We first 

showed that LSSV is a sensitive, time-resolved method for measuring AgNP dissolution 

kinetics. LSSV data showed that the point-of-use model protein BSA enhances AgNP 

dissolution in a concentration-dependent manner and that the degree of enhancement was 

greater with decreasing particle size. These results pointed to a mechanism where 

Ag(J)(aq)-loaded BSA at the AgNP surface is displaced with free protein in the bulk 

solution. This conclusion was further supported by DLS, UV-Vis binding isotherms, and 

CD data, which indicated weaker binding between BSA and the surface of smaller 

AgNPs, and thus the potential for more rapid exchange of Ag(J)(aq)-loaded BSA at the 

AgNP surface. 

In an effort to expand to more complex environmental systems, LSSV was then 

used to probe the dissolution of AgNPs in the presence of PYE medium and C. 

crescentus metabolites (referred to as "spent medium" in this work), an end-of-use model 

system. This bacterium commonly shares its habitat with AgNP waste repositories. LSSV 

data indicates that spent medium mediates the dissolution of AgNPs in a culture density-

dependent manner. Increasing hydrodynamic diameter of AgNPs incubated with spent 

medium derived from these same cultures confirms changing surface interactions that 

align with dissolution data. These data point to a tentative mechanism of GSH-mediated 

dissolution , based on recent literature. 
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A future goal is investigating the dissolution of AgNPs in the presence of PYE 

medium and medium component samples not used to culture C. crescentus, in order to 

reductively isolate the effects of bacterial metabolites. In addition, assays to confirm our 

suspicions regarding increasing GSH concentration with culture density are necessary. 

Beyond studying the point-of-use and end-of-use systems characterized in this 

work, our LSSV methodology can be applied to a wide variety of model systems to 

measure AgNP dissolution. The dissolution of AgNPs with different capping agents, such 

as poly(vinylpyrrolidone) (PVP), can be measured. In addition, AgNP dissolution in the 

presence of other serum proteins such as antibodies could have implications for drug 

delivery applications. Finally, measuring AgNP dissolution kinetics in the presence of 

spent medium derived from other bacterial species will inform clinical application of 

AgNPs as cytotoxic agents, evolve our understanding of human exposure through AgNP-

enabled consumer products , and expand on the work presented here with regard to 

environmental impacts of AgNP waste disposal. 
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Figure Al. DLS size distributions of (A) 10 nm AgNPs, (B) 20 nm AgNPs, and (C) 40 nm 
AgNPs with 0 nM BSA (red) and 8 nM BSA (blue). AgNPs were prepared to the same total 
Ag concentration= 1.0 mg L-1 (molar particle concentrations were as follows: 10 nm AgNPs 
290 pM, 20 nm AgNPs 50 pM, 40 nm AgNPs 5 pM). All samples were prepared in 5 mM 
citrate - 5 mM NaCl buffer at pH 6.5. 
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Table Al. AgNP lots ordered from NanoComposix. All are suspended in 2 mM 
citrate 

dAgNP (nm) dseM(nm) Concentration Lot Number 
(mg/mL) 

l0a 15 ± 3 0.2 JSF0059 

20a 24 ± 5 0.2 RRR0009 

40a 42 ± 4 0.2 TJC0051 

40b,1 0.2 TJC0084 

aLots used during experiments involving BSA 
bLots used during experiments involving spent and neat medium 
1Scanning electron microscopy (SEM) imaging has not yet been performed 
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Figure A2. UV-Vis spectra of (A) 10 nm AgNPs, (B) 20 nm AgNPs , and (C) 40 nm 
AgNPs with varying concentrations of BSA (0 - 2 nM). AgNPs were prepared to the 
same total Ag concentration = 4.0 mg L-1 (molar particle concentrations were as follows: 
10 nm AgNPs,;,; 1.2 nM, 20 nm AgNPs,;,; 0.2 nM, 40 nm AgNPs,;,; 0.02 nM). All samples 
were prepared in 5 mM citrate - 5 mM NaCl buffer at pH 6.5 and incubated for 30 
minutes prior to analysis. 
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Figure A3. Langmuir adsorption isotherms of (A) 
10 nm AgNPs , (B) 20 nm AgNPs, and (C) 40 nm 
AgNPs with various concentrations of BSA ranging 
from 0 to 500 nM. AgNPs were prepared to the 
same total Ag concentration= 4.0 mg L·1 (molar 
particle concentrations were as follows: 10 nm 
AgNPs ;:,J 1.2 nM, 20 nm AgNPs ;:,J 0.2 nM, 40 nm 
AgNPs ;:,J 0.02 nM). All samples were prepared in 5 
mM citrate buff er at pH 6. 5 and isotherms were 
recorded using UV- vis spectroscopy. 
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Figure A4. Representative CD spectra demonstrating the effect of AgNPs of 
varying diameter on the a-helicity of BSA. The concentration of BSA was 1.00 µM. 
AgNPs were prepared to the same total Ag concentration= 1.00 mg L-1 (molar 
particle concentrations were as follows: 10 nm AgNPs 290 pM , 20 nm AgNPs 
50 pM, 40 nm AgNPs 5 pM). All samples were prepared in 5 mM NaCl and 
incubated for 30 minutes prior to analysis. 

Table A2. Statistical significance of kctissolution in variable OD spent 
medium samples from a buffer control and neat medium 

Buffer control Neat PYE medium a 

Spent 
Medium Pvalue t-statistic Pvalue t-statistic 

OD 

o.oa 0.015 4.12 

0.2 0.011 4.53 0.60 -0.570 

0.4 0.0018 7.33 0.13 1.89 

0.6 0.00097 -4.65 0.0024 -6.86 

0.8 0.035 -3.14 0.023 -3.58 

1.0 0.22 -1.46 0.0058 -5.38 

"Neat medium is noted as OD60o 0.0 in Figure 7 

60 



Table A3. Statistical significance of kdissolution in maximum OD60o spent 
medium at various dilutions from 1: 1000 spent medium and a buffer controla 

Buffer control 1:1000 Spent medium 

Spent 
medium 
Dilution 
Factor 

1: 100 

1:50 

1:10 

Pvalue 

0.00030 

0.0034 

0.0042 

t-statistic 

11.7 

6.23 

5.87 

Pvalue 

0.000098 

0.0013 

0.0021 

"Values refer to data pictured in Figure 9 

Table A4. Statistical significance of kdissolution in 
neat PYE medium components from a buff er 
controla 

Neat medium Pvalue t-statistic component 

Neat Medium 0.015 4.11 

Maximum 
OD6ooSpent 0.11 -2.03 

Medium 

Trace Salts 0.32 1.12 

Bacto 0.085 -2.54 
Peptone® 

Yeast Extract 0.018 3.89 

"Values refer to data pictured in Figure 11 

t-statistic 

15.6 

8.07 

7.07 
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