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Abstract 
 

Silver nanoparticles (AgNPs) are widely used within commercial products due to their distinct 

antibacterial and antimicrobial properties. As their utilization continues to increase, their 

inevitable improper disposal could present lasting environmental ramifications due to their non-

specific biotoxicity. One microorganism of interest is Caulobacter crescentus, a common 

freshwater bacterium found in locations where AgNPs end after their disposal. C. crescentus has 

two distinct cell types—a stalked and a swarmer form—each with their own unique function and 

metabolic outputs. Approximately 15% of the C. crescentus metabolome varies with cell cycle, 

thus making this an interesting and environmentally relevant model organism for this work. 

Adsorbates, like proteins and other metabolites readily adsorb to the surface of AgNPs forming 

eco-coronas, which can alter the biological fate of AgNPs. A process of synchronizing the 

bacteria to the same cell-cycle interval was accomplished and complex mixtures of excreted 

matter from the C. crescentus were isolated at different intervals in the cell cycle. These mixtures 

were then used to create C. crescentus eco-coronas. Electrochemical techniques such as linear 

sweep stripping voltammetry (LSSV) in combination with dynamic light scattering (DLS) were 

used to evaluate the impact of C. crescentus eco-coronas on AgNP size, charge, and dissolution. 

Later stages in the C. crescentus cell-cycle were shown to contain more complex mixtures of 

adsorbates and lead to higher AgNP dissolution rates, thus demonstrating the utility of C. 

crescentus to model the complex environmental reactivity of AgNPs. 
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Chapter 1: Introduction 

 The utilization of engineered nanomaterials (ENMs) in many sectors of life, including 

industry, energy technologies, medicine, and commerce, has greatly increased in the last decade 

due to their unique, tunable properties. Silver nanoparticles (AgNPs), in particular, have received 

increased attention due to their antibacterial and antimicrobial properties.1–3 As AgNPs are used 

in much higher quantities than in prior years, we must not only investigate their beneficial impact 

to human health, but also their potential detrimental impact on the environment due to their 

inevitable release during production, use, and disposal. The mechanisms by which AgNPs 

exhibit antibacterial and antimicrobial characteristics is not entirely understood, however, it is 

thought to be correlated to the dissolution of the AgNPs into silver ions.4 Dissolution is merely 

one environmental transformation that AgNPs can undergo. However, dissolution has important 

implications regarding the form of Ag in the environment (nanoparticulate or ionic) and the 

potential toxicity of AgNPs to environmental organisms.5–8 

 AgNPs are often discarded into landfills or they enter the water column after passage 

through wastewater treatment plants.9 These environments are rich with biological and organic 

species leading to the formation of what is termed an eco-corona. Adsorbates, like proteins, 

natural organic matter (NOM), and inorganic ions readily adsorb to the surface of AgNPs 

forming eco-coronas, which can alter the biological fate of AgNPs.10–12 Thus, it is important to 

understand the complex chemistries that control AgNP reactivity at the nano-bio interface using 

environmentally relevant models. One such model system is Caulobacter crescentus, a 

bacterium that is often present in the same areas where AgNPs are inevitably discarded.9,13 

Therefore, this work seeks to use C. crescentus as a model system from which to derive relevant, 

complex eco-coronas in order to investigate the impact of eco-coronas on AgNP dissolution as a 
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stepping stone towards understanding the environmental transformation of AgNPs. To this end, a 

suite of analytical electrochemical and spectroscopic techniques was used to analyze the 

intricacies of the modifications of AgNP dissolution kinetics as a result of the formation of 

complex C. crescentus eco-coronas. 

1.1: Engineered nanomaterials and their environmental fate 

An ENM is any material that has been manufactured to have one dimension of 100 nm or 

less. There has been a significant increase in the applications of ENMs, ranging from 

incorporation into commercial products to employment in nanomedicines. For example, 

inorganic nanoparticles such as zinc oxide (ZnO) and titanium dioxide (TiO2) are used as UV 

filters in mineral sunscreens due to their near colorless appearance when applied to skin.14 The 

nanomedicine market, which was valued at approximately 293 billion USD in 2022, is expected 

to grow to approximately 351 billion USD by 2025.15 ENMs are rapidly becoming an integral 

part of the chemical market due to their unique tunable properties based on their controllable size 

and surface chemistry. Particular to this work, AgNPs have been widely used in a plethora of 

different applications due to their antibacterial and antimicrobial properties.2,4  

 The tunability of the antibacterial and antimicrobial characteristics of AgNPs make them 

vastly beneficial for maintaining and improving the quality of life of humans in today’s 

globalized world. These applications include the process of recycling wastewater to remove 

harmful microbes,1 preserving commercial products like makeup and skincare,3 and 

impregnation into fabrics to kill harmful bacteria.16,17 It is important to note that the mechanism 

of AgNP toxicity for bacteria and microorganisms is nonspecific and cannot distinguish between 

harmful bacteria and beneficial bacteria. To that extent, it is important to study the way in which 

AgNPs, and ENMs more broadly, interact with the ecosystems in which they will end up.  
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 AgNPs are produced in massive quantities; some figures estimate that more than 600 

metric tons of AgNPs are produced each year!18 In their various applications, these materials will 

eventually be discarded through intentional disposal or through unintentional release like 

washing a material which has been imbedded with AgNPs. This can be problematic as there is a 

high likelihood that AgNPs will accumulate in improper locations. For instance, if someone 

washes a pair of socks which have been impregnated with AgNPs, there is a good chance that 

some of these AgNPs will enter wastewater treatment plants and even freshwater sources like 

lakes and streams.19,20 Once the AgNPs are present in these environmentally critical zones, many 

different physicochemical transformations can occur, including but not limited to aggregation, 

agglomeration, redox chemistries, and adsorption of biomolecules onto their surface.5  

 Aggregation of nanomaterials is affected by a wide variety of factors related to both the 

medium in which they are suspended (pH, ionic composition, ionic strength, etc) as well as the 

materials themselves (size, surface coating, etc).8 The mechanism by which aggregation occurs is 

defined using Derjaguin-Landau-Verwey-Overbeek (DLVO) theory which explains how the 

stability of a colloid is affected by its presence in aqueous medium. DLVO theory combines the 

attractive forces of traditional Van der Waals forces with repulsive, electrostatic forces to 

describe the likelihood for two particles to interact.21,22 DLVO theory can model aggregation in 

systems with ENMs due to their nanoscale size. AgNPs are typically electrostatically stabilized 

via a coating with a charged molecule like citrate to limit homoaggregation (aggregation of one 

particle to another particle of the same kind).6,8,23 However, if the solution in which the AgNPs 

are suspended has sufficient ionic strength, the cations can induce homoaggregation by 

compressing the electric double layer thus reducing the repulsive forces between two particles. It 

is important to note that DLVO theory does not explain all the ways in which aggregation can 
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occur; key to this work, aggregation can be induced by the presence of bio- and organic 

molecules.  

 The most widely accepted mechanism for bacterial toxicity via AgNPs is the dissolution 

of AgNPs into ionic silver. Thus, understanding the mechanism by which dissolution of AgNPs 

occurs is pivotal. Oxidative dissolution, the major dissolution mechanism of AgNPs, occurs 

when silver atoms at the surface of a AgNP encounter an oxidizing species such as diatomic 

oxygen. Under appropriate conditions, the surface Ag atoms can be oxidized to Ag(I) according 

to: 

 4𝐴𝑔(𝑠) + 𝑂2(𝑎𝑞) + 4𝐻(𝑎𝑞)
+ → 4𝐴𝑔(𝐼)(𝑎𝑞) + 2𝐻2𝑂(𝑙) (1) 

Some of the factors which influence dissolution include the solution pH, ionic composition and 

strength of the solution, the size and surface coating of the particle, and the presence of 

adsorbates in solution.2,8,24–27 Particular to this work, the distinction between the dissolution rate 

of different particle sizes is of utmost importance; the smaller a particle is, the faster the particle 

will dissolve due to the increased surface area to volume ratio.24,28,29  

  Upon oxidative dissolution of AgNPs the degradation of several biochemical pathways 

begins. Organic and biological materials have a high affinity for Ag(I) which explains the ways 

in which ionic silver readily and rapidly disrupts cellular membranes,30 critical enzymes,31 and 

RNA.26,30,31 Additionally, AgNPs can increase concentrations of reactive oxygen species (ROS) 

at a cellular level,31 which leads to RNA and DNA modifications that disrupt cellular 

reproduction.7,7,32,33 It has been further demonstrated that ROS are produced at a much higher 

level in the presence of smaller particles as opposed to larger particles due to their increased 

surface area to volume ratio.34   
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1.2: Eco-coronas and their modulation of nanoparticle reactivity 

 When a AgNP comes into contact with environmentally or biologically relevant media 

rich in NOM and biomolecules (e.g., proteins, carbohydrates, metabolites, lipids, etc.), the 

adsorbates can exchange with or overcoat the stabilizing ligands on the AgNP surface to form an 

eco-corona.10,35 Physical adsorption of large biomolecules such as proteins or metabolites to the 

surface of a AgNP can increase the effective particle size and cause some level of aggregation 

through Debye screening, or an effective decrease in the charge of the AgNP due to adsorbed 

molecules with different charges.36,37 Corona formation can lead to decreased aggregation 

through steric stabilization of the AgNP or it can lead to increased aggregation or dissolution 

through elimination of electrostatic stabilization. Likewise, corona formation can lead to 

decreased dissolution by limiting oxygen accessibility to and Ag(I) diffusion from the AgNP 

surface or it can lead to increased dissolution through a nucleophilic dissolution mechanism 

(Figure 1).24,28,30 

 Eco-corona formation is dynamic. Initially, adsorbates which are highest in concentration 

will adsorb first, however, this initial corona formation is not long lived and as time passes, 

adsorbates that have a higher affinity for the NP’s surface will replace the initial corona 

constituents. This chemical phenomenon is known as the Vroman Effect.38,39 The layer of high 

affinity adsorbates which are directly bonded to the nanoparticle surface form what is called the 

hard corona.10,11 The remaining adsorbates in the bulk solution can form the so-called soft 

corona, which is a secondary layer of adsorbates with low affinities for the nanoparticle surface 

itself. Thus, the interactions which facilitate the formation of the soft corona are adsorbate-

adsorbate interactions.10–12,35,37 An interesting effect of this two-layer eco-corona is the frequent 

changes in the properties of a particular nanoparticle-eco-corona complex. For example, due to 
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the low affinity interactions of adsorbates in the soft corona, the corona can be entirely 

reconstructed via desorption and adsorption events as the NP-corona complex enters different 

environmental compartments.40,41 

 

Figure 1. Schematic of the interaction of a AgNP with C. crescentus excreted biomolecules. 

C. crescentus in both its stalked and swarmer cell type excrete a mixture of various 

biomolecules, which can adsorb to the surface of a pristine AgNP forming an eco-corona. The C. 

crescentus eco-corona modulates the reactivity of AgNPs by enhancing various transformations 

including dissolution and aggregation. 

Eco-coronas can not only alter AgNP aggregation and dissolution behaviors, but can also 

modulate the way in which AgNPs are recognized by living organisms. Results are not entirely 

conclusive as to the impact of eco-coronas on the biological toxicity of AgNPs, with varying 

reports that the formation of eco-coronas on AgNPs have both reduced and increased the 

bactericidal properties of the AgNPs.42–44 Research suggests that this conflicting behavior is the 

result of the composition of the eco-corona itself. For instance, AgNPs with an eco-corona of 

NOM have decreased toxicity while those composed of proteins have increased toxicity.40,42,44 

This suggests that the mechanism by which AgNP cytotoxicity is modulated via eco-corona 



13 
 

formation is related to the way in which a cell recognizes the coating of the particle as opposed 

to the particle itself. 

1.3: C. crescentus as an environmental model system 

 Many previous studies on the impacts of eco-coronas focus on a single adsorbate (one 

protein, biomolecule, or organic macromolecule). However, it is pivotal to explore the formation 

of complex eco-coronas by way of environmentally relevant mixtures of adsorbates. One strain 

of bacteria that can be used to generate complex eco-coronas is C. crescentus. An oligotrophic 

alphaproteobacterium, C. crescentus is often found in nutrient deficient environments which are 

often composed of large amounts of wastewater (e.g., wastewater treatment plants, sewage 

systems, etc).9 This is important because it is these same environments where AgNPs are 

improperly discarded or end up after rounds of washing.1,32  

 C. crescentus is a unique bacterium due to its dimorphic life cycle (Figure 2).45 At the 

start of the cell cycle, the bacteria are in a swarmer phase which is distinguished by a flagellum - 

a threadlike structure which facilitates the rapid movement of cells through aqueous media.46 The 

swarmer cell then sheds its flagellum which transforms it into a predivisional cell.47 Next, a stalk, 

or prostheca, and a holdfast form and the cell is in a stalked phase. The holdfast produces an 

adhesive compound which facilitates the sticking of a C. crescentus cell to a surface.48 While 

swarmer cells search for sources of nutrients in its environment, the adhesion of stalked cells to 

surfaces facilitates the formation of a biofilm, a structured bacterial community which enables 

the efficient spreading of nutrients among the stationary cells.49,50 It is the formation of a stalk 

and holdfast that initiates DNA replication and the general process of asymmetric cellular 

division.51 The stalked cell type serves as the basis for the cellular division which produces a 
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genetically identical swarmer cell which can then begin the process of cellular development once 

again.52   

 

 

Figure 2. Schematic showing the cell cycle of C. crescentus, which is distinguished by its 

dimorphic life cycle including a stalked and swarmer cell type. 

 Another extremely important facet of C. crescentus is the variance of its metabolome as a 

function of cell cycle stage. Previous research has shown that approximately 14% of the C. 

crescentus metabolome varies with the cell cycle.53 The majority of the metabolites that vary are 

sulfur based which is of importance due to the process of sulfur assimilation (the conversion of 

inorganic forms of sulfur to bioavailable sulfur metabolites).54 Sulfur assimilation is needed for 

the transformation of the initial swarmer cell to a stalked cell during the transition between the 

G1 and S cell phases.55 In a synchronized culture of C. crescentus where all cells are at the same 

developmental stage, there is a surge in the concentration of sulfur metabolites during later 

stages of growth after the cells have divided. Some of the sulfur metabolites of interest to this 
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work and more generally related to C. crescentus metabolism are glutathione (GSH) and its 

precursor intermediates (cysteine, γ-glutamylcysteine), as well as S-adenosylmethionine (SAM) 

and its precursor intermediates (methionine and homocysteine).54,56 GSH is a critical metabolite 

which has been directly linked to proper cellular growth in various populations of C. crescentus, 

while SAM is critical for mediating methylation reactions as well as for producing key signaling 

molecules like autoinducer-2.53,57  

 Another metabolite of interest is the bacterial messenger molecule cyclic di-GMP (c-di-

GMP). The concentration of C-di-GMP has been shown to peak a short time after the conversion 

of a swarmer cell to a stalked cell, similar to the sulfur metabolites described above.58,59 

Moreover, the concentrations of c-di-GMP in synchronized cultures are approximately 3 times 

that in unsynchronized cultures.53 This fact, alongside its pivotal nature in determining when the 

aforementioned G1 to S transition occurs60, make c-di-GMP an interesting metabolite to study in 

relation to the C. crescentus cell cycle. Although all the aforementioned metabolites are of 

critical importance for cellular growth, this work will primarily build upon prior research in the 

Riley Group which has linked GSH to changes in AgNP dissolution while also seeking to 

corroborate results with other changes in key metabolites.  

 Although C. crescentus has unique properties, it has broad implications. C. crescentus is 

one of many alphaproteobacteria in the Hyphomonadaceae bacterial family that inhabit similar 

environments where AgNPs are likely to be discarded. Many species in this family, such as the 

Hyphomonas neptunium and the Hirschia baltica, also exist in both a stalked and swarmer cell 

type.61,62 Additionally, many of these bacterial species produce many of the same metabolites 

that have been discussed above in similar concentrations as C. crescentus.63 Therefore, using the 

metabolites that C. crescentus produces to explore how AgNP dissolution kinetics is affected by 
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the development of eco-coronas, allows for broader conclusions to be drawn in relation to the 

environmental reactivity of AgNPs. 

1.4: Research aims 

 To date, most eco-corona research has focused on either the formation of a simplified 

eco-corona (one biomolecule of interest) or in situ work (investigating the composition of eco-

coronas formed in mesocosms). However, little work has been done between these extremes to 

bridge our understanding of corona formation at different scales, and there is a need for 

additional studies that investigate complex coronas (formed from 2 or more adsorbates) and in 

vivo coronas (formed from biological organisms). Through investigation of the latter, this work 

aims to contribute to predicting the fates of ENMs, designing ENMs for proper and safe 

environmental impact, and developing ways to control eco-corona compositions.10,11,35 

 Previous work in the Riley Lab has used C. crescentus as an environmentally relevant 

organism from which to derive complex eco-coronas. In this prior work, spent media was 

isolated from asynchronous cell cultures and AgNP dissolution behaviors were evaluated. In this 

study conducted with 40 nm citrate stabilized AgNPs, there was no direct correlation observed 

between cell growth and AgNP dissolution. The goal of this study was to evaluate whether the 

unique biomolecules excreted by C. crescentus in different developmental stages would uniquely 

modify AgNP dissolution. As a result, a method for cell culture synchronization and subsequent 

isolation of C. crescentus metabolites was developed. In parallel, in this work dissolution studies 

were performed with 40 nm citrate stabilized AgNPs and 10 nm citrate stabilized AgNPs to 

expand our understanding of how not only the composition of the eco-corona affects AgNP 

dissolution, but how that phenomena might be uniquely affected by the particle size.  
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 These eco-coronas and their modulation of environmental reactivity were also compared 

to available metabolomic data on C. crescentus in an attempt to explain the visible trends. This 

study seeks to better understand the nano-bio interface in ways that have not previously been 

explored. As opposed to exploring this field at the extremes of in vitro studies with singular 

adsorbates or in vivo studies, this study attempts to build a theoretical bridge between the 

extremes to make further conclusions about the environmental impacts of ENMs as a class of 

nanomaterials. 
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Chapter 2: Materials and Methods 

2.1: Chemicals 

 Ammonium chloride (ACS), Bacto™ Peptone, calcium chloride dihydrate (99+%), 

iron(II) sulfate heptahydrate (98%), magnesium sulfate heptahydrate (99+%), potassium 

phosphate monobasic (ACS), and yeast extract were purchased from ThermoFisher Scientific 

(Heysham, England). Bacto™ Agar was purchased from Becton, Dickinson and Company 

(Sparks, MA). Anhydrous D-(+)-Glucose was purchased from MP Biomedicals (Solon, OH). 

Percoll™ was purchased from Cytiva Life Sciences (Uppsala, Sweden). Sodium citrate 

monobasic (≥99.5%), sodium chloride (≥99.5%), sodium hydroxide (99%) and sodium 

phosphate dibasic (≥99.5%) were purchased from Sigma-Aldrich (St. Louis, MO). BioPure 

citrate-stabilized AgNPs with a nominal diameter of 10 and 40 nm were purchased from 

NanoComposix and were provided at a concentration of 1 mg mL-1 suspended in a 2 mM sodium 

citrate solution (La Jolla, CA). All 10 nm AgNPs were taken from lot number SLD0068 and all 

40 nm AgNPs were taken from lot number SDC0010. All AgNPs were handled in a dark room to 

prevent UV-induced transformations such as aggregation and dissolution. 

 All work was done in a buffer solution containing 15 mM sodium citrate monobasic and 

15 mM sodium chloride in Millipore water (18.2 MΩ cm at 25℃). This buffer was prepared at 

the start of each week and was adjusted to a final pH of 5.2 by dropwise addition of either 1.0 M 

or 0.1 M sodium hydroxide. This buffer will herein be referred to as the citrate buffer.  

2.2: Preparing asynchronous cultures of C. crescentus 

 Peptone yeast-extract (PYE) growth medium was prepared according to the following 

specifications: 0.2% w/v BactoPeptone®, 0.1% w/v yeast extract, 0.5 mM CaCl2, and 1 mM 

MgSO4 in Millipore water. Agar plates were poured from an agar-enriched PYE medium which 
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contained 1.5% w/v BactoAgar. Prior to pouring the plates, the agar-enriched PYE medium was 

autoclaved for 30 minutes and allowed to cool for 2 hours at room temperature. Plates were then 

poured using sterile technique to a solution height of approximately 1 cm, covered, stored 

overnight at room temperature, and then stored at 4°C for up to 2 weeks. Fresh agar plates were 

poured prior to the inoculation of each new bacterial culture.  

Glycerol stocks of C. crescentus strain NA1000, which were provided by Dr. Michael 

Laub from the Massachusetts Institute of Technology, were stored at -80°C and used to inoculate 

fresh agar plates. The frozen glycerol stock was allowed to thaw, whereupon a sterile wooden 

pick was briefly dipped into the stock and then the plate was streaked. Each plate that was 

streaked was allowed to grow overnight at room temperature and then incubated at 30°C for two 

days. Plates which formed visible, discrete colonies were then covered in Parafilm and stored at 

4°C and re-plated every week.  

2.3: Preparing synchronous cultures of C. crescentus 

 As opposed to the nutrient-rich PYE media, the synchronization process requires growth 

of C. crescentus in a nutrient-poor media, M2G media. This media is composed of 0.87 g/L 

Na2HPO4, 0.54 g/L KH2PO4, 0.50 g/L NH4Cl, 0.2% w/v glucose, 0.5 mM CaCl2, 0.5 mM 

MgSO4, and 0.01 mM FeSO4. M2G media was autoclaved for 30 minutes and then allowed to 

cool for 2 hours prior to use for the growth of synchronous cultures. An M2G starter broth 

culture was inoculated by carefully scooping two lines of bacteria from an inoculated plate with 

a sterile wooden pick and dipping the pick into 25 mL M2G media in an autoclaved 125 mL 

baffled flask. The flask was then lightly capped with aluminum foil and incubated at 30°C with 

continuous shaking at 210 rpm overnight.  
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 The following day, 5 mL of the cells from the 25 mL M2G starter broth were diluted into 

200 mL M2G media in a 1L autoclaved baffled flask. The flask was covered with aluminum foil 

and incubated at 30°C with continuous shaking at 210 rpm. The optical density at 600 nm 

(OD600) was recorded every hour to measure the growth of the culture using an Ultraspec 10 

spectrophotometer from Amersham Biosciences (Amersham, UK). To record measurements, the 

spectrophotometer was zeroed using a cuvette containing only M2G media. Then, a 500 µL 

aliquot of the diluted culture was placed into a disposable 1.5 mL polystyrene cuvette and the 

OD600 measurement was recorded. The culture was incubated until the OD600 was somewhere 

between 0.5 and 0.6, at which point 5 µL of the culture was pipetted onto a glass slide and 

visualized using phase microscopy to confirm the presence of both stalked and swarmer cells.  

 Next, the synchronization process was initiated by transferring 200 mL of the cell culture 

grown in the M2G media into autoclaved 25 mL ultracentrifuge tubes to constitute a total of 8 

tubes. Cells were pelleted via centrifugation for 15 min at 7000 RCF at 4°C using a Fiberlite™ 

F20-12x50 LEX rotor and a Sorvall LYNX 4000 Superspeed Centrifuge. The supernatant was 

carefully discarded to remove predivisional cells. The cell pellet was resuspended in 5 mL cold 

M2G media using a serological pipet. A 2.5 mL aliquot of colloidal silica solution, which was 

twice filtered through a 0.22 µm nylon syringe filter and autoclaved, was added to each 

ultracentrifuge tube and homogenized by 15 sec of vigorous shaking. The silica-cell mixture was 

subsequently centrifuged for 35 min at 9700 RCF at 4°C. Following centrifugation, three distinct 

bands were observed, a bottom swarmer cell band, a middle predivisional cell band, and an upper 

stalked cell band. This separation is observed due to the differences in buoyancy of each cell 

type; stalked cells are much more buoyant than swarmer cells and thus rise to the top band when 

centrifuged with the colloidal silica solution. As a result, the various cell types were effectively 



21 
 

separated from one another. A Pasteur pipet was used to carefully remove the stalked and 

predivisional cell bands up to ~1 cm above the swarmer cell band. Each centrifuge tube was 

topped off with cold M2G and centrifuged for 10 min at 7650 RCF at 4°C. The supernatant was 

discarded, and the process was repeated two more times. Each cell pellet was resuspended in 20 

mL cold M2G media in an autoclaved centrifuge tube. To visualize the success of the 

synchronization process, 5 µL of the resuspended cell pellet was visualized using phase 

microscopy to confirm the presence of only swarmer cells.  

After the synchronization process was complete, the cells were centrifuged a final time 

for 10 min at 7650 RCF at 4°C and resuspended in an appropriate volume of 30°C M2G media 

so that the OD600 was somewhere between 0.3 and 0.35. The resuspended cells were transferred 

to an autoclaved 125 mL baffled flask and incubated at 30°C with continuous shaking at 210 rpm 

until the desired OD600 values for synchronous SM (0.4, 0.6, 0.8, and 1.0) were reached. 

2.4: Isolation of C. crescentus spent media 

Once the asynchronous or synchronous C. crescentus culture reached the desired OD600 

value, a 3-5 mL aliquot of the culture was removed, placed into an autoclaved ultracentrifuge 

tube, and centrifuged for 10 min at 7650 RCF at 4°C. The supernatant was poured into a sterile 

0.2 µm vacuum filtration apparatus and filtered. The isolated SM was retrieved from the filtrate, 

aliquoted, and stored in autoclaved 500 µL Eppendorf tubes at -20°C. 

2.5: Quantifying approximate protein concentrations in spent media  

 In order to quantify the approximate protein concentrations of each SM aliquot, a BCA 

assay was carried out. A commercial Pierce™ BCA Protein Assay Kit was obtained from 

ThermoFisher Scientific (Heysham, England). The kit contained reagent A (sodium carbonate, 
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sodium bicarbonate, sodium tartrate, and sodium hydroxide), reagent B (cuprous BCA complex), 

and several ampoules of 2 mg/mL BSA standards for external standard development.  

 First, reagents A and B were combined in 1:8 v/v ratio to produce the working reagent 

solution. Then, a set of standards was prepared using the provided BSA standard. The range that 

was used for this application was as follows: 0, 25, 125, 250, 500, 750, 1000, 1500, and 2000 

µg/mL BSA. All standards were diluted using citrate buffer. In a 96 well microplate, 25 µL of 

each standard and SM aliquot was pipetted in triplicate followed by 300 µL of working reagent. 

The microplate was mixed thoroughly for 1 minute. The plate was then covered with aluminum 

foil and allowed to incubate for 1 hour at 37°C in an incubator with shaking turned off. Once 

incubation was complete, the plate was cooled to room temperature and analyzed with a plate 

reader at 562 nm. Each set of triplicate measurements of the standards were averaged and used to 

construct an external calibration curve (𝑅2 > 0.999) which was subsequently used to ascertain 

the approximate protein concentration in each SM sample.  

2.6: Nanoparticle and eco-corona characterization via dynamic light scattering (DLS) 

 DLS measurements were collected using a Zetasizer Nano ZS from Malvern Panalytical 

(Malvern, PA). Prior to recording a measurement, the instrument was allowed to warm up for at 

least 30 minutes. Each sample was prepared in a disposable polystyrene cuvette which was 

rinsed three times with citrate buffer which had been filtered three times through a 0.2 µm nylon 

syringe filter. To measure the hydrodynamic diameter of a sample, a semi-micro cuvette with 1 

cm pathlength was used. To measure the zeta potential of a sample, a macro cuvette with 1 cm 

pathlength was used and a Pd dip cell was inserted. The dip cell was thoroughly rinsed with 

Millipore water between each measurement. Each sample was prepared in triplicate directly in a 

cuvette by first diluting SM 1:1000 in citrate buffer and then adding an appropriate volume of 
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AgNPs to constitute a final volume of 1 mL with a concentration of 1 mg L-1 for 10 nm AgNPs 

or 5 mg L-1 for 40 nm AgNPs. The hydrodynamic diameter and zeta potential were recorded for 

each sample immediately after the addition of AgNPs and again after two hours of incubation at 

room temperature. Directly before recording a measurement, each sample was vortexed for 10 

seconds and then inserted into the instrument. Each sample was analyzed at 25℃ after 120 

seconds of equilibration. The refractive index was set to 1.330 and an absorption at 633 nm was 

set to 0.010. Normal resolution processing mode was used to process all data. Zeta potentials 

were determined using the Smoluchowski equation.  

2.7: Measuring AgNP dissolution kinetics via linear sweep stripping voltammetry (LSSV) 

  

Figure 3. Linear sweep stripping voltammetry (LSSV) method which was employed to measure 

the dissolution kinetics of AgNPs in various solution conditions and determine the average first-

order rate constant for a triplicate dissolution experiment. 

The general workflow for a AgNP dissolution kinetics experiment by way of LSSV is 

shown in Figure 3. In general, Ag(I) dissolved from AgNPs is reduced at a glassy-carbon 

working electrode in a “deposition step” by holding the potential at -0.5 V vs. a Ag/AgCl 
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reference electrode (Figure 3A). Then, the potential is swept from -0.5 V to 0.35 V, oxidizing 

any deposited silver from the working electrode in a “stripping” step which generates an 

observable change in the current (Figure 3B). Measurements are repeated every 5 min for 2 

hours. Dissolved Ag(I) concentrations are determined through correlation to a calibration curve 

(Figure 3C) and plotted with respect to time to obtain dissolution kinetic plots (Figure 3D). 

Kinetic plots can be fit to a first-order kinetic model to generate a rate constant, kdissolution (Figure 

3E), according to: 

 ln (1 −
[𝐴𝑔(𝐼)]𝑡

[𝐴𝑔𝑁𝑃]𝑖
) = −𝑘𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (1) 

where [𝐴𝑔(𝐼)]𝑡 represents the concentration of ionic silver at a specific time point while 

[𝐴𝑔𝑁𝑃]𝑖 represents the initial concentration of nanosilver.64 

LSSV experiments were conducted with a BASi Epsilon EClipse potentiostat and a C-3 

Cell Stand from Bioanalytical Systems, Inc. (West Lafayette, IN). A three-electrode system was 

used with a glassy-carbon macroelectrode (~3 mm) as the working electrode, a platinum wire as 

the counter electrode, and a Ag/AgCl electrode as the reference electrode. The working electrode 

was polished weekly with successive 15 µm, 3 µm, and 1 µm diamond polishes followed by a 

final 0.05 µm alumina polish. Additionally, the working electrode was polished daily with 0.05 

µm alumina polish. Prior to insertion, the working electrode was bath-sonicated for 30 seconds 

in Millipore water to ensure any remaining alumina polish was removed. After polishing and 

cleaning, the electrodes were conditioned in the solution of interest by cycling from 0.35 V to -

0.5 V at 0.3 V s-1 for 200 cycles.  

At the start of each working day, a 12-point matrix-matched calibration curve was 

generated. A working stock of 10 mg L-1 silver standard solution was prepared in Millipore water 
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prior to the start of each calibration experiment. The calibration curve was generated by injecting 

consistent volumes of the silver standard working stock to vary the total Ag(I)(aq) concentration 

by 25 µg L-1 from 0 µg L-1 up to 500 µg L-1. Upon each injection, five replicate LSSV 

measurements were recorded and averaged.  

To conduct one run of a triplicate dissolution experiment, a solution of interest (citrate 

buffer or diluted SM) was first allowed to homogenize by rapid stirring and sparging with 

nitrogen for 10 minutes to achieve a final dissolved oxygen concentration of roughly 8.0 mg L-1. 

The AgNP stock solution was bath-sonicated during these 10 minutes to ensure homogeneity. 

Then, an appropriate volume of AgNPs was added to the electrochemistry cell to constitute a 

final volume of 5 mL with a concentration of 1 mg L-1 or 5 mg L-1 for 10 nm and 40 nm AgNPs 

respectively. The solution was stirred for 30 seconds after the addition of AgNPs and then the 

first measurement was recorded. From thereon, a measurement was recorded every 5 minutes for 

2 hours, totaling 24 individual measurements.  
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Chapter 3: Qualitative evaluation of the C. crescentus eco-corona 

 To understand the formation of the C. crescentus eco-corona, it is first important to have 

a general idea of the biochemical makeup of the different SM aliquots. Since proteins are quite 

easy to detect even without a purification step and produced at higher concentrations with higher 

OD600 values in the C. crescentus cell-cycle, we sought to measure the protein concentration in 

each SM aliquot. Additionally, the majority of research in the field of nanoparticle coronas 

focuses on protein coronas.10,26,35,37,44 Thus, monitoring the relative concentrations of protein in 

SM aliquots is a good starting point for understanding the composition of C. crescentus eco-

coronas.  

 
Figure 4. Protein concentrations in SM samples isolated at different OD600 values from three 

replicate cultures of (A) asynchronous C. crescentus and (B) synchronous C. crescentus. Protein 

concentrations were determined via the BCA assay. 

 The two distinct cell types in the C. crescentus cell-cycle have distinct levels of protein 

output, so the protein concentration is expected to be correlated to the stage of cell development. 

That is, as a stalked and swarmer cell are produced via asymmetric division of a singular stalked 

cell, the amount of protein being produced in the bulk bacterial culture should increase as the 

OD600 of the SM increases. However, in an asynchronous culture, where the bacteria are at 
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different cell cycle stages, no correlation between protein concentration and OD600 is expected. 

Accordingly, using the BCA assay it was determined that asynchronous cultures of C. crescentus 

have wide variability of protein outputs when comparing across replicate cell cultures (Figure 

4A, Table A1).  There was no correlation between OD600 and the protein concentration; at the 

smallest OD600 the average protein concentration was 770 ± 430 mg/L while at the largest OD600 

the concentration was 480 ± 100 mg/L. Whether comparing the average protein concentrations 

across the various OD600 samples (dashed bars, Figure 4A) or trends within each replicate of the 

asynchronous cell culture (solid bars, Figure 4A), there is no clear correlation between the stage 

of cell growth and the protein concentration.  

 The same assay was repeated with the synchronous C. crescentus cultures to determine 

whether the protein concentrations were correlated with the stage of cell development and the 

transition between the two cell morphotypes. As expected, there is a strong positive linear 

relationship between the amount of protein produced and the OD600 value, or the point in the C. 

crescentus cell-cycle at which time the SM aliquot was obtained. At OD600 0.4 the average 

protein concentration was 300 ± 20 mg L-1, while at the highest OD600 the average protein 

concentration was 860 ± 20 mg L-1 (Figure 4B, Table A2). In addition to the linear relationship, 

the protein concentrations were highly reproducible across replicate cultures with a consistent 

standard deviation of 20 mg L-1 protein. This suggests that although a complex mixture of 

biomolecules is excreted by the C. crescentus, the total concentration of protein is highly 

reproducible at the various timepoints in the cell cycle. This is also confirmed by visualizing the 

uniformity among each individual replicate collected at a specific OD600. Unlike the 

asynchronous cultures where there were extremely high levels of variance between each of the 
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replicates, the synchronous cultures present concentrations that are all within the standard error 

of one another.  

 This data suggests that the general concentration of protein excreted by C. crescentus 

increases with cell growth. Although only protein concentrations can be determined with the 

BCA assay, published metabolomics data shows significant correlation between protein 

concentrations and the concentrations of other biomolecules, like metabolites.53 This means that 

there may be broader implications related to how the composition and concentration of 

metabolites excreted by C. crescentus correlates with cell cycle in our model.  

 With a general understanding of the degree of biomolecular complexity in each SM 

aliquot, the formation of C. crescentus eco-coronas on AgNPs was examined using DLS. To do 

so, both the hydrodynamic diameter (dH) and polydispersity index (PDI) of AgNPs in the 

presence of SM and diluted in citrate buffer were measured (Table A3-A4). By leveraging the 

inverse relationship between Brownian motion and particle size, DLS is able to determine the 

average particle size in a sample. In DLS, Brownian motion is tracked by monitoring changes in 

the scattering pattern and intensity of a laser directed onto the sample as a function of time. For 

smaller particles, the scattering pattern and intensity will become quickly decorrelated as the 

particles move due to Brownian motion. A correlation function is used to measure the rate at 

which the scattering becomes decorrelated to determine the size of the particle. The overall 

surface charge of AgNPs can also be determined using zeta potential measurements, which 

correlate the scattering intensity with time as the particles migrate under an applied electric 

field.65  

 Upon formation of an eco-corona several changes are expected relative to the SM itself, 

including a slight increase in the size (consistent with the addition of an adsorbed biomolecule 
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layer), a decrease in the PDI (due to steric stabilization of the colloidal suspension by the 

biomolecules), or a decrease in the zeta potential (due to charge screening or displacement of the 

AgNP stabilizing ligands by the biomolecules).  

 

Figure 5. Hydrodynamic diameter of 10 nm AgNPs before and after 2 hr incubations with (A) 

asynchronous C. crescentus SM and (B) synchronous C. crescentus SM. 

 First, the dH of the 10 nm AgNPs was measured in two control solutions, the citrate 

buffer and the M2G media. Both controls have a higher dH than expected, thus suggesting some 

aggregation of the AgNPs in these solution conditions. In both cases, the size of the particles 

increases over time, suggesting even further aggregation over the 2h incubation period (which 

was chosen to mimic the time scale of later dissolution studies). The citrate buffer which was 

used for all of the DLS experiments conducted includes 15 mM NaCl which has been shown to 

induce aggregation of AgNPs.8 Additionally, in the samples incubated with media, there are 

many different ionic species present which are required for bacterial growth. These species are 

likely inducing aggregation in a similar way to the NaCl in the citrate buffer. In particular, the 

divalent cations Ca2+ and Mg2+ in the M2G media can induce significant aggregation.8 These 

changes in size were immediately attributed to aggregation due to the broadening of the LSPR 
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band visible in UV-Vis (Figure A4). Taken together, it is clear that significant aggregation is 

occurring upon incubation of AgNPs with C. crescentus SM as well as due to the buffer 

conditions. 

Next, 10 nm AgNPs were combined with SM isolated at different OD600. In all cases, the 

size of the AgNPs increased considerably over the 2 hr incubation period. For instance, the 

AgNPs mixed with SM isolated at OD600 0.6 had an initial dH of 100 ± 10 nm and after 2 hrs the 

dH had increased to 140 ± 10 nm (Figure 5A, Table A5). This is a large increase of 

approximately 40 nm which is attributed to aggregation of the particles. However, since the 

initial dH was larger than the expected dH it is possible that there were already aggregates present 

which were subsequently coated with the C. crescentus eco-corona, or that the C. crescentus eco-

corona formed almost instantaneously and induced AgNP aggregation. Compared to the controls, 

the SM samples isolated at OD600 0.4 and 0.6 had larger initial dH values which suggests the 

addition of the SM induced additional aggregation, which ultimately led to larger aggregates 

after 2h. In contrast, the SM samples isolated at OD600 0.8 and 1.0 had smaller initial dH values 

than the controls which suggests the addition of the SM initially stabilized the AgNPs, although 

after 2h the AgNPs still formed rather large aggregates.  

 Likewise, incubation of 10 nm AgNPs with synchronous SM mixtures led to similar 

AgNP aggregation, with some differences. First, compared to the controls, the initial dH of the 

AgNPs was generally smaller, suggesting that the biomolecules in the SM imparted some initial 

colloidal stability (Figure 5B, Table A7). Interestingly, the dH of the AgNPs appears to increase 

with increasing OD600. Since the protein concentration in the MS isolate also increases with 

OD600, this result suggests that perhaps more protein adsorbed to the AgNPs when higher 

concentrations of protein were in the SM sample. However, after 2 hours, all SM samples were 



31 
 

significantly aggregated; although, OD 0.8 and 1.0 samples have smaller aggregate sizes which 

might suggest that the higher protein concentrations in these samples led to more uniform size 

distributions of the aggregates. Regardless of these intricacies, the size of all AgNP-SM mixtures 

increased suggesting AgNP aggregation and a strong interaction between the C. crescentus 

biomolecules and the AgNPs which become even clearer upon looking at the raw size 

distributions themselves (Figure A5-A8).  

 Unfortunately, DLS has a limit of detection of around 10 nm, which is the precise size of 

AgNPs used throughout the majority of this work.66 Thus, the dH data is not entirely 

representative of the actual sizes of the AgNPs reported by the manufacturer and obtained via 

transmission electron microscopy (10 ± 2 nm). This issue is exacerbated by the buffer 

conditions—it is widely accepted that high salt conditions can induce aggregation, thus 

effectively increasing the apparent size of the AgNPs. This aggregation is visible in both 

asynchronous and synchronous cultures evidenced by the increase in size for both control 

measurements. Although not conclusive, the trends associated with the size data can shed light 

on the formation of C. crescentus eco-coronas when combined with observations of PDI and zeta 

potential measurements.  
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Figure 6. PDI of 10 nm AgNPs before and after 2 hr incubations with (A) asynchronous C. 

crescentus SM and (B) synchronous C. crescentus SM. 

 In both the asynchronous and synchronous case, the PDI of the 10 nm AgNPs slightly 

decreased over time in the control solutions (buffer and media). In the presence of SM isolated 

from the asynchronous cultures, the PDI of the AgNPs also generally decreased over the 2h 

incubation period (Figure 6A). A decrease in the PDI of the AgNPs suggest formation of a more 

homogeneous mixture and a decrease in the size distribution of the AgNP aggregates. In the 

presence of SM isolates from the synchronous cultures, the PDI of the AgNPs decreased much 

more considerably over the 2h incubation period (Figure 6B). Although in both cases the SM 

plays a generally stabilizing effect, it is much more prevalent in the synchronous SM samples. 

This is consistent with our observations from the dH measurements which show that a more 

uniform size distribution of aggregates is formed in the presence of the synchronous SM isolates. 

These results suggest that the unique mixtures of biomolecules in the synchronous and 

asynchronous C. crescentus SM has a unique influence on AgNP colloidal stability that may be 

related, at least in part, to the concentrations of specific biomolecules in each mixture. Overall, 

measurements of the dH and PDI suggest an interaction between the SM biomolecules and the 
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AgNPs, however, due to the fact that there are varying levels of aggregation present, these 

measurements alone are not decisive enough to confirm the formation of the eco-corona. Thus, 

zeta potential measurements were performed as an additional tool to evaluate whether the C. 

crescentus eco-coronas formed. 

 As previously mentioned, due to the buffer conditions which inherently biased 

aggregation of the particles, zeta potential was analyzed in hopes of confirming the formation of 

both the asynchronous and synchronous C. crescentus eco-corona (Figure 7). Generally, the 

formation of an eco-corona results in a decrease in the magnitude of the measured zeta potential 

either due to charge screening or by the replacement of capping agents (citrate in the case of 

AgNPs) with biomolecules. If the latter occurs, the measured zeta potential is expected to be 

similar to the measured zeta potential for the SM itself.  

 

Figure 7. Zeta potential of 10 nm AgNPs before and after 2 hr incubations with (A) 

asynchronous C. crescentus SM and (B) synchronous C. crescentus SM. 

 Compared to the controls, the AgNPs incubated with the asynchronous SM had a smaller 

zeta potential, indicative of charge screening by the biomolecules (Figure 7A). In this 
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phenomenon, charged particles (or biomolecules in this case) can surround a colloid (AgNP) thus 

resulting in an effective “shielding” of the AgNP surface and a decrease in zeta potential. All 

asynchronous SM samples show this characteristic decrease in zeta potential after incubation 

with SM, thus suggesting the formation of these asynchronous eco-coronas. For the synchronous 

C. crescentus SM, the zeta potential decreases most significantly for the OD600 1.0 sample, 

suggesting perhaps greater adsorption of biomolecules to the AgNP surface due to the higher 

protein concentration at that OD600 (Figure 7B). At first glance, the zeta potential measurements 

seem to suggest that the asynchronous SM may adsorb more strongly to AgNPs than the 

synchronous SM. However, zeta potential measurements are also affected by aggregation and 

zeta potential values with magnitudes  20 mV are indicative of aggregation. Thus, the zeta 

potential measurements are consistent with the dH and PDI measurements which suggest more 

significant aggregation in the presence of asynchronous SM than in the presence of 

asynchronous SM. Although the data for the 10 nm AgNPs was the primary data presented here, 

the same process was conducted for the 40 nm AgNPs with extremely similar results. A full set 

of triplicate DLS measurements for 40 nm AgNP incubations with both asynchronous and 

synchronous SM has not yet been collected, however, one set of replicates for both was 

completed (Figures A1-A3, Tables A6 and A8). Based on this data, the same trends stand true 

for both the asynchronous and synchronous and thus we posit that both the asynchronous and 

synchronous C. crescentus eco-coronas formed for the 40 nm particles as well. 

 When the size, PDI, and zeta potential data are all taken together, it becomes clear that 

biomolecules from both the asynchronous and synchronous C. crescentus cultures strongly 

interacted with the AgNPs, inducing aggregation and likely forming an eco-corona.  Both 

controls also show AgNP aggregation, however, it is important to understand that AgNPs readily 
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aggregate in most aqueous solutions, especially those that contain large amounts of ionic 

substitutents.27 This is well understood and is likely what is occurring in both controls. Even still, 

the aggregation induced by the SM isolates is unique from the controls and shows different 

patterns with SM OD600 for synchronous compared to asynchronous cell cultures. 
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Chapter 4: Impact of the C. crescentus eco-corona on AgNP dissolution 
 

 
Figure 8. Dissolution rate constants of 40 nm AgNPs in the presence of (A) asynchronous SM or 

(B) synchronous SM determined by LSSV. The initial concentration of AgNPs was 5 mg L-1 and 

each sample was prepared by diluting SM 1:1000 in citrate buffer of pH 5.3.   

 After characterizing the asynchronous and synchronous C. crescentus eco-coronas and 

their interaction with AgNPs, the impact of these eco-coronas on the dissolution behavior of 

AgNPs was investigated. Although the identities of the components of the various SM mixtures 

are unknown, combining published metabolomics data with the results from the BCA assay 

described in Chapter 3 provides some understanding of the biomolecular diversity of the SM. 

Metabolomics data suggests that there is a link between the level of excreted protein and the 

other metabolites in a SM sample; that is, the more uniform the amount of protein that has been 

excreted from replicate to replicate, the more likely that the other excreted biomolecules in these 

replicates are uniform in composition and concentration.52,60 Since the composition of the SM 

mixtures are what dictates the composition of the eco-corona, and the composition of the eco-

corona is what dictates the AgNP dissolution behavior, we would expect to see a link between 

the degree of uniformity in excreted protein concentrations and overall dissolution behavior. 

A 

~1.5 
'c: 
E 

('") 

b """"" 1.0 
X .._ 

C 
0 

~ 0.5 
1/) 
1/) 

~fJ 

0.0 

Buffer PYE '-I o_A __ o._6 __ 0_.a __ 1_o__JI 

00600 

B 

~ 1.5 
'c: 
E 

('") 

b """"" 1.0 
X .._ 

C 
.Q 

~ 0.5 
1/) 
1/) 

:,,t.fJ 

Buffer M2G 0.4 0.6 0.8 1.0 



37 
 

  Using the highly variable and non-reproducible asynchronous SM mixtures expectedly 

led to inconsistent and fluctuating dissolution rate constants for the 40 nm AgNPs (Figure 8A). 

For instance, within the 0.8 OD600 SM sample isolated from asynchronous cultures, two of the 

trials have similar dissolution rate constants, 0.4 ± 0.1 × 10-3 min-1 and 0.4 ± 0.1 × 10-3 min-1, 

while the third is much larger than the other two with a value of 1.1 ± 0.4 × 10-3 min-1 (Table 

A9). The same pattern holds true for each of the asynchronous SM samples, thus making a trend 

nearly impossible to draw. This aligns with the variation in protein concentrations in the SM and 

in the heterogeneous interactions of SM biomolecules with the AgNPs discussed in Chapter 3.  

 It is for this reason that the synchronization process was of utmost importance for 

gathering meaningful information about the correlation (if any) between eco-corona composition 

and AgNP dissolution. Approximately 15% of the C. crescentus metabolome varies with cell-

cycle and the OD600 is a strong measure of cell-cycle stage once a culture is synchronized.53 This 

allows SM mixtures isolated at specific OD600 to be correlated to particular points in the cell-

cycle and to specific biomolecules excreted at that stage of the cell-cycle, which can be 

determined using ‘omics’-based techniques (i.e., proteomics, metabolomics, or lipidomics). If 

SM isolated at a specific OD600 elicits a unique change in AgNP dissolution properties, specific 

biomolecules may play a significant role in modulating AgNP redox chemistry, which has 

important implications for understanding the environmental fate and reactivity of AgNPs.  

 Synchronous cultures of C. crescentus produced more reproducible protein concentration 

leading to the formation of more uniform eco-coronas with AgNPs (Chapter 3). For this reason, a 

direct trend between the stage of C. crescentus cell growth and AgNP dissolution rate was 

expected.  Preliminary data for the dissolution rates of 40 nm AgNPs incubated with 

synchronous C. crescentus SM shows a strong relationship between OD600 and AgNP dissolution 
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(Figure 8B). Although only one cell culture replicate of this dissolution experiment has been 

completed, there is a clear trend that matches what is expected for this system. Specifically, as 

the cell-cycle stage (OD600) progresses, there are unique eco-coronas that form leading to unique 

dissolution behavior at each level of cell growth. In particular, we see that the highest measure of 

cell growth (OD600 1.0 OD) has the largest rate of AgNP dissolution with an average of 24 ±

3 × 10−3 min-1 (Table A10).  

 This aligns with literature data which inform that at these later stages in the cell-cycle 

there is a phenomenon known as the “swarmer storm”. In this phase, the bacterial population 

begins to asymmetrically divide producing a vastly larger proportion of swarmer cells than at any 

other point in the cell-cycle.51,52 As a result of this unique moment of cell growth, there are many 

different biomolecules excreted, including not just proteins, but also metabolites, lipids, 

carbohydrates, signaling molecules, etc. This is the reason that we see such an increase in the 

dissolution at this later cell-cycle stage as opposed to earlier cell growth. There is one 

predominant hypothesis as to why this sort of trend would arise—the formation of an eco-corona 

is not always entirely uniform around an entire AgNP, thus leaving certain points on the AgNP 

surface vulnerable to oxidative dissolution. This is especially pertinent due to the role that Ag(I) 

diffusion plays in this process. One can imagine something like a protein completely coating the 

AgNP surface, which would decrease O2 diffusion to the surface and Ag(I) diffusion from the 

surface and slow further dissolution. On the other hand, smaller biomolecules like nucleic acids 

or carbohydrates may leave some of the AgNP surface exposed allowing for rapid O2 diffusion 

to the surface and Ag(I) diffusion from the surface, and enhance dissolution. Based on the trends 

in the 40 nm AgNP synchronous dissolution compared to the absence of a trend in the 40 nm 

AgNP asynchronous dissolution, a link between cell growth, biomolecule concentration, and 
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dissolution behavior begins to be revealed. However, the aforementioned hypothesis that 

suggests AgNP dissolution is most strongly dictated by Ag(I) diffusion remains to be evaluated. 

This hypothesis also aligns well with the widely understood first-order kinetic model of AgNP 

dissolution. To validate this assumption, both first and second order kinetic curves were plotted 

(Figure A9-A12). 

 

Figure 9. Correlation between dissolution rate constant for 40 nm AgNPs and (A) asynchronous 

SM protein concentrations (R2 = 0.158) or (B) synchronous SM protein concentrations (R2 = 

0.988). The initial concentration of AgNPs was 5 mg L-1 and each sample was prepared by 

diluting SM 1:1000 in citrate buffer of pH 5.3.   

 Correlation plots were created to begin to look at the relationship between protein 

concentrations in each SM mixture and the average dissolution rate of AgNPs. As expected, 

there is no correlation between protein concentration and AgNP dissolution rate for the 

asynchronous cell culture. Instead, there is an extremely weak negative linear relationship 

between protein concentration and dissolution rate (Figure 9A). When this same plot is 

constructed with the synchronous SM, a strong positive linear relationship between the two 

variables is revealed (Figure 9B), and suggests that the protein concentration strongly modulates 

the dissolution of 40 nm AgNPs. Importantly, this relationship remains true for all points in the 

A 
1.2 

.:;-- 1.0 
C 

E 
M 0.8 
b ..... 
C-0.6 

0.0 

0.80D 

0.400 

1.00D 

0.600 R2 = 0.158 

200 400 600 800 1000 1200 

[Protein] (mg/L) 

B 

1.0 -
"' 
~ 0.6 
C, 

.§ 0.4 
"5 
g 
'5 0.2 
~ 

1.0 OD 

0.800 

0.600 

0.40D R2 = 0.988 
0.0+<----,----,----,----, 

200 400 600 800 1000 

[Protein] (mg/L) 



40 
 

cell-cycle. This does not entirely align with the described diffusion hypothesis. However, due to 

the lack of currently understood mechanistic models for biomolecule-mediated AgNP dissolution 

and the fact that only one replicate for this system was completed, we cannot completely reject 

this hypothesis.  

 
Figure 10. (A) Dissolution rate constants of 10 nm AgNPs with synchronous SM determined by 

LSSV. (B) Correlation between dissolution rate constant for 10 nm AgNPs and synchronous SM 

protein concentrations. The correlation for OD 0.4 – 0.8 is 0.996. The initial concentration of 

AgNPs was 1 mg L-1 and each sample was prepared by diluting SM 1:1000 in citrate buffer of 

pH 5.3.   

 In order to understand the role that the size of the particle plays in this complex process, 

this same process was carried out with 10 nm AgNPs and synchronous SM due to the absence of 

any clear trends with the asynchronous SM data (Figure 10). Due to the fact that this process 

was completed in triplicate with the smaller particle size, there is a much more pronounced trend. 

The first main point of interest is the reproducibility among each unique treatment group. For 

instance, the AgNP dissolution rate constants determined in the presence of a respective 0.4 OD 

SM sample are all within one standard deviation (Figure 10A). These values are 2.7 ± 0.9 ×  

10-3 min-1, 2.7 ± 0.8 × 10-3 min-1, and 2.1 ± 0.6 × 10-3 min-1 respectively (Table A11). As 

expected, the reproducibility in this data matches the reproducibility in synchronous C. 
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crescentus excreted matter. Even further there is a strong linear relationship between 10 nm 

AgNP dissolution rates and the protein concentration from SM isolated at OD600 0.4 through 0.8 

(Figure 10B). At OD600 1.0, the AgNP dissolution rate constant increases significantly and is no 

longer correlated to the protein concentration. This trend suggests that unlike the dissolution of 

40 nm AgNPs which were only linked to the protein concentration of the synchronous SM, the 

smaller 10 nm AgNPs may be influenced by other biomolecules present at high concentration in 

the OD600 1.0 SM.  

 This idea fits in quite well with the diffusion hypothesis that was put forth earlier; 

proteins are quite dynamic and undergo many conformational changes which would, when part 

of an eco-corona, likely decrease the bare AgNP surface through these conformational changes. 

As a result, there is a much lower chance of oxidative dissolution at this exposed surface due to 

decreased chance of diffusion. This would result in lower dissolution rates in timeframes where 

there is predominantly protein adsorbed on the AgNP surface. 

 Instead, there are more than 400 metabolites that exhibit concentration changes as a 

function of cell-cycle stage.53 Three of these compounds that would not be detected via BCA 

assay but are most certainly playing a large role in constructing the C. crescentus eco-corona at 

later OD values are c-di-GMP, adenosine monophosphate (AMP), and GDP-L-fucose.67 These 

three compounds were selected from a larger C. crescentus metabolomics database due to their 

concentrations being initially low and rapidly increasing at the G2 → G1 cell-cycle 

transformation. The aforementioned “swarmer storm” at OD 0.85-0.90 is the point in the cell-

cycle where we see the linear relationship between dissolution rate constant and OD disappear. 

 This too makes sense considering these three aforementioned metabolites as they are one 

of two things—signaling molecules which dictate the asymmetric division process or critical 
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nucleotides for swarmer cell growth.60,68 Therefore, they would not be produced by the bacteria 

until directly before the point that they are needed, at which time they are produced in high 

concentrations. Thus, we propose that the eco-corona formed from SM isolated at earlier stages 

of cell growth (OD600 0.4 through 0.8) is predominantly composed of proteins, whereas at later 

stages it is also composed of these signaling molecules and nucleotides. This hypothesis aligns 

with the specific trends observed in all of the data presented for the synchronous eco-coronas; 

there appears to be two distinct trends—one for the bacterial populations of stalked cells 

containing mostly proteins (OD600 0.4 through 0.8) and one for the populations of majority 

swarmer cells containing mostly metabolites, nucleotides, and signaling molecules (OD600 1.0). 

Even further, this would explain the linear relationship between dissolution rate constant and OD 

until the point at which these three compounds begin to be produced at high concentrations.  
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Chapter 5: Conclusions and Future Directions 

 The goal of this work was to explore the formation of complex eco-coronas using C. 

crescentus as a means by which to obtain eco-coronas. Rather than looking at the extremes of 

simplified eco-coronas or in vivo coronas, this study seeks to fill in the absence of information 

regarding complex eco-coronas. The work first employed a method for synchronization and 

subsequent isolation of C. crescentus SM. The protein concentrations of these SM mixtures were 

analyzed using a BCA assay; this revealed that synchronous SM mixtures had highly 

reproducible protein yields which increased in concentration linearly with cell growth. This 

suggests that synchronization is an effective means by which to isolate useful SM mixtures 

unlike the traditional asynchronous culturing processes. 

 Building upon previous work in the Riley Lab which used asynchronous C. crescentus 

SM mixtures to derive eco-coronas to evaluate the reactivity of 40 nm AgNPs, this work aimed 

to expand our knowledge of how AgNP size alters interactions with C. crescentus eco-coronas. 

First, characterization of the eco-coronas themselves was conducted using DLS. Using three 

different factors—namely size, PDI, and zeta potential—the formation of the C. crescentus eco-

corona on both 10 and 40 nm AgNPs was confirmed. Due to the buffer conditions that were 

necessary for the electrochemistry conducted in this project, there was clear evidence of large-

scale aggregation which made characterization of the eco-coronas themselves difficult.  

 Then, AgNP dissolution behaviors were analyzed as a function of cell growth via LSSV. 

This analysis revealed that there were two distinct trends based on the size of the particles used. 

For larger particles (40 nm), the dissolution behavior of the particles followed the trend in SM 

protein concentration very strongly. Whereas for smaller particles (10 nm), the dissolution 

behavior deviated from a strict dependence on SM protein concentration at later stages of cell 
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growth. These results suggest that particle size is a much more important factor in this field of 

study than previously anticipated. In general, this work expanded the understanding of how the 

composition of the eco-corona affects AgNP dissolution not only in a cell-cycle dependent 

manner   

 Although this work successfully posits evidence of eco-corona modified AgNP 

dissolution, it does not have grounds for confirming the mechanism of this modification. One 

reason for this is the lack of characterization that has been done on the C. crescentus SM itself. 

Moving forward with this project, it is of utmost importance to perform metabolomics on the SM 

mixtures. Although Swarthmore does not have access to much of the instrumentation nor 

methodology required for this sort of an analysis, finding an external institution that could assist 

with this would be instrumental in moving this project along from this point. Using high 

resolution liquid chromatography-mass spectrometry (LC-MS), an effective separation and 

identification of the components of C. crescentus SM can be completed. With better 

understanding of the identities of these compounds and their respective concentration in each SM 

mixture, we can begin to concretely understand the behaviors that we are observing. 

 To this same point, the characterization of the eco-corona conducted in this work is 

unfortunately not as robust as other studies conducted with simpler protein coronas. There are 

several reasons for this mainly related to the citrate buffer utilized in all of the DLS studies 

containing large amounts of ions which are required for the electrochemical experiments carried 

out. The development of other characterization techniques would provide an opportunity to study 

this system in parallel with the electrochemical experiments. However, these techniques like LC-

MS and capillary electrophoresis (CE) do not have well-defined methods for the analysis that we 

are conducting. For this reason, it is likely that the ionic strength of the buffer must be reduced 
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for the DLS experiments in order to more confidently confirm the formation of C. crescentus 

eco-coronas.  

 Beyond studying dissolution behavior, which is just one of the important transformations 

that AgNPs undergo in the environment, this research can be applied to a much more specific 

understanding of eco-corona modified bacterial toxicity. Although many believe that AgNPs are 

antibacterial due to the dissolution of nanosilver into ionic silver, there is also research 

suggesting that this mechanism actually comes from the attachment of an AgNP to a bacterial 

cell wall. Therefore, another potential area of study that could be further explored (and currently 

is in the Riley Lab) is the toxicity of AgNPs to C. crescentus. This is especially pertinent given 

the enhanced dissolution shown in this work; if the dissolution is where this toxicity originates, 

there is a clear environmental concern.   

 Finally, AgNPs are just one example of the much broader ENM classification. There are 

numerous other systems that could be studied from this same lens to expand not only our 

understanding of the alteration of AgNP behavior, but also other ENM types. For instance, the 

model system and experimental workflow developed here could be applied to AgNPs with 

varying shape or surface coating or to other ENM compositions. AgNPs are not the only noble 

metal nanoparticle with antibacterial properties; in fact, gold nanoparticles (AuNPs) are also 

commonly used for their antibacterial properties. For this reason, it would be very beneficial to 

expand our knowledge to other types of noble metals ENMs. 
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Appendix 
 

 

Figure A1. Hydrodynamic diameter of 40 nm AgNPs before and after 2 hr incubations with (A) 

asynchronous C. crescentus SM and (B) synchronous C. crescentus SM. 

 

 

Figure A2. PDI of 40 nm AgNPs before and after 2 hr incubations with (A) asynchronous C. 

crescentus SM and (B) synchronous C. crescentus SM. 
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Figure A3. Zeta potential of 40 nm AgNPs before and after 2 hr incubations with (A) 

asynchronous C. crescentus SM and (B) synchronous C. crescentus SM. 

 

 

 

 

 

Figure A4. Representative UV-Vis spectra of AgNPs taken upon addition of C. crescentus SM 

and after 2 hours of incubation.  
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Figure A5. DLS histograms showing the averaged size distributions of synchronous (left) and 

asynchronous (right) of 10 nm AgNPs before and after incubation with (A) buffer, (B) media, 

and (C) 0.4 OD SM. 
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Figure A6. DLS histograms showing the averaged size distributions of synchronous (left) and 

asynchronous (right) of 10 nm AgNPs before and after incubation with (A) 0.6 OD SM, (B) 0.8 

OD SM, and (C) 1.0 OD SM. 
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Figure A7. DLS histograms showing the averaged size distributions of synchronous (left) and 

asynchronous (right) of 40 nm AgNPs before and after incubation with (A) buffer, (B) media, 

and (C) 0.4 OD SM. 
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Figure A8. DLS histograms showing the averaged size distributions of synchronous (left) and 

asynchronous (right) of 40 nm AgNPs before and after incubation with (A) 0.6 OD SM, (B) 0.8 

OD SM, and (C) 1.0 OD SM. 
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Figure A9. First and second order kinetic fits for LSSV data of 10 nm AgNPs in (A) buffer, (B) 

M2G media, and (C) synchronous 0.4 OD SM. All first order data was fit to a linear model with 

R2 > 0.95.  
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Figure A10. First and second order kinetic fits for LSSV data of 10 nm AgNPs in synchronous 

(A) 0.6 OD SM, (B) 0.8 OD SM, and (C) 1.0 OD SM. All first order data was fit to a linear 

model with R2 > 0.95.  
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Figure A11. First and second order kinetic fits for LSSV data of 40 nm AgNPs in (A) buffer, (B) 

M2G media, and (C) synchronous 0.4 OD SM. All first order data was fit to a linear model with 

R2 > 0.95.  
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Figure A12. First and second order kinetic fits for LSSV data of 10 nm AgNPs in synchronous 

(A) 0.6 OD SM, (B) 0.8 OD SM, and (C) 1.0 OD SM. All first order data was fit to a linear 

model with R2 > 0.95.  
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Table A1. Average protein concentrations in asynchronous C. crescentus SM obtained through 

BCA assays (n=3). 

OD600 of SM mixture [Protein] (mg/L) 

0.4 770 ± 430 

0.6 660 ± 390 

0.8 670 ± 360 

1.0 480 ± 100 

 

Table A2. Average protein concentrations in synchronous C. crescentus SM obtained through 

BCA assays (n=3). 

OD600 of SM mixture [Protein] (mg/L) 

0.4 300 ± 20 

0.6 450 ± 20 

0.8 650 ± 20 

1.0 860 ± 20 

 

 

 

 

Table A3. Hydrodynamic diameters, PDIs, and zeta potentials of 

asynchronous C. crescentus SM obtained through DLS.a 

 

 Condition dH (nm) PDI ζ (mV) 

OD600 

0.4 790 ± 210 0.61 ± 0.20 -4 ± 1 

0.6 850 ± 120 0.61 ± 0.15 -5 ± 1 

0.8 820 ± 300 0.53 ± 0.13 -6 ± 2 

1.0 1080 ± 440 0.41 ± 0.18 -5 ± 1 
aAgNPs were analyzed at room temperature following initial addition of SM (0 hrs) and after 2 

hrs in order to mimic the conditions of later discussed dissolution studies. 

Table A4. Hydrodynamic diameters, PDIs, and zeta potentials of 

synchronous C. crescentus SM obtained through DLS.a 

 

 Condition dH (nm) PDI ζ (mV) 

OD600 

0.4 200 ± 50 0.34 ± 0.08 -10 ± 2 

0.6 240 ± 30 0.44 ± 0.10 -15 ± 3 

0.8 270 ± 60 0.48± 0.11 -18 ± 9 

1.0 310 ± 120 0.57 ± 0.12 -24 ± 11 
aAgNPs were analyzed at room temperature following initial addition of SM (0 hrs) and after 2 

hrs in order to mimic the conditions of later discussed dissolution studies. 
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Table A5. Hydrodynamic diameters, PDIs, and zeta potentials of 10 nm 

AgNPs before and after 2-hr incubations with asynchronous C. crescentus SM obtained using 

DLS.a 

 

 Condition  dH (nm) PDI ζ (mV) 

Controls 

Buffer 0 hrs 60 ± 10 0.48 ± 0.07 -24 ± 3 

 2 hrs 100 ± 10 0.41 ± 0.03 -27 ± 4 

PYE 0 hrs 80 ± 10 0.51 ± 0.08 -19 ± 3 

 2 hrs 110 ± 10 0.50 ± 0.06 -20 ± 2 

 0.4 0 hrs 90 ± 10 0.40 ± 0.02 -14 ± 2 

OD600 

 2 hrs 130 ± 10 0.34 ± 0.03 -15 ± 1 

0.6 0 hrs 100 ± 10 0.43 ± 0.03 -16 ± 2 

 2 hrs 140 ± 10 0.37 ± 0.01 -20 ± 1 

0.8 0 hrs 60 ± 10 0.47 ± 0.05 -10 ± 1 

 2 hrs 120 ± 10 0.49 ± 0.08 -16 ± 2 

1.0 0 hrs 70 ± 10 0.48 ± 0.05 -14 ± 2 

  2 hrs 120 ± 20 0.40 ± 0.04 -16 ± 1 
aAgNPs were analyzed at room temperature following initial addition of SM (0 hrs) and after 2 

hrs in order to mimic the conditions of later discussed dissolution studies. 

Table A6. Hydrodynamic diameters, PDIs, and zeta potentials of 40 nm 

AgNPs before and after 2-hr incubations with asynchronous C. crescentus SM obtained using 

DLS.a 

 

 Condition  dH (nm) PDI ζ (mV) 

Controls 

Buffer 0 hrs 60 ± 20 0.41 ± 0.07 -24 ± 4 

 2 hrs 90 ± 30 0.35 ± 0.03 -25 ± 3 

PYE 0 hrs 70 ± 10 0.49 ± 0.10 -24 ± 5 

 2 hrs 160 ± 60 0.46 ± 0.07 -26 ± 5 

OD600 

0.4 0 hrs 80 ± 20 0.45 ± 0.09 -17 ± 5 

 2 hrs 130 ± 20 0.43 ± 0.06 -19 ± 3 

0.6 0 hrs 100 ± 30 0.53 ± 0.13 -16 ± 4 

 2 hrs 160 ± 50 0.49 ± 0.08 -18 ± 6 

0.8 0 hrs 100 ± 20 0.51 ± 0.09 -14 ± 3 

 2 hrs 150 ± 30 0.52 ± 0.07 -19 ± 2 

1.0 0 hrs 130 ± 50 0.39 ± 0.06 -13 ± 2 

  2 hrs 120 ± 20 0.36 ± 0.04 -15 ± 3 
aAgNPs were analyzed at room temperature following initial addition of SM (0 hrs) and after 2 

hrs in order to mimic the conditions of later discussed dissolution studies. 
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Table A7. Hydrodynamic diameters, PDIs, and zeta potentials of 10 nm 

AgNPs before and after 2-hr incubations with synchronous C. crescentus SM obtained using 

DLS.a 

 

 Condition  dH (nm) PDI ζ (mV) 

Controls 

Buffer 0 hrs 70 ± 30 0.47 ± 0.07 -27 ± 6 

 2 hrs 130 ± 20 0.42 ± 0.06 -30 ± 4 

M2G 0 hrs 70 ± 20 0.55 ± 0.13 -25 ± 4 

 2 hrs 130 ± 10 0.43 ± 0.05 -29 ± 5 

OD600 

0.4 0 hrs 40 ± 10 0.58 ± 0.09 -27 ± 7 

 2 hrs 160 ± 10 0.39 ± 0.05 -29 ± 4 

0.6 0 hrs 60 ± 20 0.50 ± 0.08 -27 ± 3 

 2 hrs 180 ± 20 0.32 ± 0.09 -30 ± 3 

0.8 0 hrs 100 ± 20 0.51 ± 0.09 -24 ± 4 

 2 hrs 150 ± 30 0.52 ± 0.07 -32 ± 5 

1.0 0 hrs 130 ± 50 0.39 ± 0.06 -21 ± 3 

  2 hrs 120 ± 20 0.36 ± 0.04 -23 ± 3 
aAgNPs were analyzed at room temperature following initial addition of SM (0 hrs) and after 2 

hrs in order to mimic the conditions of later discussed dissolution studies. 

Table A8. Hydrodynamic diameters, PDIs, and zeta potentials of 40 nm 

AgNPs before and after 2-hr incubations with synchronous C. crescentus SM obtained using 

DLS.a 

 

 Condition  dH (nm) PDI ζ (mV) 

Controls 

Buffer 0 hrs 50 ± 30 0.44 ± 0.09 -26 ± 6 

 2 hrs 80 ± 20 0.38 ± 0.04 -27 ± 4 

M2G 0 hrs 80 ± 10 0.51 ± 0.07 -23 ± 3 

 2 hrs 140 ± 30 0.42 ± 0.05 -25 ± 2 

 0.4 0 hrs 70 ± 30 0.39 ± 0.11 -22 ± 3 

OD600 

 2 hrs 120 ± 30 0.32 ± 0.08 -25 ± 4 

0.6 0 hrs 90 ± 30 0.46 ± 0.05 -23 ± 2 

 2 hrs 140 ± 50 0.31 ± 0.04 -30 ± 5 

0.8 0 hrs 70 ± 20 0.51 ± 0.04 -21 ± 6 

 2 hrs 120 ± 20 0.36 ± 0.03 -23 ± 4 

1.0 0 hrs 100 ± 40 0.53 ± 0.07 -28 ± 3 

  2 hrs 150 ± 30 0.36 ± 0.06 -31 ± 3 
aAgNPs were analyzed at room temperature following initial addition of SM (0 hrs) and after 2 

hrs in order to mimic the conditions of later discussed dissolution studies. 
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Table A9. Dissolution rate constants (× 10-3 min-1) of 40 nm AgNPs incubated with 

asynchronous C. crescentus SM obtained using LSSV. 

 

 Condition Replicate 1 Replicate 2 Replicate 3 Average 

Controls 
Buffer 0.448 ± 0.124 0.542 ± 0.046 0.376 ± 0.052 0.455 ± 0.083 

PYE 0.376 ± 0.052 0.478 ± 0.026 0.697 ± 0.296 0.517 ± 0.164 

OD600 

0.4 0.905 ± 0.186 0.212 ± 0.187 0.311 ± 0.029 0.476 ± 0.375 

0.6 0.466 ± 0.104  0.222 ± 0.099 0.870 ± 0.114 0.519 ± 0.327 

0.8 0.372 ± 0.131 0.446 ± 0.142 1.090 ± 0.402 0.636 ± 0.395 

1.0 0.672 ± 0.151 0.404 ± 0.070 0.598 ± 0.049 0.558 ± 0.139 

 

 

 

 

 

 

Table A10. Dissolution rate constants (× 10-3 min-1)  of 40 nm AgNPs incubated with 

synchronous C. crescentus SM obtained using LSSV. 

 

 Condition Replicate 1 

Controls 
Buffer 0.011 ± 0.007 

M2G 0.055 ± 0.036 

OD600 

0.4 0.161 ± 0.025 

0.6 0.302 ± 0.025 

0.8 0.587 ± 0.012 

1.0 0.948 ± 0.125 

 

 

 

Table A11. Dissolution rate constants (× 10-3 min-1)  of 10 nm AgNPs incubated with 

synchronous C. crescentus SM obtained using LSSV. 

 

 Condition Replicate 1 Replicate 2 Replicate 3 Average 

Controls 
Buffer 0.727 ± 0.407 1.217 ± 0.242 0.852 ± 0.119 0.932 ± 0.255 

M2G 1.533 ± 0.511 1.456 ± 0.291 1.348 ± 0.621 1.446 ± 0.093 

OD600 

0.4 2.657 ± 0.983 2.712 ± 0.783 2.136 ± 0.564 2.501 ± 0.318 

0.6 3.081 ± 0.977  3.936 ± 0.883 3.686 ± 0.311 3.568 ± 0.440 

0.8 4.278 ± 1.021 5.335 ± 1.111 4.760 ± 0.925 4.791 ± 0.529 

1.0 24.461 ± 5.852 27.316 ± 3.852 21.279 ± 4.961 24.352 ± 3.020 
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