
 

Understanding the 
relationship between 

nanoparticles and bacterial 
group behavior: autolysis 

and quorum sensing 

Submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in 

Civil & Environmental Engineering 

Eric McGivney 

B.S., Civil & Environmental Engineering, University of Delaware 

M.S., Environmental Engineering & Sustainable Infrastructure, KTH Royal Institute of 
Technology 

Carnegie Mellon University � Pittsburgh, PA 

December, 2017 
  



 ii 

 
 

 

 

 

 

 

 

 

 

 

 © Eric McGivney, 2018 

All Rights Reserved 
  



 iii 

Acknowledgments 

I’m grateful to so many people for helping me complete this project. The ideas and concepts 

presented here are the product of thousands of hours spent brainstorming, discussing, and 

arguing with some of the smartest people I’ve ever met. I could not have done this alone.  

Foremost, I thank my advisors, Kelvin Gregory and Jeanne VanBriesen, whose 

advising techniques are diametrically opposed but equally insightful. I thank them for giving 

me the freedom and encouragement to explore science that I (sometimes alone) found 

interesting. In addition to their co-advising roles, they have both been important mentors to 

me. I came to them several times for life advice, and always left their office with a better 

perspective.  

Greg Lowry was not my official advisor, but he was kind enough to let me work 

extensively within his group. Listening to Greg’s enthusiastic discussions at his weekly 

meetings has been an incomparable educational experience. He’s a unique thinker and his 

passion for science is contagious. I will miss our Maotai-fueled golf outings. 

I also thank Aaron Mitchell who served a valuable role on my proposal and defense 

committee. As the lone non-Environmental Engineer, Aaron provided insight that often made 

me reconsider the angle at which I was viewing my research. His feedback significantly 

improved my research questions and interpretation of results. 

The foundational research presented in this dissertation began before I arrived at 

Carnegie Mellon University in 2013. The previous work of former CMU student, Linchen 

Han, was instrumental in getting my research project off the ground.  

Many thanks to my collaborators Astrid Avellan, Will Gao, Emma Liu, Kayleigh 

Jones, Ann Valentine, Bandrea Weber, Kiana Morse, and Sheel Kundu. Working with them 



 iv 

has taught me how to ask the right questions and develop a path to pursue them. It’s been a 

pleasure learning from all of them. 

I’ve also benefitted from conversations with colleagues who have helped to shape my 

thinking about research and life in general, including Clint, Adam, Nizette, Stacey, Joe, Alex, 

Aniela, Djuna, Kai, Lauren S., Lauren C. Kelly, Chelsea, Sara, Megan, Yuxin, John, Jon, Ke, 

Dan, Eleanor, Stephanie, Garrett, Meng, Brian, Kedar, and Ron. I hope my next office is half 

as interesting as ours has been! 

I owe so much to the love and support of my family. My mom, dad, brother, and sister 

always encouraged me to pursue my interests, no matter how weird or foreign they seemed. 

Growing up with them instilled in me the values of curiosity, stubbornness, and creativity—

three traits that I needed to complete this dissertation.  

I want to give special thanks to the one whose support I leaned on most heavily—my 

wife, Emmy. After seven years together, Emmy and I married in 2016, towards the end of my 

Ph.D. candidacy. Our wedding coincided with several immigration interviews, international 

paper work, visa applications, job searches, state-by-state nursing board decisions, permission 

slips to leave the country, and a raw-sewage flood in our apartment. At times, I felt 

completely overwhelmed, disoriented, and unsure about myself. Emmy was always there to 

help me get my bearings. Thank you for helping me through this. 

 

 

I also acknowledge the NSF and EPA funding under NSF Cooperative Agreement EF-

1266252, Center for the Environmental Implications of NanoTechnology (CEINT), the 

Integrative Graduate Education and Research Traineeship in Nanotechnology Environmental 

Effects and Policy fellowship program under grant no. DGE0966227, and the Bertucci 

Fellowship granted by the College of Engineering at Carnegie Mellon University.  



 v 

Abstract 

Nano-sized materials are being used to address some of humanities greatest challenges—

cancer therapy, food and water security, and environmental remediation. While extremely 

promising for these applications, the production, use, and disposal of nanomaterials have 

resulted in their release into environmental compartments. One major concern of any novel 

contaminant is how it interacts with bacteria. Bacteria play essential roles in human health, 

engineered systems, and ecological functioning. Bacteria are capable of macro-scale influence 

because they have evolved communication systems that enable coordinated behaviors. 

Communication among cells involves chemical signals that enter the environment, where they 

are subjected to its biogeochemistry, which now includes novel nanomaterials. The overall 

goal of this thesis was to improve understanding of the relationship between nanoparticles and 

cell-to-cell signaling behavior in bacteria focusing on two population-level behaviors: 

autolysis and quorum sensing. Specifically, this project sought to: (1) improve our 

understanding of how metal-oxide nanoparticles affect the autolytic process in Bacillus 

subtilis, by elucidating the biological response of the interactions between titanium dioxide 

nanoparticles and biomolecules; (2) reveal the interactions between quorum sensing signaling 

molecules and metal cations commonly used in antimicrobial nanomaterials, silver and 

copper; and (3) demonstrate the potential of quorum sensing-regulated cyanide production to 

affect oxidation and dissolution of gold nanoparticles in an environmentally relevant system. 

By addressing these objectives, the work demonstrated that:  

1. TiO2 nanoparticles disrupt the autolytic process by delaying the onset of 

autolysis, and intercepting released autolytic enzymes, preventing the enzymes 

from degrading peptidoglycan in neighboring cells.  
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2. Quorum sensing signaling molecules form complexes with Ag+ and Cu2+, 

removing the most bioavailable form (free HHL, Ag+, and Cu2+) from the cells’ 

environment.  

3. Quorum sensing-regulated cyanide production induces oxidative dissolution in 

Au nanoparticles, which were previously assumed to be inert in environmental 

systems.  

Taken together, this body of work highlights the relationship between nanoparticles and 

population-level behavior in bacteria. The presence of nanoparticles can have significant 

effects on population-level behaviors, and the activity of population-level behaviors can have 

significant effects on nanoparticles behavior. This inter-connected relationship, where the 

nanoparticles are both acted on and act upon their environment, must be considered in 

nanoparticle-based studies and applications.  
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1. Introduction 

Nano-sized materials are being used to address some of humanities greatest challenges—

cancer therapy1, food and water security2, and environmental remediation.3 While extremely 

promising for these applications, the production, use, and disposal of novel nanomaterials has 

resulted in their release into environmental compartments.4,5 A recent publication focusing on 

engineered nanomaterial emissions in the European Union estimates that by 2020, 20,000 

metric tonnes of nano-sized titanium dioxide (TiO2) will be released annually into surface 

waters, and an additional 20,000 metric tonnes will be released to soils.6 Similarly, nano-sized 

silver (Ag) emissions to surface waters are projected to reach 15 metric tonnes per year within 

the next few years.6 And carbon nanotube (CNT) emissions are expected to reach 40 metric 

tonnes annually by 2026.6  

Due to the increase in production, the general public, and their governments, are 

concerned about the introduction of these novel materials into the environment.7–10 A major 

environmental concern of any new contaminant is its interaction with microorganisms. 

Prokaryotic organisms, such as bacteria, are found in every environmental compartment: soil, 

sediment, air, and water. Bacteria play fundamental roles in ecological function and 

productivity (e.g., nutrient cycling and decomposition of organic matter). Bacteria are also 

essential in engineered systems (e.g. in the removal of contaminants in wastewater treatment 

plants11 and bioremediation processes) and in human health (e.g., digesting food and fighting 

disease12). Understanding the interactions between novel engineered nanomaterials and 

bacteria is critical to maximize utility and minimize unintended consequences. 
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Early nanoparticle* (NP) toxicity research focused on isolated microorganisms in 

simple systems.  These studies reported different organisms have different sensitivities13, NP 

concentration matters14, NP size matters15, and modes of toxicity vary (e.g., some compromise 

of cell wall integrity16, some altered macromolecule and enzyme functionality15, some NPs 

disrupt cell growth17, while others alter gene expression18 or damage DNA19).  Following 

these early studies on specific phenomena, researchers have explored environmental 

nanotoxicity from an ecological perspective by studying NP transformations in the 

environment and shifts in microbial communities.20–22 And significant progress has been 

made. For example, NP transformations such as oxidation and sulfidation greatly reduce NP 

toxicity23; soil microbial communities are more sensitive to inorganic NPs than organic NPs21; 

and microbial communities can recover from acute doses of copper and silver NPs.22 Despite 

the important advancements in organismal and community studies, little attention has been 

paid to the effects of NPs on population-level bacterial behavior.  

Bacteria participate in coordinated, population-level behaviors to enhance survival. In 

many population-wide activities, communication and coordination of behavior occurs through 

a range of chemical signals that are emitted into the extracellular environment. Collective 

behaviors include quorum sensing24,25, autolysis26–28, cannibalism29,30, and programmed cell 

death31,32. Population-level behaviors in bacteria are important for their survival and can have 

profound impacts on their environment. For example, autolysis in Bacillus subtilis increases 

DNA transformation33, and quorum sensing controls nitrogen cycling in rhizosphere 

proteobacteria.34 Given the current and anticipated future releases of nanomaterials into the 

environment, their potential to affect population-level behavior requires attention. The present 

                                                        
 
*A sensible definition for an engineered nanomaterial is a topic of international debate.226 In this 
dissertation we use the EPAs definition: “an ingredient that contains particles that have been 
intentionally produced to have at least one dimension that measures between approximately 1 
and 100 nanometers”. We also use nanomaterial and nanoparticle interchangeably and use the 
abbreviation NP. 
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work examines the effects of different NPs, and their released ions, on two population-level 

systems: quorum sensing and autolysis. 

Quorum sensing 

The coordinated behavior enabled by quorum sensing (QS) is responsible for a wide range of 

microbial activities, including: virulence35,36, bioluminescence37, antibiotic and antioxidant 

synthesis38, autolysis28, nitrogen fixation39, biofilm formation35,40, cyanide production38,41, 

siderophore production42, and CRISPR-Cas adaptive immunology.43 QS is a critical 

component of microbial behavior in environmental engineering, agriculture, and human 

health systems.  For example, QS systems can regulate nutrient cycling34 and fungicidal 

activity44 on plant root nodules in rhizosphere soils. In engineered systems, QS-regulated 

biofilms are problematic for industrial pipe networks45, water treatment membranes46, and 

medical devices.47 Furthermore, QS-regulated virulence factors are active in multiple 

infectious organisms: Staphylococcus aureus is a leading cause of hospital infections48; Vibrio 

cholera is a water borne pathogen that causes the eponymous cholera disease40; and 

Pseudomonas aeruginosa toxins and cyanide formation can be lethal to cystic fibrosis 

patients.49,50 Thus, understanding the potential effects of NPs on QS would have significant 

impacts on a number of fields.  

During QS, populations of bacteria are able to sense their local cell density and 

coordinate gene expression through the secretion and detection of small organic molecules, 

known as autoinducers (AI). Bacteria constitutively produce and release AIs. AIs are 

recognized by neighboring cells’ transmembrane (Gram-positive) or intercellular (Gram-

negative) receptors.  A receptor–protein complex activates gene expression when the 

extracellular concentration of AIs exceeds a threshold. Gene expression induced by AIs is 

diverse and varies among species. By managing gene expression via cell density, cell 



 4 

populations are able to control energetically expensive processes that are only effective when 

acting as a group (e.g., bioluminescence, biofilm formation, and the secretion of virulence 

factors).51 

The best-studied class of AI in gram-negative bacterial species are acyl-homoserine 

lactones (AHL).38,52–56 Different AHLs are produced by hundreds of different gram-negative 

bacterial species.57 AHLs are produced in the cell by an AHL synthases (LuxI-type). Once 

synthesized, AHLs diffuse freely between the cell and external environment (Figure 1-1). 

AHL signals are detected via cytoplasmic transcription factors receptors (LuxR-type), and are 

highly specific. The LuxR protein dimerizes with its specific cognate AHL, which then binds 

to DNA sequences upstream of target genes, controlling their expression.58–60 AHL-LuxR 

dimerization is concentration dependent, so QS-regulated gene expression occurs only when a 

certain concentration of the appropriate AHL is present in the microenvironment. The AHL 

activation concentration is generally in the nanomolar range.38,61  

The chemical structure of AHL has a conserved lactone-ring with differing, species-

specific, hydrocarbon –R group side chains (Table 1-1). The –R groups affect stability and 

signaling dynamics.62 The amphipathic nature of AHLs is presumably necessary to enable 

them to diffuse across the gram-negative cell membrane to reach the intracellular receptor.52 

AHL-LuxR binding specificity depends on the –R side chains of AHLs and the amino acid 

variation in the LuxR binding pocket.56  
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Figure 1-1. Quorum sensing in a gram-negative bacteria population with a LuxIR signaling circuit. 
The top portion of the schematic, labeled Low cell density, shows a population at relatively low cell 
density where a quorum has not yet been reached. The left-hand portion of the figure represents 
an overview of a cell in media. The right-hand side of the figure represents a cross-section of a cell 
wall under low (top) and high (bottom) cell density. Under Low cell density, AHL production occurs 
through the LuxI-AHL synthase, but the extracellular AHL concentration is not sufficiently high 
enough to diffuse back through the cell wall and complex with the LuxR receptor protein, and thus 
target gene expression is muted (as indicated by the white arrow). The bottom portion of the 
schematic shows a population at high cell density in which a quorum has been reached through 
significant accumulation of AHL in the extracellular environment. At high AHL concentrations, the 
LuxR receptor is complexed by AHL, in turn regulating the expression of target genes (as indicated 
by the red arrow). 
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Table 1-1. Bacteria, AHL names, chemical structures, Log KOW, and QS response. Under the 
Structure column, you can see the conserved lactone ring moiety on the left-hand side of the 
molecule, and the varying R groups on the right.  1Log KOW values are predictive values at pH 7 and 
25°C, taken from SciFinder.  

	

Autolysis 

Autolysis is another form of population-level behavior in bacteria and is the topic of the 

research presented in Chapter 2. Autolysis is characterized by the self-digestion of the cell 

wall, resulting in complete cellular lysis. The population benefits of autolysis are thought to 

include the provision of nutrients to other cells and the transfer of genetic material.28,32 

Autolysis is also involved in the final step of spore formation when the mother cell is lysed, 

releasing the spore.32 In some species, autolysis has been linked directly to quorum sensing.35 

In systems where biomass growth is critical (e.g., industrial bioprocesses), controlling 

autolysis will alter biomass yield and production of target products.63 In the environment, the 

prevention of autolysis is responsible for the fossilization of some bacteria.64  

Pseudomonas aeruginosa 
N-Butanoyl-L-HL (BHL) 

Vibrio harveyi 
N-Hydroxybutyryl-L-HL (hBHL)  

Erwinia carotovora 
N-3-Oxohexanoyl-L-HL (OHHL) 

Chromobacterium violaceum 
N-Hexanoyl-L-HL (HHL) 

Ralsonia solanacearum 
N-Octanoyl-L-HL (OHL) 

Agrobacterium tumefaciens 
N-3-oxooctanoyl-L-HL (OOHL) 

Pseudomonas aeruginosa 
N-3-Oxododecanoyl-L-HL (OdDHL) 

Rhizobium leguminosarum 
N-Oxotetradecanoyl-L-HL (OtDHL) 

1LogKow Structure 
Bacteria 
AHL name (abbreviation) 
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The autolytic process is a response to limited nutrient availability or cell 

density32,35,65,66, and results in the release of cellular debris following the enzymatic 

degradation on the cell wall (Figure 1-2). In gram-positive bacteria many environmental 

responses (e.g., antibiotic adaptation, surface attachment, metal adsorption, and autolysis) are 

executed in or on the cell-wall.67,68 The cell-wall is comprised of a matrix of peptidoglycan, 

teichoic acids, and autolysins that confer structural integrity and enable the maintenance of a 

proton gradient.69,70 The aggregation of teichoic acids and electronegative peptidoglycan 

layers give rise to the negatively charged cell wall, where protons can accumulate as the 

proton-motive force (PMF).71 While it is generally agreed upon that teichoic acids are 

responsible for limiting autolysin activity, there is no consensus on the mechanism of action. 

It has been proposed that the dispersal and subsequent protonation states of D-alanyl esters 

throughout the cell wall matrix could provide a unique network to systematically determine 

the activity of autolysins, which require unique ionic microenvironments.71,72 A dissipation of 

the PMF results in a chain-reaction-like collapse where the orderly cell wall proton and 

charge distribution is lost. This could lead to the uncontrolled conformation of teichoic acids, 

giving rise to unlimited autolytic activity. Although certain key components have been 

identified, the signal and response of cell death mechanisms, such as autolysis, remain mostly 

unknown. 
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Figure 1-2. Autolysis in a Gram-positive cell. (a) Under nutrient-rich conditions, a cell is able to 
maintain it’s proton-motive force (PMF) which allows protons to associate with teichoic acids 
embedded in the cell wall that keep the autolysins in their inactive form. (b) Autolysis: When 
nutrients are limited and the cells metabolism is unable to maintain the PMF, teichoic acids 
undergo a conformational change leading to an activation of autolysins which degrades the 
surrounding peptidoglycan ultimately resulting in turgor pressure rupturing the cell membrane 
and releasing intercellular matter. 

Objectives and structure of dissertation 

The overarching goal of this thesis is to improve understanding of the interactions between 

NPs and population-level behaviors in bacteria, specifically, in quorum sensing and autolysis. 

This goal is accomplished by linking physiochemical interactions between different classes of 

NPs and biological molecules with biological effects in the autolytic process (Chapter 2) and 

quorum sensing (Chapters 3 and 4).  

This dissertation begins with a look at how one of the most produced, used, and 

released NPs6, TiO2, affects autolysis in a gram-positive bacterium, Bacillus subtilis (Chapter 

2). The work presented in Chapter 2 aimed to determine if TiO2 NPs interfere with the 

autolytic process in B. subtilis, with a sub-objective of informing a mechanism of TiO2 NP 

interference with the autolytic process. We hypothesized that TiO2 NP surfaces would deposit 

on and adsorb biomolecules that regulate autolysis, limiting their functionality. There is a 

!
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small body of work demonstrating the interactions between TiO2 surfaces and individual 

components of the autolytic process73 and lytic enzymes.74 These studies revealed protein 

adsorption and deformation in vitro, but did not test in vivo implications. Our results 

demonstrate that TiO2 NPs deposit on the cell wall of B. subtilis, where teichoic acids and the 

PMF regulate the onset of autolysis, and that released autolysins adsorb to TiO2 surfaces 

reducing their peptidoglycan-degrading ability. The results from Chapter 2 are the first to 

present the effect of any NP on autolysis in vivo, and are published in Scientific Reports.75  

In Chapters 3 and 4, the concept of a mutually important interaction between QS and 

NPs is discussed. The main objective of Chapter 3 was to investigate the interaction between 

a QS signaling molecule (N-hexanoyl homoserine lactone, HHL) and two commonly released 

cations used in antimicrobial NPs, silver (Ag+) and copper (Cu2+). We hypothesized that 

HHL, which are similar to biogenic organic chelants76, could complex these metal cations. 

We further hypothesized that complexation between free HHL and Ag+ or Cu2+ would limit 

the bioavailability of each constituent, reducing metal toxicity and decreasing the 

concentration of free signaling molecule. We observed that QS signaling molecules formed 

complexes with Ag+ and Cu2+. The chemical interactions between cations and HHL were 

revealed using experimental and computational chemistry techniques. The bioavailability of 

the complexes was then tested in a model QS organism, Chromobacterium violaceum. We 

observed decreased QS activity and metal toxicity (in the case of Ag+). The contents of 

Chapter 3 are currently (12/6/2017) under peer-review for publication in ACS Chemical 

Biology.  

The main objective of Chapter 4 was to investigate the potential for QS-regulated 

cyanide to oxidize and dissolve gold NPs in an environmentally-relevant system. We tested 

the ability of a cyanogenic soil bacterium, C. violaceum, to oxidize and solubilize Au NPs in 

soil. Since cyanide production in C. violaceum is regulated by QS, we hypothesized that a 
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mutant strain, incapable of synthesizing HHL (C. violaceum CV026), would not dissolve Au 

NPs. In addition, we hypothesized that slight pH changes in the soil would result in different 

dissolution values due to changes in the speciation of cyanide. Moreover, we investigated Au 

NP oxidation in pure cultures and abiotic cyanide solutions. This research demonstrated that 

Au NPs can be oxidized and solubilized to Au(CN)2
- by C. violaceum in soil, and that Au NP 

dissolution is limited by QS-regulated HCN production and speciation. Au NPs are frequently 

assumed to be inert under environmental conditions. Results from our work cast doubt on that 

assumption. Chapter 4 is currently being prepared for submission. 

Our concluding remarks and thoughts on future research in this area are discussed in 

Chapter 5.  

Finally, there are two appendices, which contain supplemental information and 

interesting findings that did not directly fit into Chapters 1–5. Specifically, Appendix A: 

Additional nanoparticle–bacteria interactions explains what led us from the results in Chapter 

2: that NP surfaces can adsorb and alter the activity of compounds as they travel from one cell 

to another—to the topic of Chapter 3: released cations complex QS signals. Appendix A: 

Additional nanoparticle–bacteria interactions presents the adsorptive properties between QS 

signaling molecules and NP surfaces (TiO2 and multi-walled carbon nanotubes), as well as an 

interesting observation that FeCl3 appeared to induce a QS activity in C. violaceum CV026, 

the HHL-negative mutant. Appendix B presents how CuO NP dissolution can be influenced 

by a cyanogenic bacterium (C. violaceum), and a siderophore-emitting bacterium 

(Pseudomonas fluorescens).  
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2. Disruption of autolysis in Bacillus subtilis using TiO2 
nanoparticles† 

Abstract 

In contrast to many nanotoxicity studies where nanoparticles (NPs) are toxic or reduce viable 

cells in a population of bacteria, we observed that increasing concentration of TiO2 NPs 

increased the cell survival of Bacillus subtilis in an autolysis-inducing buffer by 0.5 to 5 

orders of magnitude over an 8-hour exposure. Molecular investigations revealed that TiO2 

NPs prevent or delay cell autolysis, an important survival and growth-regulating process in 

bacterial populations. Overall, the results suggest two potential mechanisms for the disruption 

of autolysis by TiO2 NPs in a concentration dependent manner: (1) directly, through TiO2 NP 

deposition on the cell wall, delaying the collapse of the proton-motive force and preventing 

the onset of autolysis; and (2) indirectly, through adsorption of autolysins on TiO2 NP 

surfaces, limiting the activity of released autolysins and preventing further lytic activity. 

Enhanced darkfield microscopy coupled to hyperspectral analysis was used to map TiO2 

deposition on B. subtilis cell walls and released enzymes, supporting both mechanisms of 

autolysis interference. The disruption of autolysis in B. subtilis cultures by TiO2 NPs suggests 

the mechanisms and kinetics of cell death may be complicated in natural systems where metal 

oxide surfaces are abundant.  

                                                        
 
† This chapter has been published as: McGivney, E., Han, L., Avellan, A., VanBriesen, J., & Gregory, K. 
B. “Disruption of Autolysis in Bacillus subtilis using TiO2 Nanoparticles.” Scientific Reports 7 (2017).75 
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Introduction 

Nutrient availability is often the critical factor limiting growth and controlling a bacteria 

population’s behavior.32,65,66 In response to changing environmental conditions, bacteria 

participate in population-level behavior such as autolysis, cannibalism, and programmed cell 

death.25–27,29–32 Autolysis, the self-digestion of the cell wall, is associated with several 

essential cell functions in bacteria, including spore formation, providing nutrients for 

persisting cells, and the transfer of genetic material to the remaining population.31,32 

Cannibalism is a precursor to sporulation in which non-sporulating sister cells produce toxins 

to collapse the proton-motive force and induce autolysis in neighboring cells of the same 

population.29,30 Autolysis and cannibalism have also been linked to biofilm maintenance and 

growth, and the secretion of lytic proteins.29–31 Most recently, autolysis has been directly 

linked to quorum sensing and biofilm formation in Pseudomonas aeriginosa.35  

In gram-positive bacteria, such as Bacillus subtilis, the autolytic process occurs in the 

cell wall, which is comprised of a matrix of peptidoglycan, teichoic acids, autolysins, and a 

proton gradient. The aggregation of acidic polymers, such as teichoic acids, and 

electronegative peptidoglycan layers give rise to the negatively charged cell wall, where 

protons can accumulate as the proton-motive force (PMF). A balance of protons and counter 

ion binding sites associated with teichoic acids maintains the structural integrity and 

functionality of the cell wall matrix.69,70 Jolliffe et al. (1981) demonstrated that when deprived 

of a carbon source, the PMF of B. subtilis collapses, leading to autolysis, characterized by the 

self-digestion of the cellular envelope and subsequent release of cytoplasmic materials to the 

surrounding environment (Figure 1-2). It has been suggested that the released cellular matter 

may be used as substrate for the remaining population to persist.30,32 Under more favorable 

cell growth conditions, where nutrients are abundant, autolysins are spatiotemporally 
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activated within the peptidoglycan matrix in a controlled process where they mediate essential 

tasks such as peptidoglycan turnover, cellular division, and sporulation.  

It has been estimated that 50% of wall-associated teichoic acids extend beyond the cell 

wall creating what could be imagined as “fluffy” region78–80, which would be the point of 

contact between a cell and a surface in the environment. While it is generally agreed upon that 

teichoic acids are responsible for limiting the activity of autolysins, there is no consensus on 

the mechanism of control. It has been proposed that the dispersal and subsequent protonation 

states of D-alanyl esters throughout the cell wall matrix could provide a unique network to 

systematically determine the activity of autolysins, which require unique ionic 

microenvironments.71 Since the local environment determines the packing density of protons, 

and thus counter-ion binding sites, the activity of autolysins is concomitantly related.72 A 

dissipation of the PMF results in a chain-reaction-like collapse where the orderly cell wall 

proton and charge distribution is lost, which could lead to the uncontrolled confirmation of 

teichoic acids, giving rise to unlimited autolytic activity.  

The interaction between wall-associated teichoic acids and materials with high 

specific surface areas, such as nanoparticles, has been highlighted by Jiang et al. (2010), who 

demonstrated that metal oxide NPs (Al2O3, TiO2, and ZnO) adsorbed and altered the structure 

of cell wall biomolecules, including teichoic acids in vivo.73 It was suggest that the resulting 

teichoic acid structural changes that occur when gram-positive bacterium and metal-oxide 

nanomaterials interact might be responsible for bacterial toxicity.73 Through solid-state NMR 

studies, Wickman & Rice, further concluded that, when lipoteichoic acids were 

simultaneously adhered to peptidoglycan, the positively charged alanine group binds to the 

surface of negatively charged TiO2.81 This suggests that metal oxide NPs may also play a role 

in the modification of cellular processes that are mediated through structural changes in cell-

wall proteins, such as autolysis. However, to the best of our knowledge, no research has 
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highlighted the influence of metal oxide surfaces on autolysis. We chose TiO2 NPs as a model 

nanomaterial for its high production rate, consumer and industrial usage, and projected release 

into environmental compartments.4–6,82 Furthermore, while TiO2 NPs are a semiconducting 

material that generate reactive oxygen species when irradiated with ultraviolet light83,84, in the 

absence of a UV source TiO2 NPs are not known to be particularly toxic to 

microorganisms.84–86 Using Bacillus subtilis as a model, the concentration dependence and 

kinetics of autolytic disruption, the impact of TiO2 NPs on the PMF and activity of released 

lytic enzymes, and the hyperspectral mapping of TiO2 deposition on the cell wall are 

described. 

Methods 

TiO2 nanoparticle preparation and characterization. Degussa P-25 TiO2 (70% 

anatase/30% rutile) NPs were suspended (0.3% wt.) in 15 mL of sterile lysis buffer (5 mM 

NaHCO3 buffer pH 7.0), via probe sonication (550 Sonic Dismembrator, Fischer Scientific) 

with an acoustic power input of 4.11 W (determined using calorimetric method described by 

Taurozzi et al., Figure 2-1) for 10 minutes in a glass beaker. To serve as a stock solution, the 

suspension was further diluted to 3 g/L and stored at room temperature in a glass bottle 

wrapped in aluminum foil. Prior to experimentation, the stock solution was diluted in the lysis 

buffer to 1000 ppm and probe sonicated (under the same power level as described above) for 

10 min and then diluted to the desired TiO2 NP concentration.  

Dynamic light scattering (DLS) measurements were collected on an ALV CGS-3 

goniometer with ALV/LSE-5004 Light Scattering Electronics and Multiple Tau Digital 

Correlator. All samples were prepared in 5 mM NaHCO3 and adjusted to pH 7.7 using HCl or 

NaOH. Two-minute duration measurements were taken in triplicate on 1 mL of 10 ppm TiO2 

NPs. Analysis of the autocorrelation function was performed using a constrained 



 15 

regularization algorithm in the ALV-7004 Correlator Software. Diffusion coefficients, D, 

were converted to hydrodynamic radius, dH values using the Stokes-Einstein Equation: 

Equation 2-1 
𝑑! = 𝑘𝑇/3𝜋𝜂𝐷 

where k is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of the 

solution. The electrophoretic mobility of TiO2 NPs was measured using a Malvern nano ZS 

Zetasizer (Conductivity: 0.557 mS.cm; Temperature: 24.9°C; Count Rate: 172.8 kcps) and 

converted to zeta potential using the Smoluchowski relationship.88 The intensity-averaged 

hydrodynamic diameter of the TiO2 NPs, as determined by DLS, was centered around 250 nm 

(standard deviation: 8 nm) and the zeta potential was found to be -41.3 mV (standard 

deviation: 5 mV). 

 
 

 

Figure 2-1. Recorded temperatures, T, normalized to initial temperatures, To, over time. The linear 
fit equation was used to calculate the delivered power of the sonicator, which was used to suspend 
TiO2 nanoparticles into buffer. 
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Transmission electron microscopy (TEM) imaging was used to observe the primary and 

aggregate TiO2 NPs size distribution. All TEM images were produced after B. subtilis cells 

were exposed to TiO2 NPs. TEM samples were fixed with 1% formaldehyde and 1% 

glutaraldehyde in 5 mM NaHCO3 for 24 hours at 4°C. An aliquot of 1 µL was then placed on 

a carbon coated copper grid for examination. TEM images showed that TiO2 NPs were visible 

aggregates consisting of primary particles ~20 nm in diameter and distinct from cell 

components with higher electronic density (Figure 2-2). Some TiO2 NPs appeared to be 

closely associated with the cell wall of B. subtilis. 

 

Figure 2-2. TEM imaged of B. subtilis incubated with 50 mg/L TiO2 NPs for 8 hour. (Left) Inset shows 
a close contact between TiO2 NPs aggregates and cell wall. (Right) Some cells are lysing with lower 
electronic density due to a loss of intracellular substances. 
 
Cell culture selection. Bacillus subtilis ATCC 6051 is a well-studied model organism for 

autolysis research.77,89–91 It is ubiquitous in the environment and known to have several 

survival strategies, e.g., biofilm formation, spore formation, and motility.92,93 It is a robust 

bacterium used in biotech applications, such as enzyme production94, and laboratory toxicity 

studies as a model gram-positive organism.14 

Preparation of cell cultures. Experimental cultures of B. subtilis were grown in 20 ml of LB 

broth at 37°C, aerobically on a shaker plate, for 10 hours, to reach a concentration of 108 
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CFU/mL. Cells were harvested via centrifugation (4,000g, for 7 minutes at 4°C) followed by 

resuspension of the pellet in lysis buffer to rapidly deplete the culture of a nutrient source. 

Washing was repeated twice.  

B. subtilis—nanoparticle exposures. The effect of TiO2 NPs on B. subtilis in a bicarbonate 

lysing buffer (5 mM NaHCO3, pH 7.7) was studied under five different NP exposure 

conditions: 0, 1, 10, 50, and 100 ppm. All trials were done in the dark to prevent reactive 

oxygen species generation. A volume of 1 mL washed B. subtilis culture (108 CFU/mL) was 

added to 9 mL of TiO2 NP suspension to reach desired TiO2 NP concentrations. The exposed 

B. subtilis were incubated at 25°C in 20 mL glass culture tubes while being shaken. After 1, 2, 

4, and 8 h of incubation, 0.3 mL of each suspension was removed for analysis. Viable cell 

concentrations were determined by plating and counting colony-forming units (CFU) on LB 

agar (1.5%). Each treatment was performed in triplicate. 

Subsequently, using the same conditions described above, TiO2 NPs were added at 

three different time points after B. subtilis was washed and suspended in lysing buffer.  First, 

1 mL of washed B. subtilis culture (108 CFU/mL) was added to three different reactors 

containing 9 mL of lysing buffer with no TiO2 NPs. Next, TiO2 NPs were added to the 3 

independent culture tubes (final concentration of 50 ppm TiO2) at 0, 30, and 60 minutes, 

respectively. Aliquots of 0.3 mL were sampled and viable cell concentrations were 

determined via CFU plating as described above. Each treatment was performed in triplicate. 

Membrane potential (ΔΨ) and proton gradient (ΔpH). The membrane potential (ΔΨ) and 

proton gradient (ΔpH) of B. subtilis cells was determined by the distribution of 3,3’-

dipropylthiadicarbocyanine iodide (DiSC3(5)) between cells and the suspending medium as 

described earlier.95 Due to the compensatory interaction between the transmembrane ΔpH and 

ΔΨ, a decrease in fluorescence is an indication of ΔpH dissipation.96 The interaction between 

ΔΨ and ΔpH that governs the PMF is described as: 
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Equation 2-2 

𝑃𝑀𝐹 = ∆Ψ−
2.3𝑅𝑇
𝐹 ΔpH 

where R is the gas constant, F is the Faraday constant, and T is temperature. 

An overnight culture of B. subtilis was grown and harvested as described above being 

resuspended in 30 mL of lysing buffer with either 0 or 50 ppm of TiO2 NPs. Immediately 

after the final resuspension, 3 mL of cell suspension was added to a quartz cuvette. 1 µL of 3 

mM DiSC3(5) dissolved in DMSO was added to the cuvette, capped, and shaken by hand. The 

suspension was then monitored for fluorescence (Horiba Fluoromax-4 using FluorEssence 

software) at excitation wavelength 643 nm, slit width 4 nm, and emission wavelength 666 nm, 

slit width 4 nm. The fluorescence was monitored for 1 hour at intervals of 0.5 seconds with an 

integration time of 0.1 seconds. The emission signal from the photomultiplier tube was 

corrected by dividing by the reference signal from photodiode detector, which measures the 

output of the xenon lamp. Counts were kept below 2 million counts per second, as the 

detector is not linear over this count rate (Personal communication with Horiba technicians).  

Hyperspectral microscopy. The NP interactions with B. subtilis were assessed using an 

enhanced resolution dark–field microscope system (BX51, Olympus, USA) equipped with 

CytoViva Hyperspectral Imaging System (HSI, Auburn, AL). 20 µL of sample was deposited 

on a clean glass slide and covered with a coverslip for imaging. Hyperspectral images were 

acquired using 100% light source intensity and 0.6 s acquisition time per line. Each pixel of 

the hyperspectral image contains a light reflectance spectrum, ranging from 400 to 1000 nm 

with a spectral step of 1.5 nm. Each pixel thus has a spectral signature modulated by the 

nature of the material it contains.97  

A spectral pre-library of TiO2 NPs was build using hyperspectral images of TiO2 NPs 

in lysing buffer (100 ppm). The pixels comprising endmembers hyperspectral signal were 

identified and grouped into the TiO2 NPs pre-library, following steps previously described by 
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Badireddy and collaborators.97 The specificity of the pre-library was assessed by mapping it 

on negative control images (abiotic lysing buffer and non-exposed cells in lysing buffer). 

Spectra in the pre-library that matched spectra of pixels in the negative control hyperspectral 

images were considered as unspecific false positives and removed from the pre-library. The 

remaining spectra built the final TiO2 NP library, containing specific hyperspectral TiO2 NP 

signature (Figure 2-3). This NP library was mapped on hyperspectral images (B. subtilis 

exposed to 0, 1 or 100 ppm during 1 hour in lysing buffer as described in the Preparation of 

cell cultures section above) to assess NPs–cells interactions. The mappings of the NPs pre-

library and library was processed using a Spectral Angular Mapping algorithm (SAM, ENVI 

5.2 software, in short, an algorithm comparing angles between vectors), whereby two vectors 

(i.e. spectra bands) with angles ≤0.09 rad were considered as similar. Pixels containing the 

NPs spectral signature were labeled with a chosen color of red. This method has already been 

tested and validated for bacteria–NP interaction.98 

Preparation of autolytic cell wall extracts. Cell wall associated autolysins and associated 

enzymes were extracted according to the method developed by Brown.99 Briefly, B. subtilis 

strain was inoculated and maintained in LB Miller medium overnight before 2 liters of fresh 

LB medium was added and incubated for 12 hours until the cell concentration reached 108 

CFU/ml. The cell suspension was further concentrated by centrifuging at 6000g for 10 min to 

a final concentration of 5% (wet weight) in 0.75% NaCl. The concentrated cell suspension 

was centrifuged once more at 6000g for 10 min. The supernatant was discarded and the pellet 

was resuspended in 2 L of 2 M LiCl solution. After one-hour of incubation at 4°C, the 

suspension was centrifuged at 16,000g for 15 min and the pellet was discarded. The cell-

associated autolysin extracts were resuspended in the supernatant and stored at 4°C for further 

experimentation. 
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Figure 2-3. Unmapped (a-c) and mapped (d-f) images of B. subtilis (106 cells/mL), TiO2 
nanoparticles suspended (100 ppm) in buffer, and 5 mM bicarbonate buffer. All red pixels have 
spectral signatures identical to those in the spectral library (g). The red profile in (g) highlights the 
average spectral profile of the TiO2 NP library. (h) Shows a shift in cell wall spectral profile; as more 
TiO2 is present in the sample, the more the cell wall spectral profile shifts to the left, towards the 
average spectral profile of the TiO2 NP library. 
 
Adsorption of autolysins and peptidoglycan degradation.   An autolysin extract isotherm 

on TiO2 NPs was measured by the solution depletion method, in which any protein 

concentration change, ΔCw, in the bulk solution prior to and after exposure to TiO2 NPs was 

attributed to adsorption to the surface:  

Equation 2-3 
𝛤 = ∆𝐶!𝑉/𝐴 

where Γ is the mass of protein adsorbed per surface area unit, V is the volume of the bulk 

solution, and A is the TiO2 NP surface area available for adsorption, calculated using the 

hydrodynamic radius and assumed spherical shape.100  

1 mL reactors were prepared by adding varying concentrations of TiO2 NPs in the 

range of 0–10,000 ppm to 55 mg/L of autolysin extract in lysing buffer. The suspensions were 
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immediately capped and rotated for 24 hours in the dark at 25°C. The samples were then 

centrifuged at 16,000g for 15 min to remove TiO2 NPs and any TiO2-adsorbed protein from 

the bulk solution. A portion of the supernatant was pipetted off and analyzed for protein 

concentration using the Pierce BCA assay Kit with BSA as the protein standard. The 

remaining portion of the supernatant (0.5 mL) was incubated with 1.5 mL of purified B. 

subtilis peptidoglycan (purchased from Sigma-Aldrich) to study the digestion process of 

peptidoglycan. The change in peptidoglycan concentration was monitored by measuring 

absorbance at 450 nm over time via a Cary 300 Bio UV-Visible Spectrometer/Cary WinUV 

software at room temperature. 

DNA and L-alanine concentration. Extracellular double-stranded DNA (dsDNA) was 

monitored using a PicoGreen dsDNA Kit (Molecular Probes, Invitrogen) coupled with a 

fluorometer (VersaFluor Fluorometer, Bio-Rad) following the suppliers’ protocol. Two B. 

subtilis growth conditions were used to create standard curves: a positive control using liquid 

minimal Davis (MD) medium, and a negative control using lysing buffer. Cells were grown in 

MD medium because of its ability to keep B. subtilis cells vegetative. 0.2-0.3 mL samples 

were taken from each reactor at 0, 1, 2, 4, 8, and 12 hrs. Each sample point was diluted, with a 

portion being plated for CFUs, and 0.1 mL was used to determine dsDNA concentration. Cell 

suspensions were diluted to within the detection concentration of the PicoGreen dsDNA Kit 

(25 pg to 1 µg of dsDNA/mL). 0.1 mL of the kit reagent was added to 0.1 mL diluted sample 

and incubated in a glass cuvette at 25°C for 3–4 min before being placed in a fluorescence 

reader with excitation at 480 nm and emission at 520 nm. L-alanine was monitored using an 

abcam L-Alanine Assay Kit according to the manufacturers protocol. 

Gene expression. To capture the influence of TiO2 NPs on B. subtilis gene expression, 

reverse transcription quantitative polymerase chain reaction (RT-qPCR) was used to detect 

RNA fold changes. Three genes were chosen for analysis: skfA, sdpC, and lytC; rpoB was 
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used as an internal reference for normalization. Cells were grown, washed, and exposed as 

described in the Preparation of cell cultures section above. The washed cells were then 

exposed to either 100 ppm TiO2 NPs or no TiO2 NPs. Samples for RNA extraction were taken 

both right before exposure, t=0, and one hour after exposure, t=1 hr.  

Total cellular RNA was extracted using a Qiagen RNeasy Mini Kit according to the 

manufacturer’s instructions. Purified RNA was verified by quantification using a Qubit 2.0 

Fluorometer according to the Qubit RNA HS Assay Kit manufacturer protocol. Extracted 

RNA was then used as a template to synthesize first-strand complimentary DNA (cDNA) 

using an iScript cDNA Synthesis Kit according to the manufacturer’s instructions and using a 

(BIO RAD MyCycler) thermal cycler set at 25°C for 5 minutes, 42°C for 30 minutes, 85°C 

for 5 minutes, and a holding temperature of 4°C. Real-time PCR amplification of the cDNA 

was done using a Applied Biosystems 7500 Real Time PCR System. Primers used for PCR 

were designed using Integrated DNA Technologies PrimerQuest ( 

Table 2-1). Each 20 µL PCR mixture contained H2O (6.5 µL), forward primer (1 µL), 

reverse primer (1 µL), probe (0.5 µL), Taqman master mix (10 µL), and DNA sample (1 µL). 

The amplification program was set to 50°C for 2 minutes (1 rep.), 95°C for 10 minutes (1 

rep.), 95°C for 15 seconds (40 reps.), and 56°C for 1 minute. The rpoB gene was used as a 

reference for data normalization. All the samples were analyzed in triplicate.   

Table 2-1. Gene specific primer and probe sequences used for RT-qPCR. 
Gene  Forward  Reverse  Probe 
       
skfA  CGATTGTGAAAGCTGCTG  ACACGTGTCATAGCAATACT  /56-FAM/ATGGGCTGT/ZEN/TGG 

GCCTCGAA/3IABkFQ/ 
       
sdpC  AACGCAGTTGCATTACAAA  AGC AGC CGC TTC TAA AT  /56-FAM/TGC AGT TGT /ZEN/TAC 

TGC GGC AGC /3IABkFQ/ 
       
lytC  CAGCTACCCTGACTCTATTG  TAC GGG CTC CTG TAG ATA A  /56-FAM/CAG GAG CTA /ZEN/CAC 

TGG CAG CT/3IABkFQ/ 
       
rpoB  CCAAGGTACGTGCTACAA  AGT TCA CCA AGC TCC ATA G  /56-FAM/AGC GTC CGA /ZEN/TCG 

TAA GTG TCG G/3IABkFQ/ 

 



 23 

Results and Discussion 

Exposure of Bacillus subtilis to TiO2 NPs in bicarbonate lysing buffer, under dark conditions, 

resulted in a negative correlation between NP concentration and loss of viable cell counts over 

time (Figure 2-4).  In the absence of NPs, the number of viable cells decreased by over 2.5 

orders of magnitude in the first hour followed by 3 orders of magnitude loss over the next 7 

hours (over a 5-log drop over the 8 hours monitored). A similar loss in cell viability was 

observed in the presence of 1 ppm of TiO2 NP. However, in the presence of 10 ppm TiO2 

NPs, total viable cell counts decreased by less than 2 orders of magnitude over 8 hours. 

Viable cell counts further increased after exposure to TiO2 NPs at 50 and 100 ppm. The 

difference between 50 ppm and 100 ppm exposures is significant at the 8-hour time point and 

might be explained by a biphasic response common in toxicity response curves, where the 50 

ppm range would be in the hormetic zone. Overall, exposure of B. subtilis to a nutrient-

limited buffer of bicarbonate induced autolysis of cells, and that cell lysis was blocked by the 

presence of TiO2 NP in a dose-dependent manner.  

The observation of cell lysis in nutrient-limited buffer agrees with previous findings 

that such solutions cause the onset of autolysis in B. subtilis.77 Under nutrient poor conditions, 

a collapse of the proton-motive force (PMF) in B. subtilis leads to a conformational change in 

associated teichoic acids and thus an activation of autolytic enzymes that digest the 

surrounding peptidoglycan.77,101,102 For this reason, the membrane potential (ΔΨ) and proton 

gradient (ΔpH) of B. subtilis in lysing buffer were monitored using DiSC3(5) fluorescence. 

Apparent equilibration of the fluorescence signal between cells and the buffer, as indicated by 

a flat line in the fluorescence profile, took approximately 40 minutes. Ten minutes after 

fluorescence stability was reached (50 minutes after suspension in lysing buffer in the absence 

of TiO2 NPs), the fluorescence signal decreased before increasing 60 fold (Figure 2-5). The 

slight decline and then sharp rise in fluorescence in the no TiO2 control indicates the collapse 
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Figure 2-4. Colony Forming Unit (C) over time normalized to the initial Colony Forming Unit of each 
series (C0) of B. subtilis in 5 mM NaHCO3 buffer (pH 7.7) with exposure to various concentrations of 
TiO2 NPs, and a no TiO2 NP control in the absence of light. Each point represents the mean (n=3) 
with error bars representing the 95% confidence interval.  
 
of the membrane potential. The dip in ΔΨ in the no TiO2 control is an indication of an 

increase in the membrane potential, which is likely the result of the dissipation of the 

membrane pH gradient due to the compensatory relationship between membrane pH and 

membrane potential (Equation 2-2).95 When B. subtilis cells were suspended in lysing buffer 

in the presence of 50 ppm TiO2 NPs, minimal change in ΔΨ occurred over the same time 

period, indicating that the membrane potential, and pH gradient, remains intact. It is possible 

that the mode of prevention arises from the direct interaction between TiO2 NPs and the outer 

layer of wall teichoic acids that make up the bacteria-nanoparticle interface. 
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Figure 2-5. Fluorometery assay of DiSC3(5) stained B. subtilis cultures in 5 mM NaHCO3 in the 
presence of 50 ppm TiO2 NPs and absence of TiO2 NPs in the dark. Depolarization of B. subtilis 
membrane was monitored by measuring the fluorescence intensity at an excitation and emission 
wavelength of 643 nm and 666 nm, respectively, for 1 hour. Apparent equilibrium DiSC3(5) between 
the cell membrane and the media, as indicated by a flat-line in fluorescence, took 40 minutes.  
 

Hyperspectral imaging (HSI) was performed on cultures of B. subtilis exposed to TiO2 

NPs to visualize TiO2 NPs–cell interactions (Figure 2-6). HSI confirmed that at higher 

concentrations of TiO2 (100 ppm), the TiO2 spectral signature was consistently found to be 

associated with the surface of individual cells (Figure 2-6e2,f2,g2) and bright dots we suspect 

to be TiO2 aggregates. Moreover, at 100 ppm TiO2 exposure, cells existed exclusively as 

individual, or short chained, planktonic cells (Figure 2-6e1,f1,g1). These in vivo 

visualizations of TiO2 deposition on B. subtilis cell walls support previous in vitro findings 

which teichoic acids attached to TiO2 sufaces.73,81 At the experimental pH of 7.7, the surface 

of TiO2 is negatively charged (-41.3 mV), which would support electrostatic interactions 

between NP surface and positively charged alanine groups, as reported previously.81 It is 

possible that the protons on the surface of metal oxide NPs may change the microenvironment  
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Figure 2-6. Unmapped (a1-g1) and TiO2 mapped (a2-g2) images of B. subtilis (107 cells/mL) exposed 
to 0 (a, b), 1 ppm (c, d), and 100 ppm (e-g) TiO2 NPs suspended in bicarbonate buffer (5 mM). Red 
pixels have spectral signatures identical to those in the TiO2 NP spectral library. Figures with the 
same alphabetical identifier, e.g. a1 and a2, are identical images, however, a2 is mapped to 
identify TiO2 location, whereas a1 is left unmapped. 
 
of the D-alanyl ester and teichoic acid interaction, affecting the activation of autolysin 

considering it has been demonstrated that the adsorption of a metal oxide surfaces influence 

the D-alanyl ester and teichoic acid interaction.73 Therefore, a potential hypothesis for the 

disruption of autolysis by TiO2 NP is that association between NP surfaces and cell surface 

proteins gives rise to a conformational change in the surface proteins that regulate autolytic 

activity.  

A kinetic assessment of cell lysis was performed in which NPs were added before and 

after the apparent PMF collapse.  50 ppm of TiO2 NPs was dosed into cultures at 0, 30 and 60 

minutes after the cells were suspended in lysing buffer (Figure 2-7). Adding TiO2 NPs 

immediately (t=0) after exposure of cells to lysing buffer led to a ~0.5-log decrease in cell 

counts after 8 hours. Adding TiO2 NPs 30 minutes after exposing cells to lysis buffer 

stabilized cell viability for the following 7.5 hours. When dosed at 60 minutes, after the 

observed PMF collapse, the following 7 hours saw a log drop in cell viability. 
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Figure 2-7. Colony Forming Unit (C) over time normalized to the initial Colony Forming Unit of each 
series (C0) of B. subtilis in 5 mM NaHCO3 buffer (pH 7.7) with the addition of 50 ppm TiO2 NPs at time 
points of 0 hour, 0.5 hour, and 1 hour in the absence of light. Each point represents the mean (n=3 
or 2) with error bars representing the standard deviation. 
 

The observation that cell viability was maintained with higher efficiency when TiO2 

was added before the PMF dissipation suggests that the release of active autolysins from cells 

that have already undergone autolysis may contribute to lysis of neighboring cells, and led us 

to consider another potential mechanism by which TiO2 NPs may interfere with a population 

undergoing autolysis: by adsorbing released autolysins from cells that have already lysed, 

limiting cell lysis proliferation. To test this, an adsorption isotherm was first produced for 

autolysins on TiO2 NPs (pH 7.7 and 25°C, Figure 2-8a). The autolysin extracts showed a 

binding affinity to TiO2 NPs, reaching a surface concentration of 1 mg/m2 (or 0.18 mg/mg 

TiO2). In a follow-up experiment to assess the functional activity of lytic enzymes after 

incubation with TiO2 NPs, autolysin extracts were exposed to varying concentrations of TiO2 

NPs before being assayed for their ability to degrade peptidoglycan, the natural substrate of 
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autolysins (Figure 2-8b). Peptidoglycan degradation was inversely related to the 

concentration of TiO2 NPs present. After 5 hours, concentrations of peptidoglycan decreased 

by 29% and 57% when autolysins were incubated with 50 and 100 ppm TiO2 NPs, 

respectively. In the negative control (no autolysin), peptidoglycan decreased by 0.3 mg/L over 

5 hours, whereas in the positive control (autolysins without TiO2 NP incubation), 

peptidoglycan was degraded by more than 1.2 mg/L over the same time period.  

Generally, the degree of protein adsorption to NPs, and subsequent functionality, 

depends on both the NP surface and the protein’s folding structure, charge, and 

polydispersivity.103 Protein adsorption to, and unfolding on, NPs can occur rapidly, within 

minutes of incubation.104–106 The adsorption capacity of cell wall autolysin extracts to TiO2 

NPs (Figure 2-8a), and subsequent loss of peptidoglycan-degrading ability (Figure 2-8b), 

could contribute to the hydrophobicity of the autolysin extracts. It has been suggested that 

extracted autolysins may be linked to other membrane bound lipids of acids, implying 

hydrophobic properties.107 Although protein structure analysis was not part of this work, and 

thus coming to a conclusion on the forces governing adsorption was not appropriate, the loss 

of functionality to digest peptidoglycan was correlated to the concentration of TiO2 incubated 

with the autolysins. These results are similar to a previous study by Xu et al. (2010) which 

demonstrated a change in structure and loss of functionality in lysozymes after incubation 

with TiO2 NPs.74  

Supplementing the adsorption and peptidoglycan digestion assay results was the 

observation that the detectable TiO2 deposition at 1 ppm TiO2 exposure was associated with 

the large sticky aggregations of extracellular matter (Figure 2-6c1-d2), where it is reasonable 

to believe starved cells are exuding general stress proteins and cytoplasmic material due to 

autolysis, leading to an accumulation of autolysins. At lower concentrations of NP exposure 

(1 ppm TiO2) there was no observable TiO2 deposition on cell walls (Figure 2-6c2,d2). Of the  
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Figure 2-8. (a) Adsorption isotherm of autolysins on TiO2 NPs (pH 7.7 and 25°C) with the surface 
area concentration, Γ, plotted against the concentration of free enzyme in solution, Cw. (b) Relative 
change in in peptidoglycan over time after incubation with autolysins. Prior to exposure to 
peptidoglycan, autolysins were incubated with varying concentrations of TiO2 NPs. The Negative 
control peptidoglycan was not exposed to any cell wall associated enzymes. The Positive control 
peptidoglycan was exposed to autolysins that were not incubated with TiO2 NPs.  
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very few individual planktonic cells in the 1 ppm TiO2 exposure, TiO2 was not mapped on 

any of them (contrary to HIS visualizations at 100 ppm TiO2). 

Overall, the results suggest two potential mechanisms for the disruption of autolysis 

by TiO2 NP in a concentration dependent manner: (1) directly, through TiO2 NP deposition on 

the cell wall, delaying the collapse of the PMF and preventing the onset of autolysis (Depicted 

in Figure 2-9a); and (2) indirectly, through adsorption of autolysins on TiO2 NP, limiting the 

activity of released autolysins and preventing further lytic activity (Depicted in Figure 2-9b).  

Finally, as B. subtilis may form spores, it was also important to consider that the loss 

of viable cell counts could be due to cannibalism and spore formation, rather than, or in 

addition to, autolysis. Aliquots of B. subtilis cultures, 12 hours after suspension in lysing 

buffer, were removed and inoculated to fresh LB media where endospore germination could 

occur.108 No growth was observed. B. subtilis are not known to form endospores when rapidly 

deprived of essential nutrients from the system32, as was done in this work. Additionally, 

spore formation takes 8 hours to complete109, at which time DNA is released by the mother    

 

Figure 2-9. Proposed mechanisms for disruption of autolysis in B. subtilis in the presence of TiO2 
NPs. (a) TiO2 NPs associate with the region of cell wall teichoic acids that make up the point of 
contact between the cell and NPs, altering autolysin activity and maintaining the PMF under 
nutrient limited conditions. (b) Once a cell has undergone autolysis, the released autolysins are 
adsorbed by TiO2 NPs, which diminishes the peptidoglycan-degrading functionality, limiting 
enzymatic attack of peptidoglycan of other population members. 
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cell. After 4 hours in the lysing buffer, the supernatant dsDNA concentration was over an 

order of magnitude higher than that in the maintenance medium (Figure 2-10a). There was an 

inverse relationship between dsDNA concentration and CFUs. CFUs in the MD media had 

less than a 5% variation over the 12-hour monitored time period. In addition to dsDNA 

concentration, the release of L-alanine, one of the major components of peptidoglycan, was 

also monitored (Figure 2-10b). L-alanine is released into the extracellular environment when 

B. subtilis undergo autolysis.110 L-alanine concentrations increased by a factor of three after 

24 hours of suspension in lysing buffer. Cultures exposed to the lysing buffer were also 

examined in TEM micrographs and HSI; spores were not present. Furthermore, spore 

formation in B. subtilis is preceded by cannibalism, which is proceeded by the expression of 

two main operons, sporulation killing factor (skf) and sporulation delay factor (sdp), in a 

process dubbed cannibalism.29,111 Within these operons, there are two genes, skfA and sdpC, 

that are known to express lytic peptides responsible for lysing nonsporulating sister cells. The 

expression of these genes was monitored to determine if cannibalistic protein production was 

responsible for the loss of cell viability in cells suspended in lysing buffer, and to identify if 

TiO2 NPs had an influence on the genes expressed during cannibalism. After one hour of 

suspension in lysing buffer, there was less than a 1.5 fold increase of skfA and sdpC (Figure 

2-11). Furthermore, there was no significant difference in skfA or sdpC gene expression 

between cultures suspended in lysing buffer in the presence (50 ppm) or absence of TiO2 NPs. 

In addition to skfA and sdpC, the expression of lytC was also monitored. The lytC gene is 

responsible for producing a major autolysin, LytC, and is located throughout the vegetative 

cell wall.112 As with the cannibalistic genes, there was no significant difference in lytC 

expression between B. subtilis suspended in lysing buffer in either the presence or absence of 

TiO2 NPs, revealing that TiO2 NP were not interfering with expression of autolytic genes. 

Based upon these analyses, complete loss of cell viability was attributed to autolysis.  
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Figure 2-10. (a) B. subtilis growth (CFU/mL) and released double-stranded DNA (dsDNA) in minimal 
Davis media (blue) and 5 mM NaHCO3 (red) over time. (b) L-alanine concentration measured in the 
supernatant of B. subtilis suspended in 5 mM NaHCO3. Each point represents the mean (n=3) and 
error bars represent standard deviation. 
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Figure 2-11. Expression (fold change relative to rpoB) of RNA encoding for lytC, sdpC, and skfA in 
cultures of B. subtilis after 1 hour of suspension in 5 mM NaHCO3 in the presence or absence of TiO2 
NPs. Individual data points are plotted; thick bars represent the mean (n=3) and error bars 
represent the standard deviation. 

Conclusions 

Exposure of B. subtilis to a nutrient-limited buffer of bicarbonate induced autolysis in the 

population. Exposure of nutrient-limited cultures of B. subtilis to TiO2 NPs appeared to 

prevent the propagation of autolysis in the population and enabled the cultures to survive 

nutrient stress that otherwise results in a decline of population numbers. TiO2 NPs prevented, 

or at least delayed, the dissipation of the PMF. It is possible that the mode of prevention arises 

from the direct interaction between TiO2 NPs and the outer layer of wall teichoic acids that 

make up the bacteria-nanoparticle interface. Hyperspectral imaging supported this hypothesis 

by revealing that high concentrations of TiO2 NPs (100 ppm) was correlated with a decrease 

in cell aggregation and an increase in TiO2 deposition on the cell wall. Additionally, results 

indicated that released autolysins might lose peptidoglycan-degrading functionality after 

adsorption to TiO2 NP surfaces. Overall, the results suggest two potential mechanisms for the 

lytC sdpC skfA
0.0

0.5

1.0

1.5

2.0
Fo

ld
 c

ha
ng

e
100 ppm TiO2

No TiO2



 34 

disruption of autolysis and cell death by TiO2 NP in a concentration dependent manner: (1) 

directly, through TiO2 NP deposition on the cell wall, delaying the collapse of the PMF and 

preventing the onset of autolysis; and (2) indirectly, through adsorption of autolysins on TiO2 

NP, limiting the activity of released autolysins and preventing further lytic activity.  

The disruption of autolysis in B. subtilis cultures by TiO2 NPs, suggests the 

mechanisms and kinetics of cell death may be complicated by metal-oxide surfaces, which are 

abundant in nature. Furthermore, the association of nanoparticles to B. subtilis and autolytic 

enzymes may not be confined to metal oxides, but rather be linked to surface chemistry of the 

particle, such as surface charge (See Appendix A: Additional nanoparticle–bacteria 

interactions, Figure A-8).20 Therefore, a variety of materials and surfaces may influence 

autolysis, especially in natural systems such as groundwater where surfaces are abundant.  If 

metal-oxide NPs delay autolysis through cell-wall associated protein interactions and/or limit 

the proliferation of autolysins via adsorption, as suggested with the results of the this study, 

the potential for NP to interfere with other cell-wall mediated interactions and extracellular 

signaling molecules should be explored. For example, disruption of autolytic activity may 

have an impact on growth-phase activity as autolysins in B. subtilis are involved in more 

controlled processes such as cell-wall turnover, cellular division, sporulation, cannibalism, 

and biofilm formation.113 The ability to fine-tune the interactions between cells and 

nanoparticles through coatings that alter the electrosteric and electrostatic properties of 

particles suggests that the interference of cellular process using colloidal principals and 

engineered nanomaterials may also be fine-tuned.  
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3. Quorum sensing signals form complexes with cations‡ 

Abstract 

Quorum sensing (QS) regulates important bacterial behaviors such as virulent protein 

production and biofilm formation. QS requires that molecular signals are exchanged between 

cells, where extracellular environmental conditions influence signal stability. In this work, we 

present a novel complexation between metal cations (Ag+ and Cu2+) and a QS autoinducer 

signal (N-hexanoyl homoserine lactone, HHL). The molecular interactions were investigated 

using mass spectrometry, attenuated total reflectance-Fourier transform infrared spectroscopy, 

and computational simulations. Results show that HHL forms predominantly 1:1 complexes 

with Ag+ (Kd= 3.71 × 10-4 M) or Cu2+ (Kd= 1.78 × 10-5 M), with the coordination chemistry 

occurring on the oxygen moieties. In vivo experiments with Chromobacterium violaceum 

CV026 show that sublethal concentrations of Ag+ and Cu2+ decreased HHL-regulated QS 

activity. Furthermore, when Ag+ was preincubated with HHL, Ag+ toxicity to CV026 

decreased by an order of magnitude, suggesting HHL:metal complexation alters the 

bioavailability of the individual constituents.   

Introduction 

Quorum sensing (QS) in bacteria is responsible for the regulation of a remarkably wide range 

of coordinated behavior including biofilm formation, pathogenicity, and CRISPR-Cas 

adaptive immunology.40,43,114 During QS, individual bacterial cells detect their local 

population density and coordinate gene expression in response to endogenously synthesized 
                                                        
 
‡This chapter is currently under peer-review for publication as: McGivney, E., Jones, K., Weber, B., 
Valentine, A., VanBriesen, J. M., Gregory, K. B., “Quorum sensing signals form complexes with Ag+ 
and Cu2+ cations.” in ACS Chemical Biology (as of 1/9/2018). 
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chemical signals known as autoinducers. A commonly studied class of autoinducers in gram-

negative bacteria are acyl-homoserine lactones (AHL).115 AHLs are synthesized internally via 

a member of the LuxI protein family, and diffuse between the cytoplasm and external 

environment. Once a threshold concentration of AHL is reached in a cell’s local 

microenvironment, a LuxR receptor-protein complex, activated by AHL binding, regulates 

gene expression (Figure 1-1). Thus, activities regulated by QS are directly dependent upon 

the concentration and structure of AHLs outside of the cell, and understanding environmental 

conditions that affect AHL stability is important in natural, engineered, and human health 

systems. 

Several studies have identified environmental factors that influence the stability of 

AHLs (reviewed by 116,117): the pH of a system can predict the hydrolysis of AHLs118; 

common soil minerals adsorb AHLs119; various organisms produce lactonases which can 

degrade AHLs120; and reactive oxygen species can oxidize AHLs.121,122 One environmental 

factor on AHL stability that remains unexamined is the presence of metals. Bacteria often 

exist in metal-rich environments (e.g., soils, water distribution systems, hospital surfaces).123–

125 

Recently, metal-based NPs have been used to reduce QS in bacteria, in an effort 

known as quorum quenching.126–131 Silver has garnered the most attention. Naik, et al., found 

that AgCl coated TiO2 NPs inhibited QS by interfering with AHL activity and inhibited the 

production of antioxidant pigments in C. violaceum.129 Singh, et al., showed that mycogenic 

Ag NPs reduced violacein synthesis in C. violaceum and attenuated biofilm formation and 

virulence factors in Pseudomonas aeruginosa via a down regulation of transcriptional activity 

of AHL synthase and receptor enzymes.128 Mohanty, et al., found reduced levels of AHL in 

cultures of Pseudomonas syringae when exposed to Ag NPs.127 The evidence of using metals, 

especially Ag, to inhibit QS is strong, but none of the studies, that we are aware of, have 
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considered the interaction between released ions and AHLs. Elucidating a mechanism for 

metallic NP–QS interactions requires separating the effect of a NP due to its physical 

properties (e.g., size, crystalline structure, specific surface area, conductivity, etc.) from the 

effect of the solubilized ions released from the particle.  Distinguishing between metal-ion 

effects and NP effects is of particular concern in QS-inhibition studies because previous 

research has identified that AHL degradation products or synthetic precursors have metal 

chelation potential and thus may alter soluble metal concentrations.76,132 However, the 

potential for unhydrolyzed native AHLs to participate in metal complexation reactions has 

not, to the best of our knowledge, been considered. Understanding these interactions is 

crucial, as cations occur naturally in the environment, and are purposefully utilized in 

healthcare and engineering systems for their antibacterial and quorum quenching properties, 

e.g., copper and silver.124,133  

The purpose of this work was to reveal the interaction between a QS signaling 

molecule, N-hexanoyl-L-homoserine lactone (HHL) and two commonly released cations used 

in antimicrobial applications, silver (Ag+) and copper (Cu2+). We hypothesized that HHL and 

cations could form complexes, as similarly structure organic molecules have been 

demonstrated to previously.76 We further hypothesized that complexation between free AHL 

and free Ag+ or Cu2+ could limit the bioavailability of each constituent, diminishing signal 

reception and metal toxicity. 

Methods 

Materials. Chemicals and reagents used include N-hexanoyl-L-homoserine lactone (HHL, 

>95%, Cayman Chemicals, Ann Arbor, MI), Silver nitrate (Acros Organics), Copper(II) 

nitrate (Acros Organics), ferric chloride (>99%, Sigma-Aldrich), ammonium acetate (Fischer 

Scientific), acetonitrile (HPLC grade, EMD), water (Millipore, 18 MΩcm Milli-Q), formic 
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acid (Alfa Aesar), Luria-Bertani Broth (Miller, LB Difco BD), kanamycin sulfate (Amresco), 

Dimethyl sulfoxide (>99.9%, Alpha Aesar). Chromobacterium violaceum CV026 was 

acquired through the Colección Española de Cultivos Tipo (CECT 5999). Instruments used 

include Thermo Scientific Spectronic 2000; Agilent Technologies Cary Series UV-Vis-NIR 

Spectrophotometer; and Agilent 6430 Triple Quad LC/MS, Agilent 1100 Series. 

HHL–metal complexation studies. Stock solutions of silver nitrate (10 mM), copper(II) 

nitrate (10 mM), ferric chloride (10 mM), and HHL (10 mM) were prepared in ammonium 

acetate buffer (20 mM, pH 7). None of the stock solutions contained any precipitates. Stock 

solutions were diluted to 5 mM to create 1:1 molar ratios of HHL:Ag and HHL:Cu separately. 

In an attempt to detect HHL:Fe complexes, 1:1, 2:1, and 3:1 ratios were tested. The mixtures 

were immediately vortexed and analyzed on liquid chromatography–mass spectrometry (LC-

MS, Table 3-1, Figure 3-1). Speciation simulations were carried out using Visual MINTEQ 

(Table 3.2).134 Stock solutions prior to mixing were also analyzed by LC-MS (Table 3-3).  

 
Table 3-1. LC-MS conditions used to detect metal–HHL complexation 

Injection volume 5.00 μL, injection with needle wash in DI H2O 
Mobile phase A H20, 0.1% formic acid 
Mobile phase B Acetonitrile, 0.1% formic acid 

Solvent run type Isocratic, 1:1 mixture of mobile phase A:B 
Flow rate 0.500 mL/min 

Ion source ESI 
Scan type MS2 Scan 
Start mass 20 u 
End Mass 800 u 
Scan time 500 ms 

Fragmentor voltage 135 V 
Cell accelerator voltage 7 V 

Polarity Positive 
Scan step size 0.1 u 

Gas temperature 300°C 
Gas flow 10.0 L/min 

Nebulizer 15.0 psi 
Chromatogram type Total ion count 
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Table 3-2. Visual MINTEQ simulation of chemical speciation of AgNO3 and Cu(NO3)2 solutions in 
ammonium acetate buffer. 
     Component  % of total concentration  Species  
AgNO3 stock  

 
 

      Ag+1  71.39  Ag+1 

 
 5.55  Ag-Acetate (aq) 

 
 0.08  Ag-(Acetate)2- 

 
 13.22  AgNH3

+ 

 
 9.53  Ag(NH3)2+ 

 
 0.20  AgNO3 (aq) 

     Acetate-1  98.08  Acetate-1 

 
 1.38  Ag-Acetate (aq) 

 
 0.04  Ag-(Acetate)2- 

 
 0.48  H-Acetate (aq) 

     NH4
+1  91.48  NH4

+1 

 
 0.44  NH3 (aq) 

 
 3.30  AgNH3

+ 

 
 4.76  Ag(NH3)2+ 

     NO3
-1  99.79  NO3

-1 

 
 0.20  AgNO3 (aq) 

     
Cu(NO3)2  

 
 

      NO3
-1  99.91  NO3

-1 

 
 0.08  CuNO3

+ 
     Acetate-1  93.47  Acetate-1 

 
 1.75  Cu-(Acetate)2 (aq) 

 
 0.17  Cu-(Acetate)3- 

 
 0.45  H-Acetate (aq) 

 
 4.14  Cu-Acetate+ 

     NH4
+1  95.80  NH4

+1 

 
 0.10  Cu(NH3)3+2 

 
 1.11  Cu(NH3)2+2 

 
 0.46  NH3 (aq) 

 
 2.51  CuNH3

+2 
     Cu+2  10.16  Cu+2 

 
 3.50  Cu-(Acetate)2 (aq) 

 
 0.22  Cu-(Acetate)3- 

 
 2.03  CuOH+ 

 
 0.02  Cu2OH+3 

 
 0.03  Cu(OH)2 (aq) 

 
 17.81  Cu2(OH)2+2 

 
 37.09  Cu3(OH)4+2 

 
 0.13  Cu(NH3)3+2 

 
 2.22  Cu(NH3)2+2 

 
 10.05  CuNH3

+2 

 
 0.08  CuNO3

+ 

 
 16.59  Cu-Acetate+ 
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Table 3-3. LC-MS conditions used to detect the loss of HHL as a function of Ag+ and Cu2+ 

concentration. 
Injection volume 2.00 μL, injection with needle wash in DI H2O 
Mobile phase A H20, 0.1% formic acid 
Mobile phase B Acetonitrile, 0.1% formic acid 
Solvent run type Isocratic, 1:1 mixture of mobile phase A:B 
Flow rate 0.500 mL/min 
LC column Agilent Eclipse XBD-C18, 5 μM, 4.6 x 150 mm 
Column temperature 22.0 °C 
Ion source ESI 
Scan type MRM 
  
HHL  
     Precursor ion 200.1 u 
     Product ions (Frag., CE. energies) 102.1 u (85 V, 4 V) 
 99.1 u (85 V, 8 V) 
 71.1 u (85 V, 12 V) 
  
HHL hydrolysis product  
     Precursor ion 218.2 
     Product ions (Frag., CE. energies) 139.9 (100 V, 12 V) 
  
Fragmentor voltage 135 V 
Cell accelerator voltage 4 V 
Polarity Positive 
Gas temperature 300 °C 
Gas flow 11.0 L/min 
Nebulizer 15.0 psi 
Chromatogram type Total ion count 

 

 
Figure 3-1. Positive ion MS/MS spectra of (a) 10 mM HHL control, (b) 10 mM AgNO3 control, (c) 10 
mM Cu(NO3)2 control, and (d) 3:1 molar ratio HHL:Fe. 
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Mixtures were then analyzed using attenuated total reflection Fourier transform 

infrared spectroscopy (ATR-FTIR). ATR-FTIR spectra were obtained using a PerkinElmer 

Frontier FT-IR spectrometer equipped with a germanium ATR crystal. Scans were performed 

from 4000 cm-1 to 700 cm-1 at a rate of 0.2 cm/s. The traces are the average of 4 scans with a 

4 cm-1 resolution. Spectra were generated using PerkinElmer Spectrum software. The source 

was an MIR and the detector was an MIR TGS (1500-370) cm-1 with a OptKBr beamsplitter. 

To further assess the structure of the formed complexes, gas-phase calculations were 

performed at the density functional theory (DFT) level using Gaussian 03 through the server 

WebMO.135 Geometry optimization was performed using the hybrid B3LYP gradient 

corrected correlation function, and two different basis sets were employed. The basis set of 6-

31G(d) was used on all the atoms for HHL(Cu2+) and HHL2(Cu2+). The silver complexes were 

a bit more complicated—the basis set used for these complexes was 3-21G(d) due to the 

limitations of the server with calculations of heavier metal ions. However, structures could be 

calculated for HHL(Ag+) and HHL2(Ag+) complexes.  

Stock solutions of silver nitrate, copper(II) nitrate, and HHL (10 mM) were prepared 

in ammonium acetate buffer (20 mM, pH 7). Stock solutions were diluted to create 1:100, 

1:50, 1:5, and 1:1 molar ratios of HHL:Ag+ and HHL:Cu2+ separately. The mixtures were 

immediately vortexed and analyzed by liquid chromatography-MS to monitor HHL m/z 200 

[MW+H]+ and the degradation product, hydrolyzed HHL m/z 218 [MW+H2O+H]+ (Figure 

3-2, Table 3-4). The total abundance counts for the hydrolyzed HHL were too low to quantify 

differences compared to controls.  Abundance counts of hydrolyzed HHL were <100, 

compared to >105 counts for unhydrolyzed HHL (Figure 3-3). Thus, loss of HHL due to 

hydrolysis was not considered to be a significant factor.  
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Figure 3-2. Hydrolyzed HHL as a function of increasing added Ag or Cu. 
 
 
 
Table 3-4. Statistical analysis of the relationship between HHL hydrolysis and Ag or Cu 
concentrations shown in Figure 3-2. 

 
 Ag  Cu 

Best-fit values ± SE  
 

 
      Slope  -0.04167 ± 0.04898  0.07367 ± 0.1354 

     Y-intercept  5.477 ± 2.452  9.313 ± 6.778 
     X-intercept  131.4  -126.4 
     1/slope  -24  13.57 
     
95% Confidence Intervals  

 
 

      Slope  -0.1975 to 0.1142  -0.3573 to 0.5046 
     Y-intercept  -2.325 to 13.28  -12.26 to 30.88 
     X-intercept  -infinity to +infinity  -infinity to +infinity 
     
Goodness of Fit  

 
 

      R square  0.1944  0.0898 
     Sy.x  4.286  11.85 
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Figure 3-3. LC-MS spectra monitoring HHL hydrolysis product over time in the presence of Ag (a) 
and Cu (b). 
 

Chromobacterium violaceum biological assay. Freezer stock cultures of Chromobacterium 

violaceum CV026 (CECT 5999) were inoculated in LB broth supplemented with 50 µg/mL 

kanamycin and were grown overnight aerobically (200 rpm, 30°C, pH 7). Cultures were then 

diluted to OD600=0.001 before experimentation. 96-well plates were used to monitor cell 

growth and violacein production at various Ag and Cu exposure concentrations, delivered as 

Ag(NO3) or Cu(NO3)2, respectively. Individual wells contained 190 µL of LB broth (50 

µg/mL kanamycin, pH 7).  Experimental wells contained a fixed amount of 0.75 µM HHL and 
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were incubated with various concentrations of either Ag(NO3) or Cu(NO3)2 before being 

inoculated with 10 µL of CV026 culture. As suggested by the name, No-HHL control wells 

did not contain any HHL. The 96-well plates were then scanned on a multi-well plate reader 

to gather an initial OD600 measurement. Plates were then wrapped in aluminum foil and 

placed on an orbital plate shaker at 200 rpm for 24 hours at 30°C. The plates were then 

scanned again at OD600 to determine growth, which was normalized to the initial OD600 

reading. 

Violacein production after 24 hours of growth was determined as described 

previously.136 The 96-well plates were placed in an oven at 60°C without a cover until the 

well contents were completely evaporated (at least 6 hours). Once dry, 200 µL of DMSO was 

added to each well. The plates were then covered, wrapped in aluminum foil, and placed on 

an orbital shaker at 200 rpm overnight at 30°C to dissolve the violacein. Violacein production 

was then detected by measuring OD580 on a multi-well plate reader. To test if the presence of 

Ag or Cu would shift the absorbance of violacein, cultures of CV026 + HHL (without Ag+ or 

Cu2+ supplementation) were grown as described above for 24 hours and violacein was 

extracted using DMSO supplemented with either 0.1 mM of Ag(NO3) or 1.0 mM Cu(NO3)2. 

No peak shift was detected (Figure 3-4). 
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Figure 3-4. Absorbance (OD580) of violaceum in the presence of Ag, Cu, or a no-metal control. 

Results and Discussion 

The interactions between a well-studied QS signaling molecule, N-hexanoyl-L-homoserine 

lactone (HHL), and two commonly used antibacterial metal ions, Ag+ and Cu2+, was 

examined first. Mixtures of 1:1 (molar ratio) of HHL:Ag and HHL:Cu were prepared in an 

aqueous buffer and analyzed on a tandem mass spectrometer to identify the mass-to-charge 

ratio (m/z) of the resulting compounds (Figure 3-5a and b). Free HHL (m/z 200 [MW+H]+) 

was identified in each sample. In the HHL:Ag mixture,  a 1:1 and a 1:2 Ag:HHL complex 

were identified, herein referred to as 1 and 2, respectively. 1 is identified by the m/z peaks at 

306 and 308, arising from the natural isotopes of Ag: 107Ag (51.83% natural abundance) and 

109Ag (48.16% natural abundance), respectively. 2 is identified by the m/z peaks at 505 and 

507, which correspond to the additive molecular weight of two HHL molecules plus 107Ag or 
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109Ag, respectively. Of the total HHLx(Ag+) complexes formed, 89.80% was 1 and 10.20% 

was 2.  

The mixtures of 1:1 HHL:Cu exhibited similar complexation behavior as silver, where 

an apparent 1:1 HHL:copper complex, herein 3, is identified by the m/z peaks at 262 and 264, 

corresponding to the natural abundance of 63Cu (69.2% natural abundance) and 65Cu (30.8% 

 
Figure 3-5. Positive ion MS/MS spectra of (a) HHL:Ag and (b) HHL:Cu. ATR-FTIR spectra of (c) 
HHL:Ag and (d) HHL:Cu mixture minus cation-free HHL spectra on KBr tablet. Optimized structure 
of (e) 1 HHL(Ag+), (f) 2 HHL2(Ag+), (g) 3 HHL(Cu2+), and (h) 4 HHL2(Cu2+) using B3LYP 3-21G(d) and 6-
31G(d) for silver and copper complexes, respectively. 
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natural abundance), respectively. Similarly, a 2:1 HHL:Cu complex, herein 4, is identified by 

the m/z peaks at 461 and 463. Interestingly, 3 and 4 were expected to carry an overall net 

charge of +2, which would result in an m/z of 131 and 231. The observed peaks at m/z= 262, 

264, 461, and 463 suggest that Cu2+ has been reduced to Cu+. One explanation is that the ESI-

MS ionization process induced a redox reaction of Cu2+, as previous studies reported that Cu2+ 

reduction to Cu+ can occur in ESI-MS ionization due to charge transfer between copper 

complexes and solvent molecules in the gas phase of the chamber or in an aqueous sample 

matrix.137–139 Of the total HHLx(Cu2+) complexes formed, 89.17% was 3 and 10.83% was 4. 

None of the peaks attributed to 1, 2, 3, or 4 were present in the MS/MS scan of HHL control, 

Ag(NO3) control, or Cu(NO3)2 control. Conversely, all unlabeled peaks in Figure 3-5a and b 

were present in the controls.  

Kauffmann et al. originally revealed that tetramic acid, an AHL degradation product 

from Pseudomonas aeruginosa, complexed Fe3+.76 When we monitored HHL:Fe mixtures at 

1:1, 2:1, and 3:1 (molar ratios) via MS/MS, we did not identify any peaks that were 

characteristic to the Fe isotope pattern in any of the samples. Other studies have found that 

AHL degradation products complex various metal ions, and Kauffmann et al. suggests that 

these degradation products may be “primordial siderophores”.76,140 However, to the best of 

our knowledge, this is the first report of metal complexation with an unhydrolyzed, 

condensed, AHL signaling molecule. 

To elucidate the structure of the HHL:metal complexes, ATR-FTIR spectra were 

gathered in order to identify the shifts in HHL bond vibrations after association with Ag+ or 

Cu2+. The spectra of the aqueous HHL solution was used as a control and subtracted from the 

spectra of the experimental aqueous solutions, 1:1 mixtures of HHL:Ag or HHL:Cu, so that 

any shifts or changes were attributed to the complexation of HHL to Ag+ or Cu2+ (Figure 3-5c 

and d; raw spectra for HHL, HHL:Ag+, and HHL:Cu2+ are presented in Figure 3-6). The 



 48 

FTIR spectra for the 1:1 HHL:Ag and HHL:Cu mixtures are similar, exhibiting a broad peak 

at 3500 cm-1, with sharper peaks at 2990-2890 cm-1 and 1690 cm-1, which were assigned to 

the stretching vibrations of v(O-H)/v(N-H), -v(C-H), and -v(C=O), respectively.  

Simulated coordination complexation occurred with the carbonyl oxygen moieties of 

HHL (Figure 3-5e–h), which are believed to form hydrogen bonds with the LuxR-type 

cognate receptor, required for QS activated gene expression.141 The estimated bond lengths 

and bond angles for all four complexes are presented in Table 3-5 and XYZ coordinates are 

presented in Table 3-6. While gas phase calculations do not account for aqueous behavior 

with neighboring solvents, the coordination with the oxygen moieties can be accounted 

for twofold: (1) the charge of the cations would favor and suggest binding to the carbonyl 

oxygen over the amine nitrogen; (2) computational modeling was attempted to minimize the 

geometry with preferential binding to the amine nitrogen, but the metal and a structure would 

not converge. While it is feasible that the binding in solution would be different than in the 

gas phase, previous reports76,140 suggest binding to these oxygen groups in the AHL 

degradation product, tetramic acid. 

 
Figure 3-6. Untreated ATR-FTIR scans of HHL, HHL + AgNO3, and HHL + Cu(NO3)2 mixtures. 
 
 
Table 3-5. Lengths (Å) of cation–oxygen bonds in compounds 1, 2, 3, and 4. 

Structure  Metal–Oxygen1  Metal–Oxygen2  Metal–Oxygen3  Metal–Oxygen4  Average 

1:1 Ag:AHL  2.2453  2.245  

 

 

 

 2.24515 

1:2 Ag:AHL  2.0636  2.151  2.0636  2.1483  2.106625 

1:1 Cu:AHL  1.7445  1.7218  
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Table 3-6. XYZ coordinates used to generate compounds 1, 2, 3, and 4. 
                                      Ag+                                                                                                                                             Cu2+ 

       Figure 3-5                     Figure 3-5                  Figure 3-5                     Figure 3-5 
            X         Y         Z                      X         Y         Z                     X         Y          Z                      X         Y           Z 
C 0.000 0.000 0.000  Ag 0.000 0.000 0.000  C 0.000 0.000 0.000  C 0.000 0.000 0.000 

C -0.799 0.909 -0.979  C -2.162 -2.134 -0.368  C -0.731 -1.322 -0.376  H 0.282 0.438 -0.963 

H -1.718 1.289 -0.534  O -2.539 -3.410 -0.421  H -0.964 -1.930 0.500  H 0.875 0.052 0.658 

C 0.220 2.026 -1.270  C -3.704 -3.578 -1.382  C -2.017 -0.861 -1.099  C -1.197 0.739 0.606 

O 1.544 1.308 -1.259  C -4.284 -2.158 -1.519  O -1.624 0.522 -1.660  C -1.629 0.156 1.960 

C 1.458 0.141 -0.588  C -3.095 -1.219 -1.213  C -0.566 0.981 -1.068  C -2.827 0.899 2.567 

Ag 2.552 -2.818 -0.879  N -3.539 -0.072 -0.427  O -0.142 2.158 -1.312  H -3.683 0.858 1.883 

O 0.351 -2.883 -1.316  C -2.745 0.963 -0.315  Cu 1.135 2.981 -0.456  C -3.247 0.289 3.932 

C -0.649 -2.357 -0.738  C -3.183 2.171 0.481  O 2.132 1.950 0.497  H -2.406 0.322 4.634 

C -2.041 -2.921 -0.860  C -4.641 2.109 0.971  C 2.425 0.680 0.371  C -4.438 1.005 4.504 

C -3.161 -1.858 -0.783  H -5.305 1.979 0.109  C 3.828 0.238 0.572  N -4.236 1.861 5.518 

C -4.563 -2.500 -0.875  H -4.770 1.229 1.610  C 4.757 0.785 -0.578  C -5.194 2.840 6.024 

H -4.686 -3.220 -0.056  C -5.037 3.385 1.745  C 6.218 0.329 -0.355  C -6.399 2.228 6.753 

H -4.644 -3.058 -1.818  H -4.377 3.505 2.616  H 6.265 -0.767 -0.347  O -6.680 2.879 7.845 

C -5.693 -1.450 -0.807  H -4.894 4.265 1.103  H 6.567 0.687 0.622  C -5.781 4.029 8.035 

H -5.563 -0.725 -1.622  C -6.505 3.344 2.225  C 7.152 0.871 -1.463  C -4.591 3.754 7.105 

C -7.090 -2.099 -0.914  C -6.893 4.618 3.005  H 7.108 1.968 -1.470  H -4.164 4.673 6.698 

H -7.876 -1.339 -0.863  H -7.936 4.572 3.334  C 8.611 0.414 -1.240  H -3.807 3.220 7.653 

H -7.194 -2.636 -1.863  H -6.260 4.737 3.891  H 9.257 0.808 -2.031  H -6.356 4.918 7.765 

H -7.249 -2.811 -0.097  H -6.773 5.508 2.375  H 8.990 0.775 -0.279  H -5.533 4.057 9.095 

H -5.616 -0.898 0.139  H -7.164 3.229 1.355  H 8.684 -0.679 -1.255  O -7.095 1.271 6.393 

H -3.043 -1.139 -1.605  H -6.650 2.463 2.864  H 6.802 0.517 -2.441  Cu -7.313 0.464 4.662 

H -3.077 -1.309 0.164  H -2.500 2.277 1.337  H 4.709 1.880 -0.574  O -5.580 0.839 3.987 

H -2.082 -3.482 -1.799  H -3.027 3.054 -0.152  H 4.400 0.414 -1.546  O -8.510 -0.833 5.423 

H -2.172 -3.642 -0.038  O -1.535 1.036 -0.922  H 4.183 0.667 1.518  C -9.130 -1.766 4.897 

N -0.477 -1.347 0.171  H -2.522 -0.921 -2.104  H 3.897 -0.851 0.628  C -9.453 -1.957 3.408 

O 2.417 -0.617 -0.457  H -4.707 -1.984 -2.510  N 1.475 -0.195 0.018  C -10.489 -3.096 3.444 

H 0.123 2.482 -2.253  H -5.042 -1.969 -0.756  H 1.778 -1.163 -0.114  H -10.410 -3.773 2.592 

H 0.256 2.783 -0.485  H -3.277 -3.969 -2.306  H -2.304 -1.455 -1.963  C -10.189 -3.800 4.775 

H -1.028 0.353 -1.892  H -4.370 -4.302 -0.918  H -2.863 -0.664 -0.440  O -9.556 -2.767 5.612 

H 0.042 0.473 0.990  O -1.163 -1.785 0.295  H -0.111 -1.897 -1.071  H -11.070 -4.141 5.317 

    
 O 1.365 1.503 -0.369  H -0.327 0.368 0.984  H -9.467 -4.614 4.691 

    
 C 1.360 2.401 0.654  

    
 H -11.502 -2.679 3.464 

    
 C 0.535 3.642 0.461  

    
 N -9.961 -0.761 2.741 

    
 C 1.137 4.528 -0.669  

    
 C -9.268 0.357 2.478 

    
 C 0.267 5.772 -0.942  

    
 C -9.900 1.394 1.590 

    
 H 0.182 6.369 -0.023  

    
 C -10.140 2.736 2.321 

    
 H -0.747 5.452 -1.220  

    
 C -10.749 3.792 1.386 

    
 C 0.848 6.656 -2.069  

    
 H -11.694 3.412 0.974 

    
 H 0.935 6.058 -2.985  

    
 H -10.078 3.946 0.530 

    
 C -0.028 7.897 -2.340  

    
 C -11.004 5.133 2.088 

    
 H 0.400 8.509 -3.141  

    
 H -10.059 5.510 2.503 

    
 H -1.039 7.600 -2.640  

    
 C -11.609 6.184 1.151 

    
 H -0.107 8.519 -1.440  

    
 H -11.780 7.127 1.679 

    
 H 1.861 6.974 -1.790  

    
 H -10.946 6.390 0.303 

    
 H 1.216 3.922 -1.579  

    
 H -12.573 5.849 0.749 

    
 H 2.147 4.842 -0.379  

    
 H -11.675 4.973 2.943 

    
 H -0.471 3.335 0.154  

    
 H -9.184 3.098 2.719 

    
 H 0.491 4.195 1.401  

    
 H -10.808 2.572 3.178 

    
 N 2.060 2.222 1.743  

    
 H -9.207 1.555 0.755 

    
 C 2.954 1.092 1.905  

    
 H -10.837 1.017 1.166 

    
 C 4.420 1.441 1.488  

    
 O -8.110 0.551 2.944 

    
 H 4.885 2.127 2.195  

    
 H -10.879 -0.841 2.319 

    
 C 5.083 0.059 1.468  

    
 H -8.521 -2.274 2.917 

    
 O 3.972 -0.863 1.011  

    
 H -5.594 3.421 5.180 

    
 C 2.774 -0.279 1.180  

    
 H -3.290 1.934 5.874 

    
 O 1.746 -0.911 0.857  

    
 H -3.525 -0.761 3.791 

    
 H 5.883 -0.056 0.739  

    
 H -2.576 1.959 2.705 

    
 H 5.394 -0.284 2.456  

    
 H -0.783 0.192 2.660 

    
 H 4.403 1.882 0.488  

    
 H -1.884 -0.906 1.837 

    
 H 2.963 0.842 2.976  

    
 H -2.046 0.701 -0.091 

    
 

    
 

    
 H -0.949 1.802 0.732 

    
 

    
 

    
 H -0.229 -1.059 -0.170 
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HHL is the endogenous signaling molecule produced by C. violaceum ATCC 31532. 

In response to HHL signals, C. violaceum 31532 produces a fluorescent pigment called 

violacein. C. violaceum CV026 is a QS-negative mutant strain of 31532 that is unable to 

produce its own HHL, however, CV026 can synthesize violacein in response to the exogenous 

addition of HHL.38 We tested HHL–metal mixtures for their ability to induce QS in CV026. 

HHL (0.75 µM, Figure 3-7) was incubated with sublethal concentrations of Ag or Cu before 

cultures of C. violaceum CV026 were inoculated into each well. After 24 hours of incubation 

at 30°C, violacein production was detected spectroscopically and normalized to cell 

concentration (Figure 3-8a). Over the initial metal exposure concentrations (6.0 x 10-8–1.0 x 

10-3 mM Ag added and 8.5 x 10-5–1.0 mM Cu added), we did not observe a decrease in cell 

growth suggestive of toxicity, but there was a significant decrease in violacein production in a 

dose-dependent manner. When the dose response experiments were repeated in the absence of 

HHL, C. violaceum CV026 was more sensitive to Ag addition (Figure 3-8b and Table 3-7). 

However, the absence of HHL did not significantly alter the toxicity of Cu. Previously, Braud, 

et al., found that the extracellular binding of metals by siderophores reduced metal toxicity in 

Pseudomonas aeruginosa.142  

The formation of 1, 2, 3, and 4, which would result in a loss of both free HHL and free 

cation from solution, might explain the observed decrease in violacein production and the 

observed increase in IC50 value for Ag addition when HHL is present. Previous cell-free 

studies revealed that copper had no impact on the metallo-enzymes that synthesize violacein 

(silver was not tested).143 Other factors that are known to influence violacein production (i.e., 

temperature, agitation, pH, nutrients, and absorbance peak-shift due to metals143–145) were 

controlled in the experimental system here. Recently, Glišić et al., studied the impacts of Cu2+ 

on QS systems and saw a reduction in violacein production in Chromobacterium violaceum 

CV026 and biofilm formation in Pseudomonas aeruginosa PAO1.146 Their proposed mode of  
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Figure 3-7. Violacein production by C. violaceum CV026 after 24 hours of growth (LB, 200 rpm, 
30°C) as a function of HHL concentration. Orange dotted line indicates HHL concentration chosen 
to perform dose-response experiments presented in Figure 3-8a–b). 

 

inhibition was modulation of AHL production, while AHL metal interactions were not 

discussed. 

The removal of free HHL after incubation with increasing concentrations of Ag+ or 

Cu2+ was quantified by measuring HHL loss via liquid chromatography-MS/MS (Figure 

3-8c). Using an initial HHL concentration of 1 mM, we observed a nearly 40% decrease in 

free HHL ligand after a 30-minute incubation with 100 mM Ag+ or Cu2+ compared to a no-

metal control. The detected loss of free HHL from solution is assumed to occur due to metal 

complexation, as there was no correlation to an increase in the hydrolysis product (Figure 

3-2). The measurement of an apparent dissociation constants, Kd, in ultra-pure 18 MΩcm 

water were estimated using:  
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Equation 3-1 

𝑓!:!
[𝐻𝐻𝐿 𝑀𝑒!! ]
𝑀𝑒!! [𝐻𝐻𝐿] + 𝑓!:!

[𝐻𝐻𝐿! 𝑀𝑒!! ]
𝑀𝑒!! [𝐻𝐻𝐿] =

1
𝐾!

= 𝐾!"#$%&%"! 

 

by using the known molar metal concentration, [Men+], the fraction of 1:1, f1:1, and 2:1, f2:1, 

HHL:Men+ complexes, the measured molar HHL concentration, [HHL], and assuming all 

HHL loss was due to metal complexation in 1:1, [HHL(Men+)], and 2:1, [HHL2(Men+)]. Using 

these values, HHL was deduced to have a stronger affinity for Cu2+ (Kd= 1.78 X 10-5 M, or 

logKstability= 10.93) than Ag+ (Kd= 3.71 X 10-4 M, or logKstability= 7.90).  

Conclusions 

The current work demonstrates that HHL, a QS autoinducer of the AHL-class, forms 

complexes with Ag+ and Cu2+ cations, respectively. The coordination complex appears to 

occur at the carbonyl oxygen groups of the HHL molecule. Ag+ toxicity was reduced in C. 

violaceum CV026 when HHL was added to the system, possibly due to HHL–Ag+ 

complexation reducing free Ag+ concentration. This suggests that QS signaling molecules 

may increase bacterial metal tolerance. Furthermore, when Ag+ or Cu2+ was pre-incubated 

with HHL, QS-induced violacein production was limited. The mechanism of QS-induced 

violacein production involves many steps (from the synthesis of signaling molecules, to the 

synthesis of antioxidant pigment) where the addition of reactive metal ions may interfere. 

Thus, the nature of the interference was not conclusively determined in the present work. 

Furthermore, it is important to note here that the biological assays that tested metal toxicity 

and QS activity were tested in LB media, an undefined nutrient-rich media used to induce QS 

in CV026. Due to the complexity of LB media, the determination of metal speciation is 

difficult, and the Ag+ or Cu2+ cations are competing for other organic ligands in addition to 

HHL. Previous modeling studies looking at copper speciation in complex growth media (pH 

7–7.2) found that <5% would be free Cu2+ (silver was not studied).147 
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Figure 3-8. (a) Violacein production (OD580) normalized to cell growth (OD600) of C. violaceum CV026 
exposed to AgNO3 or Cu(NO3)2. (b) Dose-response curves fit using the Gompertz equation.148 The X-
axis of (a) and (b) represent the log molar concentration of added AgNO3 or Cu(NO3)2. (c) Loss of 
free HHL as a function of relative molar concentrations of Ag or Cu. On all graphs, symbols 
represent the average, error bars represent the standard error of the mean (SEM), and significance 
asterisks are the results of unpaired t-tests versus the CV026 + HHL Control: *P<0.05, **P<0.01, 
***P<0.001. 
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Table 3-7. Best fit values (IC50, mM) and profile likelihood from modeling the Gompertz equation 
(shown in Figure 3-8b). 

  CV026 + Ag  CV026+Ag+HHL  CV026+Cu  CV026+Cu+HHL 
IC50  4.09 x 10-5  2.73 x 10-4  2.61  2.32 
95% CI  3.04 x 10-5-5.45 x 10-5  2.001 x 10-4-3.73 x 10-4  1.94-3.50  1.73-3.13 

 

The research presented in this chapter was intended to understand the interaction 

between AHLs and metal ions that are commonly used in medical and engineering 

applications. However, AHL–metal complexes are likely to be relevant in many natural or 

contaminated systems where cations are abundant. Furthermore, studies that examine QS 

where metal ions are present should consider the potential for artifact introduced by the 

complexation of signaling molecules, as well as enhanced dissolution of metal surfaces due to 

AHLs chelation potential (See Appendix B: CuO nanoparticle dissolution by a siderophore-

emitting bacteria and a cyanogenic bacteria , Figure B-4). The potential of extracellular AHL 

to increase bacterial metal tolerance and metal dissolution should be explored in the future. 
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4. The of susceptibility of gold nanoparticles to bio-
dissolution by a cyanogenic bacterium§ 

Abstract 

Gold (Au) NPs are often used to study the physiochemical behavior and distribution of 

nanomaterials in environmental and biological systems because they are assumed to be inert 

under ambient conditions. However, Au can be oxidized and dissolved by a common 

environmental chemical: cyanide. In this work, we used the cyanogenic bacterium 

Chromobacterium violaceum, to demonstrate that cyanide production can lead to a high range 

oxidative dissolution of Au NPs in soil (15% after 7 days at pH 7). It is known that quorum 

sensing regulates cyanogenesis in C. violaceum, which activation is cell-densities dependent.  

We assessed the impact of QS on Au NPs biodissolution using different cell density 

inoculation and the QS-mutant CV026 to demonstrate that Au NP oxidation was driven by 

QS. Furthermore, an increase of 0.5 unit of pH in soil significantly enhanced Au 

biodissolution due to changes in cyanide speciation (pKa of 9.21). As a comparison, no Au 

dissolution was observed in the control abiotic soil. Liquid media experiments confirmed that 

biogenic cyanide oxidized Au NPs to the soluble form Au(CN)2
-. These results highlight the 

conditions for which Au NP biodissolution can occur and how important biotransformations 

are in (nano)metallic phase-transformations and fate. It will require environmental 

nanotechnology researchers to reconsider the assumption that Au NPs are inert in all the 

compartments of the environment. 

                                                        
 
§This chapter is currently in preparation with the following co-authors: McGivney, E., Gao, X., Liu, Y., 
Lowry, G., Casman, E., Gregory, K., VanBriesen, J, Avellan, A. 
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Introduction 

The dissolution of metal NPs modulates their fate, transport, and mode of action in the 

environment.2,20,149,150 Dissolution has been identified as one of the most important predictors 

of toxicity in Nano-Environmental Health and Safety151, and of behavior in environmental 

models.152 Gold nanoparticles (Au NP) are a unique class of nanomaterial because they are 

relatively stable against dissolution under most conditions. Au NPs are often used to study the 

physiochemical behavior and distribution of nanomaterials in environmental and biological 

systems because they are assumed to be inert under ambient conditions.153–160 Au NPs are 

modeled in EHS studies under assumptions of no dissolution or transformation.158,161  

The core element of Au NPs, metallic Au, can be oxidized162,163 and solubilized by a 

common environmental constituent164, cyanide, following the reaction: 

Equation 4-1 
4𝐴𝑢 + 8𝑁𝑎𝐶𝑁 + 𝑂! + 2𝐻!𝑂 ↔ 4 𝑁𝑎𝐴𝑢 𝐶𝑁! + 4𝑁𝑎𝑂𝐻 

The mechanisms and kinetics of cyanide-oxidative dissolution of Au have been 

studied in laboratory settings, including with Au surfaces162,163, colloidal Au165, and Au 

nanorods.166 Due to high specific surface area, nano- and colloidal-Au dissolution half-life 

kinetics in cyanide media are on the order of seconds.165,166 

Cyanide is ubiquitous in the environment due to its formation in natural processes.164 

Certain bacteria, fungi, algae, and plants produce cyanide compounds to deter pathogenic 

attacks and to regulate biochemical processes.164,167,168 In bacteria, cyanide is a secondary 

metabolite, commonly produced in soils by members of the Pseudomonas, Chromobacterium, 

Rhizobium, and Serratia genera.169 Bacterially-produced cyanide plays an important 

ecological role in soils; altering plant growth169, invertebrate toxicity170, and fungal 

pathogenicity.171 Cyanogenic bacteria also have commercial appeal for Au recovery from 

sulfidic ores172 and e-waste162,173, and have even been proposed as soil supplements to 

enhance crop yields.174 Cyanide production in bacteria occurs at the end of exponential phase, 
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when populations are dense. In certain bacteria, such as Pseudomonas aeriginosa41 and 

Chromobacterium violaceum169, cyanogenesis is regulated by quorum sensing (QS). Cyanide 

is generally produced in the µM range by planktonic bacteria169, but in QS-regulated biofilms 

of the Burkholderia cepia complex, cyanide concentrations can reach the mM range.175 Thus, 

the size and structure of the microbial population affects cyanide production, which may 

affect the potential for Au dissolution. Biofilms were identified as the most important sink for 

Au NP in an environmental tracer study153, however, the mechanism of Au accumulation in 

the biofilm was not described. The speciation of Au in the biofilm was not characterized, nor 

was the biofilm community. In studies that made no distinction between dissolved and 

particulate Au153–160, conclusions may overstate the persistence of the nanoparticulate form if 

cyanide-enabled dissolution occurred.  

The physical-chemical characteristics of the system could also be a driver for Au NPs 

biodissolution. The pH of a system is also critical when considering cyanide and metals in the 

environment. Bacteria produce cyanide as HCN (pKa 9.21), and thus, pH controls the form of 

cyanide, which affects Au dissolution. Cyanide will only oxidize Au when it is deprotonated, 

in its free ion state, CN-.     

Despite the knowledge of cyanide oxidative dissolution of Au, and prevalence of 

cyanogenic bacteria in nature, there are no studies identifying the influence of cyanogenic 

bacteria on Au NP dissolution in the environment. In aqueous systems, the dissolution of NPs 

can be easily tracked by separating the dissolved ions from the particles using centrifugation, 

filtration or dialysis membranes.176–178 In soil systems, extraction methods, including pore 

water extraction or labile metal extraction, are often used to extract dissolved ions from the 

soil matrix.179,180 Oxidative dissolution of Au NPs has largely been ignored in environmental 

nanotechnology research, with a few exceptions that monitored dissolved Au181–183 or 

speculated about the possibility of dissolution.184 None of this prior work included soils 
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containing cyanide or cyanogenic-bacteria. Ignoring the bacteria-assisted dissolution can lead 

to misunderstandings on NP uptake mechanisms and lead to inaccurate NP persistence 

estimates. 

In the present work, we test the ability of a cyanogenic soil bacterium, 

Chromobacterium violaceum, to oxidize and solubilize Au NPs in soils. Cyanide production 

is regulated by QS in C. violaceum, which is commonly used as a model organism in 

QS38,53,169 and Au-recovery research.173,185 Since cyanide production in C. violaceum is 

regulated by QS, we hypothesized that a QS-negative mutant (CV026) would not dissolve Au 

NPs. In addition, we hypothesized that Au NP dissolution would be sensitive to small pH 

changes in the soil, due to the pH-dependent dissociation of HCN. Finally, we investigated the 

mechanism of Au NPs oxidation in pure growth cultures and abiotic cyanide solutions. 

Methods 

Materials. DTPA (99%, titration), ammonium acetate, and sodium cyanide were purchased 

from Sigma-Aldrich. Calcium chloride (≥99.0%, ACS grade) was purchased from Fisher 

Scientific. 12 nm citrate-stabilized Au nanoparticles (Au NPs) were provided by the Center 

for the Environnemental Implications of NanoTechnology (CEINT, Durham, NC, USA); they 

were synthesized as previously described.186 Standard soil (2.1, sandy soil) was purchased 

from Lufa Speyer (Germany). Chromobacterium violaceum ATCC 31532 was purchased 

from ATCC. Chromobacterium violaceum CV026, a mini-Tn5 mutant38, was acquired 

through the Colección Española de Cultivos Tipo (CECT 5999). 

Nanoparticle characterization. The Au NPs used in this study were synthesized and 

characterized by the Center of Environmental Implications of NanoTechnology (CEINT, 

Duke University): a primary particle size of 11.8±1.2 nm (SD, TEM based), a hydrodynamic 
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diameter of 11.9±0.2 nm (SD), and a zeta potential of -14.1±1 mV (SD) at pH 7 in 10-3 M of 

KCl. 

Soil dissolution. Au NP dissolution in soil was measured in the presence and absence of C. 

violaceum, and at two different soil pH values (7 and 7.5). These pH values were chosen to 

simulate conditions with different relative concentrations of HCN and CN-. HCN has a pKa 

value of 9.21. According to simulations in water (Visual MINTEQ134), at pH 7, 0.61% of 

cyanide would exist as free CN-. At pH 7.5 free CN- concentrations triples to 1.91%. Air-dried 

soil was supplemented with a liquid medium (LB, 8 g/L glycine) containing Au NP (final 

concentration of 1.9 ppm in soil. Glycine was added because it is a metabolic precursor in 

biogenic cyanide production.187 The Au NP amended soil was then mixed by hand. Then, C. 

violaceum was grown and washed (centrifuged, following pellet resuspension in equivalent 

volume of growth media). The initial cell concentration was 1.5 × 109 CFU/g soil, determined 

by plating.  As an abiotic control, soil was supplemented with the growth medium. The total 

soil moisture content in all experiments was 19%. All samples were prepared, in triplicate, in 

sterile 50 mL tubes sealed with alcohol-sterilized parafilm, to allow for gas exchange while 

keeping the moisture content constant, and stored in a 30°C incubator. 

Another experiment was run to link cyanide production with Au dissolution. We 

inoculated the soil with CV026. HCN production in C. violaceum is regulated by 

the hcnABC operon, and this operon is upregulated via QS receptor/promoter cviR, i.e., when 

a quorum is reached, hcnABC activity increases. The mutant strain CV026 has the hcnABC 

operon, but it lacks the functioning genes to produce QS signal N-hexanoyl homoserine 

lactone (cviI), meaning hcnABC is never over expressed, even when cell density 

increases.38,169,188 

Finally, we considered the role of bacterial growth on Au dissolution by evaluating 

induced Au dissolution in soil inoculated with low cell densities of C. violaceum culture. 
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Instead of inoculating the soil directly with a high cell density liquid culture of C. violaceum 

at early stationary phase growth (described above), we supplemented Au NP-containing soil 

with low-cell density, low-cyanide containing soil. Specifically, 1 gram of soil was taken 

from the ‘C. violaceum, pH 7’ sample after 7 days (see Table 4-2) and mixed with 40 g of 

sterile, Au NP-containing soil. The mixed soil was then incubated at 30°C to promote growth, 

and Au dissolution was measured over 7 days. 

 
Table 4-1. Simulated species distribution of 100 µM NaCN in water at pH 7 and 7.5. 

                                     Percentage of total concentration 
Species   pH 7  pH 7.5 
Na+1  100  100 
CN-1  0.61  1.92 
HCN (aq)  99.39  98.08 

 

Soil preparation. Soil (Lufa 2.1) was air dried for 24 hours before adjusting the pH to 7 

(adding 0.02 g CaO + 0.02 g CaCO3 per 10 g of soil) or 7.5 (adding 0.025 g CaO + 0.03 g 

CaCO3 per 10 g of soil). These pH values were chosen to produce conditions with different 

concentrations of CN-. The soil was then autoclaved three times and tested for sterility via 

plating (LB 1.5%, 30°C). The total organic carbon content was 0.56% ± 0.02% (SD) and 

0.53% ± 0.02% (SD) before and after autoclaving, respectively (InnovOx Laboratory TOC 

Analyzer, GE Analytical Instruments). 

Soil extraction. A DTPA extraction was used to measure the dissolved fraction of Au in 

soil.180 DTPA extraction is often used to determine the phytoavailability of metals in 

soil.151,189,190 The extraction efficiency was 116.9% ±3.9% (SD), as determined by adding 

2000 ppm of Au (delivered as HAuCl4) and 50 mg of NaCN to 50 g of soil before extraction 

after 4 days.   

For each extraction point, two grams of soil were air-dried and added to 4 ml of a 

mixture containing 0.01 M CaCl2, 0.005 M diethylenetriaminepentaacetic acid (DTPA) and 

0.1 M triethanolamine (TEA), pH 7.6. The samples were placed on a reciprocal shaker at 180 
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rpm for 2 hours. Next, the samples were centrifuged at 3000 rpm for 10 minutes. The 

supernatant of each sample was filtered through a 10 kDa centrifugal filter before being 

diluted with nitric acid (final nitric acid concentration= 2%) and analyzed via ICP-MS. 

Porewater pH was determined by placing 2 g of air-dried soil in 20 mL of 0.01 M CaCl2, 

shaken (2 hours at 180 rpm), centrifuged (3000 rpm for 10 minutes), and measuring the pH of 

the supernatant (Figure 4-1a). Colony-forming units were determined by mixing .1 g of soil 

in 1 mL of sterile soil before plating on LB plates, 1.5% agar (Figure 4-1b). 

 

Figure 4-1. (a) pH of and (b) CFU in soil used in the Au NP dissolution experiments over time. 
Symbols represent the average (n=3), error bars represent the standard error of the mean. 
 

Dissolution kinetics. Au NP dissolution kinetics in soil were modeled using an empirical 

first-order dissolution kinetics model: 

Equation 4-2 
𝑌 = 𝑌! − 𝑌!"# 𝑒!!" + 𝑌!"# 

where Y0 is the dissolution (%) at time zero, Ymax is the maximum dissolution (%), or plateau, 

and k is the observed first-order rate constant (day-1). For this we used Prism (Version 7.0c for 

Mac, GraphPad Software, www.graphpad.com). 

Biotic dissolution. Next, the effect of a live culture and its supernatant (metabolites without 

cells) on Au NP dissolution was studied. C. violaceum was grown to 1010 CFU/mL (30°C, 

200 rpm, LB media + 0.75 g/L of glycine, pH 7).187 We centrifuged 80 mL of the culture 

(5000g for 10 minutes at 4C). The supernatant was filtered (0.22 um, PTFE) into sterile 50 
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mL tubes and used as the Supernatant exposure media. The pellets were then resuspended in 

equivalent volume of fresh growth medium to be used as the Washed culture treatment. 

Separately, sterile growth medium was used as the Control treatment. We added 1.9 ppm Au 

NPs to each treatment. Initial CN- concentrations in the Supernatant, Washed culture, and 

Control samples were 41.87 ppm (standard deviation: 0.90), 4.05 ppm (standard deviation: 

0.60), and 0 ppm, respectively. All samples were prepared in 10 mL volumes in sterile 15 mL 

centrifugal tubes and placed on an end-over-end rotator for 7 days. At the sampling time 

points of 0, 1, 2, and 7 days, 1.5 mL was removed and immediately filtered for dissolved 

fraction metal analysis. Samples were filtered through 10 kDa membranes (5,000g, 10 

minutes). All samples were run in triplicate. 

Abiotic dissolution.  Finally, we studied Au NP dissolution in a simple aqueous buffer. Au 

NPs (1.9 ppm) were placed in autoclaved 20 mM ammonium acetate buffer (pH 7) in the 

presence of either 9.8 ppm NaCN (NaCN), or in the absence of a NaCN (Control). All 

samples were prepared in 10 mL volumes within sterile 15 mL centrifugal tubes and placed 

on an end-over-end rotator for 7 days. At the sampling time points of 0, 1, 2, and 7 days, 1.5 

mL was removed and immediately filtered for dissolved fraction metal analysis through a 10 

kDa membrane (5,000g, 10 minutes). All samples were run in triplicate. 

Au detection. Samples were diluted and acidified with nitric acid (final concentration: 2% 

nitric acid) before being measured via inductively coupled plasma mass spectrometry (ICP-

MS, Agilent 7700 Series) under Hydrogen and High Energy Helium (HEHe) 

acquisition mode. 

Cyanide detection. Free cyanide concentration was determined by potentiometry with a 

cyanide-ion-selective electrode according to the manufacturer’s protocol (Orion cyanide 

electrode, Thermo Scientific). All standards and samples were stabilized with alkaline ionic 

strength adjustor solution (Orion, Thermo Scientific). 
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Gold-cyanide. Detection of Au(CN)2
- was determined via ESI-MS/MS, using a slightly 

modified version of a method described previously.191 Samples were filtered (0.22 um) and 

analyzed on an LC-MS/MS (Agilent 6430 Triple Quad LC/MS/MS, Agilent 1100 Series). 10 

µL of sample was delivered to the MS using a 1:1 isocratic mixture of H2O (18 MΩcm, 

Millipore):Methanol at a flow rate of 0.2 mL/min. The MS was run in negative polarity mode 

scanning (MS2 Scan) with a fragmentor energy of 80 V and cell accelerator voltage of 7 V. 

Nitrogen was used as the sheath gas. Identification of Au(CN2)- was determined by 

monitoring the product ion at m/z 26, derived from the parent ion at m/z 249 using Agilent 

MassHunter Qualitative Analysis Worskstation Software (Agilent Technologies). 

 
Table 4-2. Au NP dissolution experimental matrix 
Soil Sample identification Au NP, ppm Initial CN-, ppm pH Inoculum CFU/g soil 
 C. violaceum, pH 7 1.9 41.8 7 1.5 × 109 
 C. violaceum, pH 7.5 1.9 41.8 7.5 1.5 × 109 
 Abiotic 1.9 0 7 0 
 CV026 1.9 0 7 1.5 × 109 
 Aged 1.9 <0.5 7 4 x 104 
Biological growth medium Sample identification Au NP, ppm Initial CN-, ppm pH Inoculum, OD600 
 Supernatant of C. violaceum 1.9 41.9 7 0 
 Washed C. violaceum 1.9 4.0 7 1.7 
 Control 1.9 0 7 0 
Abiotic buffer Sample identification Au NP, ppm Initial CN-, ppm pH  
 NaCN 1.9 9.8 7  
 Control 1.9 0 7  

Results and Discussion 

The dissolution of Au NPs in environmental systems is often considered to be 

negligible.153,154,159,192 Indeed, we did not detect Au dissolution while monitoring the 

dissolution of Au NPs in sterile soil (Figure 4-2a). However, when soil was supplemented 

with a culture of early stationary-phase C. violaceum, ~13% Au dissolved after 7 days. Our 

results support the expected oxidative-dissolution pathway (Equation 4-1). The expected 

dissolution pathway is also supported by the effect of pH: when the pH was raised by 0.5 

from 7 to 7.5, in soil containing C. violaceum, there was a two-fold increase in dissolved Au, 

with a maximum dissolution plateau of 30% (Figure 4-2a). The increase in Au dissolution in 
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response to an increase in pH is explained by examining cyanide speciation at these two 

different pH values: HCN has a pKa value of 9.21, so higher pH would result in higher 

concentration of free CN-. Predicted cyanide speciation at pH 7 is 0.61% ionic form, CN-, 

which is required for the oxidative dissolution and mobility of Au. At pH 7.5, 1.91% of 

cyanide would exist as CN-, about a 3-fold increase (Table 4-1). The higher CN- 

concentration would be expected to lead to higher dissolution. We observed higher initial 

dissolution and similar first-order rate constants (Table 4-3).   

To study the relation between the growth of C. violaceum and Au NP dissolution, 1 

gram of soil inoculated with C. violaceum, at pH 7 and aged 7 days, was mixed with 40 g of 

sterile, Au NP-containing soil (<0.05 mmol CN-/g soil and a cell concentration of 4 x 104 

CFU/g soil). The onset of dissolution was delayed by a day, but the maximum dissolution 

plateau reached after 7 days, ~13%, was nearly identical to the maximum dissolution plateau 

reached when soil was inoculated with the early stationary-phase liquid culture of C. 

violaceum (Figure 4-2b).  

Quorum sensing regulates HCN production in C. violaceum, i.e., the cell concentration 

must reach a certain density before cyanide synthesis begins. The observation that both 

experimental designs resulted in about ~13% Au dissolution after 7 days at pH 7 is consistent 

with quorum sensing controlling CN- production, but doesn't prove it.  This association was 

strengthened, when we grew the QS-mutant CV026 in Au NP-containing soil (Figure 4-2a). 

No Au dissolution was detected.  
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Figure 4-2. (a) Dissolution kinetics of Au NPs in sterile soil, soil supplemented with C. violaceum, 
and soil supplemented with CV026. (b) Dissolution kinetics of Au NPs in initially sterile soil that was 
supplemented with 2.5% (by weight) soil containing C. violaceum. The Y-axis is the same for both 
(a) and (b), representing the percentage of gold dissolved from a total concentration of 1.9 parts 
per million.  
 
Table 4-3. The best fit values [average (standard errors)], and R-square values used to describe Au 
dissolution in the presence of C. violaceum at pH 7 and pH 7.5 are presented. The Abiotic control 
and CV026 presented in Figure 4-2a were not modeled. 
Best-fit values  C. violaceum, pH 7  C. violaceum, pH 7.5 
Dissolution (%) at time zero, Y0  0.02 (0.21)  10.08 (2.62) 
Maximum dissolution plateau (%), Ymax  14.78 (0.2)  29.97 (2.55) 
First-order rate constant (day-1), k  1.06 (0.05)  0.99 (0.43) 
R square  0.99  0.97 

 

Figure 4-3 compares Au NPs dissolution in sterile LB media (Control), early-

stationary phase cultures of C. violaceum that had been washed in LB media (Washed C. 

violaceum), and the supernatant of an early-stationary phase culture of C. violaceum 

(Supernatant of culture): this was done to parse the effects of the metabolites (supernatant) 

from the cells themselves (washed culture). After one day of incubation, the supernatant 

dissolved ~20% of the Au NPs. Oxidized and soluble gold, dicyanogold Au(CN)2
-, was 

detected in the solution (Figure 4-3b). The washed culture induce ~1% Au NP dissolution 

after one day. However, over a 7-day period, Washed C. violaceum resulted in 28% 

dissolution (Figure 4-4). Cyanide production and Au dissolution were linearly related over 

time (R2=0.94, Figure 4-4a). Cell growth and Au dissolution were related monotonically, but 

not linearly (Spearman’s ρ > R2, Figure 4-4b). Au dissolution increased after a cell density 
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threshold was achieved, around day 2, characteristic of the delay associated with a cell 

concentration-based quorum response.  

In the abiotic buffer experiments (Figure 4-5a), 9.8 ppm of NaCN dissolved 80% of 

the Au NPs and dicyanogold complexes were measured in the sample (Figure 4-5b). No Au 

dissolution or dicyanogold was detected in the Control. In the Abiotic cyanide solutions, Au 

dissolution was fast—about 25% dissolution within seconds of starting the experiment 

(Figure 4-6). Thus, in biological systems, cyanide production is likely to be the rate-limiting 

step controlling the overall observed dissolution kinetics. This can explain the similar half-life 

observed for Au NP dissolution in soils with different pH units (Table 4-3), and supported by 

the one-day delay of Au-dissolution in the Aged treatment (Figure 4-2a).  

 

 

 
Figure 4-3. (a) Dissolution of Au NP after 24 hours in sterile LB media, early-stationary phase 
cultures of C. violaceum that had been washed in LB media, or the supernatant of an early-
stationary stage culture of C. violaceum. Y-axis represents the percentage of gold dissolved from a 
total concentration of 1.9 parts per million. (b) Detection of dicyanogold, Au(CN)2

- using an ESI-
MS/MS procedure by monitoring the cyanide product ion, m/z 26, of the dicyanogold parent ion, 
m/z 249.    
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Figure 4-4. (a) Au NP dissolution (%) and cyanide production over time with an inlay that plots Au 
dissolution versus CN-. (b) Au dissolution (%) and cell growth over time with an inlay that plots Au 
dissolution versus OD600. The values in the inlay represent the R2 and Spearman’s rho (ρ)  
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Figure 4-5. (a) Dissolution of Au NP after 24 hours in sterile buffer or NaCN solution. (b) Detection 
of dicyanogold, Au(CN)2

-. Y-axis for (a) represent the percentage of gold dissolved from a total 
concentration of 1.9 parts per million. 
 

 
Figure 4-6. Au NP dissolution (%)over time in a sterile buffer (Control, pH 7) and a cyanide solution 
(9.8 ppm, pH 7). 

Conclusions 

Au NPs were oxidized and solubilized to Au(CN)2
- by C. violaceum in soil. Au NP 

dissolution was limited by QS-regulated CN- production. C. violaceum is just one cyanogenic 

organism. Species of Pseudomonas, Rhizobium, and several cyanobacteria are also 
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cyanogenetic174, in addition to many plants193, and some species of fungi.164 Environmental 

cyanide concentrations are generally low in surface waters (ppb-level).164 However, bacteria 

are capable of forming dense biofilms where cyanide concentrations can reach ppm-levels.175 

This is interesting because a study on NP distribution in estuarine environments found that 

uncharacterized biofilms were the major sink for Au nanorods.153 This study also reported 

high pH values (7.9–8.5) and dissolved oxygen levels between 4–12 mg/L; these conditions 

are favorable to cyanide-induced oxidative dissolution. Another important environmental 

factor to consider is the presence of glycine. Glycine is a common amino acid and the direct 

metabolic precursor of cyanide production in bacteria and fungi.187 In this work, we did not 

study the effects of glycine concentration, nor methyl-group donors that stimulate the 

oxidative decarboxylation of glycine, on Au NP dissolution. This could be a subject of future 

study.  

Although extensive efforts have been made to standardize the methods to characterize 

engineered NP properties in the environment, including the dissolution of NPs in different 

environmental media, the role of bacteria on these properties has been overlooked.151 In light 

of the findings of this chapter, future studies that use Au NPs as a tracer to investigate 

aggregation behavior or NP uptake should rule out the possibility of cyanogenic organisms, or 

take this into account. Furthermore, the results presented here suggest that when Au NPs are 

used in environmental applications, they could solubilize and enter the biogeochemical cycle 

of Au.  
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5. Implications and remaining questions 

Bacteria have evolved communication systems that enable coordinated behaviors that enhance 

survival. Communication among cells involves chemical signals or secondary metabolites that 

enter the environment, where they are detected through reactions with receptors on 

neighboring cells. These extracellular signaling molecules interact with the local 

biogeochemistry of the environment. Due to the ecological and human health implications of 

bacterial cell-to-cell communication, understanding the impacts that NPs have on these 

systems requires attention. 

There are many challenges when trying to understand environmental implications of 

NP exposure.194 Physiochemical transformations of NPs (homoaggregation, 

heteroaggregation, dissolution, chemical reactions, and adsorption of macromolecules) are 

especially important to consider in the context of the results presented in this dissertation. The 

aggregation of NPs to themselves (homoaggregation) or with naturally occurring materials 

(heteroaggregation) is often predicted by Derjaguin-Landau-Verwey-Overbeek models, which 

account for van der Waals, electrostatic, steric, and acid/base interactions. However, 

predicting behavior in complex systems, such as the heteroaggregation between TiO2 NPs and 

lysing cells we observed in Chapter 2, is difficult due to the inhomogeneity of the 

macromolecule coatings that NPs will acquire in natural systems. The adsorption of natural 

macromolecules influences the macromolecules as well as the fate and toxicity of the NP. 

With the exception of the gold dissolution studies in soil (Chapter 4), the experiments 

presented in this dissertation were in simplified systems, lacking biological macromolecules 

that NPs would be exposed to in the environment (e.g., humic matter and proteins). The 

competitive stability constants and adsorption kinetics between NPs and biological molecules 
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requires further study to accurately predict the relevant transformations and biological 

impacts. Dissolution and chemical transformations are also an important to consider in 

biological NP studies. As we discussed in Chapters 3 and 4, the dissolution of a NP is 

responsible for its biological activity and environmental persistence. In the case of metal 

oxides (e.g., CuO NPs), dissolution is often accelerated in acidic pH conditions. For other 

NPs, such as Au, chemical transformations (e.g., oxidation) predict dissolution behavior. Due 

to the complexity of physiochemical transformations of NPs, accurately predicting biological 

impacts is complex, but the empirical evidence we present here provides novel insight into 

bacterial–NP interactions.  

The overall goal of this thesis was to improve understanding of the relationship 

between NPs and cell-to-cell signaling behavior in bacteria. We approached this goal by 

focusing on two population-level behaviors: autolysis and quorum sensing. Specifically, we 

sought to: (1) improve our understanding of how metal-oxide NPs affect the autolytic process 

in B. subtilis, by elucidating the biological response of the interactions between TiO2 NPs and 

biomolecules; (2) reveal the interactions between a QS signaling molecule and metal cations 

commonly used in antimicrobial NPs, silver (Ag+) and copper (Cu2+); and (3) demonstrate the 

potential of QS-regulated cyanide production to affect oxidation and dissolution of gold NPs 

an environmentally-relevant system. By addressing these objectives, this work demonstrated 

that:  

 
1. TiO2 NPs disrupt the autolytic process by delaying the onset of autolysis, 

and intercepting released autolytic enzymes, preventing the enzymes from 

degrading the cell wall of neighboring cells. Chapter 2 presents the first 

account of NPs disrupting autolysis. However, the observation that TiO2 NPs 

increase cell survivability is not entirely novel. The protective role of TiO2 NPs 

has been exploited for various bioencapsulation purposes (e.g., lymphocyte 
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delivery for cancer treatment195 and delivering beneficial bacteria to plant roots 

for increased crop yield and stress management196); however, none of these 

application have linked survivability to the disruption of autolysis. 

Furthermore, our results present a novel mechanism: that TiO2 NP deposition 

on cell walls/teichoic acids prevent the onset of autolysis. However, initial 

interest has focused on the observed affinity of NP aggregates to the surface of 

B. subtilis, and how this may promote the activity of rhizobacteria for plant 

growth.197 

 
2. QS signaling molecules form complexes with Ag+ and Cu2+, removing the 

most bioavailable form (free signal, Ag+, and Cu2+) from the cells 

environment. This is the first account of unhydrolyzed QS signals complexing 

metal ions. The novel complex we describe in Chapter 3 suggests a need to 

consider QS signal-metal interactions in environmental studies (where metal 

concentrations are high), and in studies that investigate metals as potential 

quorum quenching agents. If QS signals, which are constitutively produced by 

many bacteria, act as chelating agents in the environment, QS may play a role 

more generally in metal cycling, bioavailability, toxicity, uptake, fate, and 

transport. Further research is needed to address the scope and implications of 

this observation in nature. Kaufmann et al. (2005) suggested that hydrolyzed 

AHLs might be “primordial siderophores”, but our work represents the first 

time unhydrolyzed AHLs have been shown to complex metal ions.  

 
3. QS-regulated cyanide production induces oxidative dissolution in Au NPs, 

which were previously assumed to be inert in environmental systems. In 

Chapter 4, the biodissolution of Au NPs was linked to QS-regulated CN- 
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production in C. violaceum. This demonstrates that Au NPs may not be inert 

environmental tracers, and that cyanogenic organisms may affect their 

ecological fate. Given these results, researchers should review prior work to 

determine whether the effects of cyanogenic organisms might explain 

observations in studies that assumed Au NPs were inert in biological systems. 

Furthermore, future work should consider cyanogenic organisms when using 

Au NPs in natural systems. There are other types of NPs that may be 

susceptible to biodissolution as well, either from cyanide or other released 

metabolites from bacteria (See Appendix B: CuO nanoparticle dissolution by a 

siderophore-emitting bacteria and a cyanogenic bacteria ). For example, 

bacteria often produce siderophores198, which can chelate iron or copper, 

potentially affecting the dissolution of Cu or Fe based NPs. Taking advantage 

of biodissolution could be explored as an application, e.g. dissolving nano-

enabled agrochemicals2,199 can provide nutrients to plants, but in calcareous 

soils dissolution is limited. 

 
Taken together, this body of work highlights the relationship between NPs and 

population-level behavior in bacteria. The presence of NPs can have significant impacts on 

population-level behaviors, and the activity of population-level behaviors can have significant 

impacts on NP behavior. This inter-connected relationship, where the NPs are both acted on 

and act upon their environment, must be considered in NP-based studies and applications.  
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Appendix A: Additional nanoparticle–bacteria interactions 

The importance of quorum sensing in ecological and human health settings has been 

described in Chapter 1, as has the emergence of nanoparticles as a potential environmental 

contaminant. Most literature on the topic of QS-nano interactions has focused on NPs that 

release antibacterial ions (e.g., Ag- and Cu-based NPs128–130,146,200) or NPs that have been 

functionalized with AHL-quenching compounds.126 However, none of these works have 

investigated the interaction of AHLs with NP surfaces, even though there is significant 

evidence that similarly structured compounds adsorb to NPs. The chemical structure of AHLs 

contains a lactone-ring with a hydrocarbon –R group side chains (Table 1-1). AHL molecules 

also resemble surfactants, which are often employed to stabilize and disperse nanoparticles, 

especially NPs with hydrophobic surfaces, e.g., carbon nanotubes.201–203 Similarly structured 

amphipathic surfactant compounds have been shown to adsorb NPs and influence their 

surface chemistry.204–206 In general, the physiochemical interactions (influenced by London-

Dispersion and electrostatic forces) and the hydrodynamic forces influence a particle’s 

attachment to a surface. Depending on the chemistry of the surfactant molecule and the 

nanoparticle surface properties.202,207–209 One specific study noted that AHLs, which are 

nonionic amphipathic molecules, were retained on glass beads and organic plant material 

according to the length, and thus hydrophobicity, of the hydrocarbon –R group side chain.210 

However, neither adsorption isotherms nor rates were reported in this study, but a positive 

correlation was found between increasing hydrophobicity of AHL –R groups and mass 

retained on organic surfaces. This finding suggests that AHLs may also be retained on NPs 

due to hydrophobic interactions. However, there are no studies looking at the interactions 

between AHLs and NP surfaces. Thus, we initially studied the interactions between NPs that 



 75 

do not release toxic ions: TiO2, CeO2, MWCNTs, and C60, and how their adsorption may alter 

QS activity. The objectives of this early work were to assess the adsorptive properties, and 

subsequent biological activity, when AHLs are exposed to NPs. A few noteworthy 

observations were made: 

1. MWCNTs had a higher absorption capacity for HHL compared to TiO2 NPs; 

2. when sonicated together, N-hexanoyl homoserine lactone stabilized MWCNTs in 

suspension; 

3. when sonicated together, N-3-(oxododecanoyl) homoserine lactone (ODdHL) reduced 

the hydrodynamic radius of TiO2 NPs suspensions; 

4. MWCNTs increased QS-regulated violacein production in C. violaceum, and; 

5. FeCl3 induced violaceum synthesis in CV026.  

MWCNTs had a higher absorption capacity for HHL compared to TiO2 NPs 

Adsorption isotherms were created for HHL on TiO2 and MWCNTs (Figure A-1). Fit to a 

Langmuir isotherm, the adsorptive capacities, qmax, and equilibrium constants, KL, were 

calculated (Table A-1) according to:    

Equation A-1 

𝑞 =
𝑞!"#×𝐾!×𝐶!"
1+ 𝐾!×𝐶!"

 

where q is the adsorbed mass in mg/m2 and Ceq is the dissolved mass in solutions. 

MWCNT (qmax=2.05 mg/m2) have a higher adsorptive capacity for HHL than TiO2 (qmax=4.16 

x 10-3 mg/m2). The strong adsorption by MWCNTs is not surprising, as CNTs are often used 

to adsorb organic compounds due to their high hydrophobicity.201 The adsorption is likely 

driven by van der Waal interactions between the MWCNT surface and hydrophobic tail of the 

HHL, which would leave the more hydrophilic end of the AHL exposed to the aqueous media. 

This is supported by the observation that when sonicated together, HHLs stabilized MWCNTs 
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in suspension (Figure A-1 and Movie A1: 

https://www.youtube.com/watch?v=TsTkvGT28cc).  

When sonicated together, the QS signal ODdHL reduced the hydrodynamic radius of 

TiO2 NPs suspensions. TiO2 dispersions formed smaller aggregations, 10.3 nm radius, when 

sonicated in ODdHL, compared to a bimodal distribution, 43.2 and 232 radii, when sonicated 

in the same buffer without ODdHL (Figure A-2). 

 
Figure A-1. (A) Adsorption isotherms of HHL to MWCNTs and TiO2. (B) Suspensions of MWCNTs 10 
minutes after sonication with HHL (C1) and without HHL (C5). (C) Proposed interaction between 
HHL and MWCNTs. 
 
Table A-1. Best fit parameters used to describe HHL adsorption to MWCNTs and TiO2. 
Langmuir best-fit parameter qmax KL R2 
MWCNT 2.058 0.015 0.963 
TiO2 0.004 0.031 0.961 

 

 
Figure A-2. Difference in hydrodynamic radius of TiO2 NP suspensions after sonication with and 
without ODdHL. 
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Supernatant from MWCNT adsorption experiment were then aliquoted in CV026 

well-diffusion plate assays. C. violaceum CV026 is a mutant strain that is unable to produce 

its own QS signaling molecules, therefore it does not produce violacein even when bacterial 

numbers exceed the quorum threshold. However, when added exogenously, HHL can induce 

violacein production. Supernatants of the HHL+NP adsorption samples were tested on an 

AHL reporter plate assay (Figure A-3). Briefly, LB agar was inoculated with C. violaceum 

CV026 and samples to be tested were added to a small hole that was bored in the center of the 

agar plate. After incubation, the formation of a purple ring around the added sample indicates 

the presence of QS-inducing AHLs in a diameter-dependent manner. Preliminary results using 

the AHL reporter plate assay showed that the degree of QS-induced violacein production was 

negatively correlated to the ratio of MWCNTs:HHL (Figure A-4). These results suggest that 

AHLs can adsorb to hydrophobic surfaces, and the decrease in free AHL concentration results 

in a decrease in QS activity. 

 
Figure A-3. HHL reporter plate assay. LB agar plates inoculated with CV026 turn purple around the 
added sample if HHL is present. 

Agar 

Semi-agar + C. violaceum 

No HHL With HHL 

50 μL of sample 
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Figure A-4. HHL reporter plate assay. A purple ring indicates that HHL is present in the well. This is 
a semi-quantitative way to determine relative HHL concentrations and their biological activity. 
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MWCNTs increased QS-regulated violacein production in C. violaceum 

NP toxicity and QS inhibition was studied in wild-type C. violaceum. In these liquid culture 

experiments, C. violaceum was dosed with 100 ppm NP and the change in cell viability and 

violacein production was measured after 24 hours (Figure A-5). None of the tested NPs had 

an impact on cell viability. Interestingly, the only NP that significantly affected violaceum 

production was MWCNTs.  However, the effect was the opposite of what was expected:  

MWCNTs resulted in an increase in QS activity. This contradicts the adsorption and CV026 

results above. Controls show that MWCNTs did not interfere with the fluorescence assay 

(Figure A-6). 

 

 
Figure A-5. (a) Growth inhibition of C. violaceum wild-type after being incubated for 24 hours in the 
presence of various NPs (100 ppm), relative to a no-NP control (dotted-line). Violacein production 
in of C. violaceum wild-type after being incubated for 24 hours in the presence of various NPs (100 
ppm), relative to a no-NP control (dotted-line) 
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Figure A-6. Violaceum production is measured via fluorescence at nm=585. To verify that the 
increase in violacein production presented in Figure A-5, was not due to MWCNTs interference 
with fluorescence, we added 100 ppm of MWCNTs to extracted violaceum.  

FeCl3 induced violaceum synthesis in CV026 

One hypothesis to explain the increase in violacein production in response to MWCNT 

exposure is that oxidative stress increases violacein production. MWCNTs were purchased 

from Cheaptubes.com and used as received. Several sources have found that Fe impurities are 

common in these materialss211,212, and that these Fe impurities result in cellular oxidative 

stress.213 Interestingly, when CV026, the mutant strain that is unable to synthesize its own QS 

signals, was exposed to FeCl3, violacein was synthesized (Figure A-7). In C. violaceum, 

violacein synthesis is regulated by the HHL CviI/R quorum sensing system. As far as we are 

aware, the only pathway to violacein synthesis in CV026 is via the addition of HHL to induce 

QS.  There are two hypotheses to explain this observation: (1) The FeCl3 contained HHL 

contamination, or (2) FeCl3 is inducing violacein synthesis via an unknown pathway. The first 

hypothesis was ruled out once the experiment was repeated using a different batch of FeCl3 

salts. Fe-induced violacein production should be explored further. Fe3+ has been shown to 
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induce antioxidant production in Saccharomyces cerevisiae previously (not regulated by 

QS).214 

 

 
Figure A-7. Well diffuse assay demonstrating that FeCl3 induced violacein synthesis in the QS-
mutant CV026. 
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We evaluated the influence of surface charge on autolysis by exposing starving 

cultures of B. subtilis to CeO2 NPs functionalized with positively charged, negatively charged, 

and neutral dextran coatings (described previously215). These preliminary results suggest that 

negatively charged and neutral surface chemistry disrupts autolysis, whereas the positively 

charged surface had no impact (Figure A-8). This experiment was run identical to the 

experiment described in Chapter 2 Methods. 

 
Figure A-8. Colony Forming Unit (C) over time normalized to the initial Colony Forming Unit of 
each series (C0) of B. subtilis in 5 mM NaHCO3 buffer (pH 7.7) with exposure to 50 ppm CeO2 
containing various coatings. 
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Appendix B: CuO nanoparticle dissolution by a siderophore-
emitting bacteria and a cyanogenic bacteria  

The dissolution of a metal nanoparticle (NP) in a given system is responsible for its 

fate, transport, and mode of action.2,20,149,150 For example, the perceived stability of a gold 

NPs is critical to its utility in biological imaging probes216, drug delivery1, and environmental 

tracer studies153–155 (Discussed in Chapter 4). Copper-based NPs, on the other hand, are 

effective pesticides217, fertilizers199,218,219, and antimicrobial agents124 due to their dissolution, 

releasing the most bioavailable form of copper, Cu2+. 

One major user of environmental nanotechnology is the agrochemical industry. Nano-

scale agrochemicals are becoming popular because of their tunable nutrient release, targeted 

delivery, and concomitant decrease in applied loads.150,199,220 Copper-based NPs are used 

because Cu is a micronutrient and antimicrobial.218 As a fertilizer, CuO NPs increased tomato 

and eggplant yields.219 As a fungicide/bactericide, DuPont’s copper-based Kocide 3000 is 

used globally. Regardless of its use, the success of copper-based NPs depends upon Cu2+ 

dissolution, which, in agricultural applications, is often limited by the soil pH. In calcareous 

soil regions (e.g., Australia, central Europe and western United States) high pH limits Cu 

dissolution and thus the efficacy of the nanoenabled product.221 One study increased the 

fraction of labile Cu in a calcareous soil with the addition of pyoverdine (Pvd), a common 

siderophore222,  which led us to wonder—could Pvd-emitting bacterium increase CuO NP 

dissolution in high-pH soils to increase the efficiency of Cu-based agrochemicals?  

Pseudomonas fluorescens 

CuO NP dissolution was measured in the presence and absence of P. fluorescens at pH 

7. These parameters were chosen because pyoverdine has a high stability constant with Cu 
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(1020.1)31, and high pH soils result in low solubility of Cu. For each treatment, 300 g of soil 

was supplemented with 26 mg CuO NPs supplemented in 32 mL of succinate media 

immediately after sonication (3 x 10s pulses at power level 3, Figure 2-1) and mixed for 10 

minutes by hand. The CuO amended soil was then weighed into three different batches: 120 g, 

120 g, and 80 g, to be further amended with 9.6 mL P. fluorescens (culture), 9.6 mL washed 

P. fluorescens (washed), or 6.4 mL of succinate media (control), respectively. Once 

thoroughly mixed, the samples were sealed with alcohol-sterilized parafilm and incubated for 

21 days (at 30°C). 

Two different extraction methods were used to quantify Cu dissolution and availability 

in CuO NP amended soil: a DTPA-extraction, and a CaCl2-extraction. The DTPA method can 

measure the dissolution of CuO NP in soil because it can extract most of the Cu ions (free Cu 

ions, Cu bond to carbonate and organic matter) in soil.180,223 The DTPA-extraction results are 

presented in Figure B-1. Over a 21-day period, Cu in sterile soil (Abiotic) slightly rose from 

5% to 10%; the “Washed P. fluorescens” treatment increased Cu dissolution to 27%; and the 

“P. fluorescens” treatment resulted in 9% CuO dissolution. Numerous researchers have shown 

that in calcareous soils, Cu phytoavailability is limited by strong sorption to the solid 

phase.222,224,225 We’ve shown here that P. fluorescens can increase the release of copper from 

CuO NPs in soils.  Perhaps when the unwashed treatment is added to the soil, the existence of 

the siderophores prevents the cells from producing more, whereas in the washed culture, 

where siderophores are removed before the addition to soil, siderophore production is 

increased, resulting in higher Cu dissolution. Previous studies have shown that Pvd can 

increase phytoavailable Cu in calcareous soils222. 

The CaCl2-extractable Cu is presented in Figure B-1. CaCl2-extractions are commonly 

used to measure metal concentrations in soil pore water, referred to as the readily-available 

metal pool. Similar to the DTPA-extraction results, the “Washed P. fluorescens” treatment 
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resulted in the highest Cu dissolution, about 2.5% after 21 days. The P. fluorescens and 

Abiotic treatments reached 1% and 1.5% CuO dissolution, respectively. The combined results 

show that a washed culture of P. fluorescens can increase the fraction of copper that is 

phytoavailable and increase porewater concentration. Extractable Al, Mn, and Fe were also 

measured and are presented in Figure B-2. 

 
Figure B-1. Two different extraction methods were used to quantify Cu dissolution from CuO NPs 
in sterile soil (Abiotic, copper circle), soil supplemented with a 5-day culture of Pseudomonas 
fluorescens (green triangle), and soil supplemented with a washed 5-day culture of P. fluorescens 
(beige square). (a) Extractable Cu using 0.005 M diethylenetriaminepentaacetic acid (DTPA). (b) 
Extractable Cu using 0.01 M CaCl2. The Y-axis is the same for both (a) and (b), representing the 
percentage of Cu dissolved from a total concentration of 11 parts per million as CuO NPs. The soil 
moisture content was maintained at 16% across all treatments.  
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Figure B-2. Extractable Al, Mn, and Fe from soil after inoculation with P. fluorescens. 

Chromobacterium violaceum 

Next, we tested the influence of a cyanogenic organism on CuO NP dissolution. These 

experiments were carried out identically to the experiments described in Chapter 4 Methods. 

Briefly, a live culture of C. violaceum or its supernatant (metabolites without cells) on CuO 

NP dissolution was studied at pH 7. C. violaceum was grown to 1010 CFU/mL, centrifuged, 

and the supernatant was filtered (0.22 um, PTFE) into sterile 50 mL tubes and used as the 

Supernatant exposure media. The pellets were then resuspended in equivalent volume of fresh 

growth media to be used as the Cells treatment. Separately, sterile growth media was used as 
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the Control treatment. 7.9 ppm CuO NPs were added to each treatment. Initial CN- 

concentrations in the Supernatant, Cells, and Control samples were 41.87 ppm (standard 

deviation: 0.90), 4.05  ppm (standard deviation: 0.60), and 0 ppm, respectively.  

Incubating CuO NPs in the supernatant resulted in 100% dissolution after 2 days 

(Figure B-3), CuO NPs in the control LB media plateaued at 78% dissolution after 2 days, 

and the washed cells resulted in 42% dissolution after 7 days. The difference between the 

Cells and Control curves in Figure B-3 may be attributed to CuO NP deposition on cell walls 

and toxicity to cells (not tested). 

 
Figure B-3. CuO NP dissolution (%) over time exposed to a culture of C. violaceum (green 
triangles), the supernatant of a culture of C. violaceum (beige squares), or in LB media (control, red 
circles).  

 

For the abiotic dissolution experiments, 7.9 ppm CuO NPs were placed in autoclaved 

20 mM ammonium acetate buffer (pH 7) in the presence of either 9.8 ppm NaCN (NaCN), 

200 µM HHL signal (HHL), or a control (Control). NaCN dissolved 100% of the CuO NPs 
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HHL on CuO NP dissolution might be explained by the observation that HHLs complex Cu2+ 

ions (presented in Chapter 3), driving dissolution. 

 

 
Figure B-4. CuO NP dissolution (%) over time in an abiotic buffer containing HHL (beige squares), 
NaCN (green triangles), or a control (red circles).  
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