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Abstract 

Marine bioinorganic chemistry is an emerging field that focuses on how 

inorganic elements impact biological functions within marine organisms. Exploration of 

heavy metals within marine environments is the connection that holds the world 

presented herein together.  

The work begins with an examination of Interspeed 640, a popular antifouling 

(AF) coating that utilizes cuprous oxide (Cu2O) as the primary biocide, to understand 

the rationale behind its declining efficacy. This effort was approached in two distinct 

ways: 1) by designing an assay to characterize the impact of environmental conditions 

on surface composition and copper (Cu) release to define the interface primary 

colonizing bacterial species interact with, and 2) by describing the bacterial communities 

involved in primary colonization to understand acquired Cu tolerance.  

First, a newly developed and highly tunable lab-scale assay was utilized to 

measure the impact of environmental conditions on surface composition and Cu release. 

This method was utilized to describe the behavior of Interspeed 640 in an inert 

environment (double-distilled, 18.2 MΩ water, (ddH2O)) and under conditions which 

may facilitate biofilm growth (tryptic soy broth, (TSB)). We utilized x-ray photoelectron 

spectroscopy (XPS) to characterize the coating surface and inductively coupled plasma 

optical emission spectroscopy (ICP-OES) to measure Cu release over a 14-day period. 

Under both immersion conditions, XPS analysis of the coating surface showed signs of 
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hydrolysis. Coated substrates immersed in TSB demonstrated an increase in both 

nitrogen and copper as compared to those in water. Additionally, coated substrates 

immersed for 14 days in TSB released approximately 500% more Cu than those 

immersed in water.  

Next, polyvinyl chloride panels either left blank or coated with Interspeed 640 

were deployed at three field sites to collect, isolate, and identify bacterial species 

involved in the early stages of biofouling. We have created a library of primary 

colonizing bacteria for all three field sites and, for one site, have completed a 

preliminary assessment of bacterial Cu tolerance capabilities using broth microdilution 

assays. These results indicate that Cu tolerance is not unique to species isolated from 

coated panels.  

Further investigations into the interplay between metal ions and marine bacteria 

continue in the following section where Marinobacter atlanticus is evaluated for potential 

applications in bioremediation. M. atlanticus can produce small amounts of electricity 

and this ability is likely dependent upon labile metal ion concentration and mineral 

cycling. We hypothesized that M. atlanticus may be a promising candidate for 

applications in heavy metal remediation or as a biosensor. We utilized broth 

microdilution assays to expose M. atlanticus to a concentration range of essential and 

non-essential metal ions. M. atlanticus demonstrated a profound ability to grow in the 

presence of metal concentrations that significantly exceed those found in native 
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environments. In a metal detoxification assay, where the ability of M. atlanticus to 

remove metal ions from solution was assessed, we found that this bacterium is unable to 

significantly reduce metal concentrations.  

In one final shift of focus, we provide an examination of bioactive molecules 

isolated from evolutionarily resilient organisms via an investigation of the Clavanin 

family of antimicrobial peptides. Prior literature on these peptides indicates the 

possession of broad-spectrum antimicrobial activity. We focused on the antimicrobial of 

ClavA against fungal pathogens Candida albicans and Cryptococcus neoformans and the 

bacterium Escherichia coli strain BW25113; ClavC was tested against C. albiancs and E. coli. 

Overall, both peptides exhibited enhanced antimicrobial activity under acidic (pH 5.5) 

and, in most cases, ClavC was more potent than ClavA. When supplemental Cu or Zn 

were introduced, significant metal modulated activity increases were seen between 

ClavA and Cu at pH 5.5 against C. albicans and C. neoformans. Conversely, the 

combination of ClavC and Cu at pH 5.5 seemed to inhibit peptide activity.  
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1. Introduction  

1.1 Marine Bioinorganic Chemistry 

The emerging field of marine bioinorganic chemistry combines knowledge from 

bioinorganic chemistry with that of trace metal geochemistry to interrogate of the role of 

metal ions within aquatic environments.1 Specific focus is given to the distribution of 

inorganic elements, particularly heavy metals, and to the processes in which these 

metals are utilized throughout natural environments. In aquatic environments, heavy 

metals are among the least abundant metal ions with typical concentrations in the pico- 

to nanomolar range.1, 2 Heavy metals, in a biological context, can be broadly categorized 

as essential or non-essential.1-4 Essential metals, such as cobalt (Co), copper (Cu), iron 

(Fe), manganese (Mn), molybdenum (Mo), and zinc (Zn), are crucial for various 

physiological and biochemical functions.1-5 However, at high concentrations essential 

metals may induce deleterious effects in biological systems.2-6 Non-essential elements, 

such as cadmium (Cd), lead (Pb), arsenic (As), and mercury (Hg), typically play no vital 

physiological role and are often toxic at low concentrations.1-6  

1.2 Heavy Metal Contamination and Remediation 

. While generally low in concentration, heavy metals arise in marine 

environments from naturally occurring instances including erosion of natural deposits, 

atmospheric deposition, volcanic activity, and mineral deterioration.2, 5 In the last few 

decades, increasing environmental concentrations of heavy metals have become a major 



 

2 

concern and is mostly attributed to anthropogenic activity.7-9 Heavy metal contamination 

is the result of anthropogenic processes10, 11 within agriculture, industry, and 

urbanization, such as the use of inorganic fertilizers,12, 13 cleaning and scraping of ship 

hulls,14-16 oil refining and mining,17, 18 and electronic waste.19, 20 Contaminants make their 

way into aquatic environments, typically through run off and generated wastewater, 

where they are distributed into the water column and into marine sediments which 

causes significant ecological damage in multiple ecosystems.8, 21-23 As heavy metals are 

resistant to complete degradation they accumulate in the soil and water and ultimately 

can end up in humans and animals.24  

Heavy metal aggregation threatens marine ecosystems, contaminates food chains 

and webs, and induces a litany of damaging effects when toxicity thresholds of 

biological systems are exceeded. Mechanisms of toxicity can vary, with excess heavy 

metals known to induce DNA damage, cause protein dysfunction, inhibit cellular 

respiration, and increase the production of reactive oxygen species.7, 11, 25 In humans, 

toxic metals can accumulate in major organs and can severely impact health. Cadmium, 

a non-essential metal that can bioaccumulate via contamination from pesticides and 

refined petroleum products,11 can induce damage to the central nervous system (i.e., 

development of neurodegenerative diseases) and major organs (i.e., liver, kidneys, 

heart) upon exposure even to relatively low concentrations.25-27 Essential metals can also 
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cause damage. For example, significant environmental Cu contamination arises from the 

maritime shipping industry and improper disposal of electronics.23, 25, 26  

Currently employed methods to reduce and remediate heavy metal pollution in 

aquatic environments include membrane filtration, chemical precipitation, coagulation, 

hydrolysis, advanced oxidation, and ultrasonic mineralization.24, 25, 28 Unfortunately, 

many of these methods are not feasible given the high amounts of metal ions present. 

An avenue of current research focuses on leveraging native microbial processes to 

control metal contamination by detoxification (e.g., metal chelation), bioaccumulation 

(e.g., adsorption, precipitation), and biotransformation (e.g., oxidation, reduction, 

isomerization, hydrolysis).7, 24, 26 In the last decade, multiple microorganisms have 

successfully been employed for the bioremediation of certain trace metals. For example, 

the bacterium Psuedomonas veronii has shown efficacy towards removing Cd, Zn, and 

Cu,29 and Aspergillus nomius, a fungal species, is effective at mitigating Pb.30 Given 

current concerns with heavy metal pollutants accumulating in aquatic environments and 

evidence that microbes have capabilities to help mitigate this contamination, it is 

necessary to further our understanding of the interactions between marine-derived 

microbes and heavy metals. Characterizing this interplay may allow us to harness and 

fine-tune marine organisms to meet our needs.  
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1.3 Environmental Impacts of Marine Biofouling 

Attempts to prevent and reduce biofouling, the accretion of unwanted biological 

material on submerged surfaces, have resulted in significant contributions to heavy 

metal pollution in aquatic environments.14 Biofouling has been a concern for over 2000 

years  with early techniques ranging from sheathing ship bottoms in copper or lead, to 

applying coatings of oily mixtures containing arsenic, copper, mercury, and sulfur.31 

Copper (Cu) was a widespread biocide until the development of iron-hulled ships that 

were incompatible with the copper coatings.31 Around the 1960’s, a highly toxic 

compound, tributyltin (TBT), became commercialized in surface coatings for its efficacy 

at preventing biofouling.31, 32 The use of TBT-based coatings was short-lived as 

environmental concerns resulted in its complete ban in the 1990’s. 31, 32 The ban of TBT 

induced a resurgence of Cu-based coatings, which are still prevalent today. Modern 

methods of biofouling prevention involve coatings that target different stages of the 

biofouling process, either settlement or attachment.  

The general process by which biofouling proceeds begins with the adsorption of 

organic materials and minerals on the surface, followed by the settlement of primary 

colonizers which form the biofilm layer.33 The biofilm layer is essential for the 

subsequent adhesion of additional microorganisms that form a microfouling 

community. Eventually, the settlement of larger organisms such as algae and marine 

invertebrates that creates the macrofouling community.33 Macrofouling organisms are 
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the main cause of increased drag coefficients which induces additional negative impacts 

such as increased fuel consumption and exhaust emissions.34 While it is the 

macrofouling organisms that cause many of the deleterious effects of biofouling 

organisms, the settlement of these organisms depends on initial biofilm formation that 

commences shortly after immersion of a foreign object into the marine environment.  

Coatings designed to prevent biofouling can broadly be generalized into those 

that inhibit the settlement of primary colonizers, known as antifouling (AF) coatings, 

and those that inhibit microbial attachment, known as foul-release (FR) coatings. AF 

coatings aim to entirely prevent the settlement of microorganisms by providing a 

chemically modified surface.35, 36 FR coatings are designed to limit the strength of 

adhesion between the substrate and microorganisms; these coatings generally rely on 

hydrodynamic forces generated by currents, swell, and transit of the immersed surface.37 

FR coatings are currently becoming more popular, particularly with the utilization of 

techniques to preserve the coating when statically immersed, but AF coatings continue 

to be the most prevalent on marine vessels.15, 37 

Currently, the most predominately applied coatings are Cu ablative AF 

coatings.15, 36 Ablative, or self-polishing, coatings are those that are designed to slowly 

release biocidal compounds to prevent biofouling settlement.15, 31, 36 These coatings may 

contain anywhere from 20 % to 75 % copper oxide (Cu2O) by weight and many 

formulations include additional zinc (as zinc oxide (ZnO) or zinc pyrithione (ZnPT)) as a 
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booster-biocide.38 While copper AF coatings have a long history of efficacy, recent 

investigations suggest that they are declining.39 The diminishing capabilities of these 

coatings is currently attributed to increased copper tolerance in primary colonizing 

bacteria allowing for biofilm formation despite high Cu loads. Our current hypothesis 

for this decline relies on two key details; the increased prevalence of dissolved copper in 

aquatic environments as a result of heavy metal pollution and the emergence and 

persistence of copper tolerant species.  

As mentioned briefly in the previous section, efforts to combat marine biofouling 

have been significant contributors to heavy metal contamination in the marine 

ecosystem. The release of biocidal compounds in high concentrations poses a significant 

threat to the marine ecosystem as these toxins accumulate in the sediment and in the 

water column. It was estimated that upwards of 15  106 kg/year of Cu is released into 

aquatic environments from AF paints worldwide.40, 41 One of the hazards of biofouling 

accumulation on ships is the potential translocation of bacteria to new environments. 

Previous studies have discussed the relocation of copper-tolerant species into copper 

polluted regions where they are able to outcompete native bacteria, thus bolstering the 

spread of copper tolerance.33 Additionally, marine biofilms are considered hotspots for 

the transfer of genes between species using a process known as horizontal gene transfer 

(HGT).42, 43 Many species are known to utilize HGT to share genetic information 

conveying coping mechanisms for environmental stresses which contributes greatly to 
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physical and chemical tolerances possessed within multispecies biofilms. Thus, current 

methods for combating biofouling may be promoting the spread of Cu-tolerant species 

in various aquatic environments.   

1.4 Potential within Marine Environments 

The marine habitat is incredibly diverse: salinity gradients, temperature 

variation, nutrient restriction, and great depths are characteristics of extreme physical 

environments that have yielded evolutionarily sophisticated microorganisms.44 

Microorganisms that have adapted to survive in these extreme environments are 

promising sources for unique biological mechanisms and bioactive compounds that can 

be leveraged in a litany of applications.45 Marine environments contain the highest 

biomass and the greatest biodiversity which is suggested to indicate wide chemical 

variation.46-48 Bioactive compounds and metabolites harvested from marine micro- and 

macro-organisms are already proving to be useful in biomanufacturing and medical 

applications.46, 49-51 Enzymatic processes in marine organisms are also garnering attention 

for their ability to perform under stressful physiological conditions that would render 

enzymes in their terrestrial counterparts inactive.52 Recent estimates suggest that only 

0.01% of all marine bacteria have been investigated, thus there is seemingly endless 

potential in continued research revolving around marine organisms.44, 52  
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1.4.1 Adapting Marine Microorganisms for Applications in 

Biotechnology 

Marine ecosystems contain a plethora of diverse microorganisms which present 

an understudied goldmine of unique biological processes and metabolites that may be 

utilized for biotechnological advancement. Biotechnology is a multidisciplinary field 

that combines chemistry, biology, engineering, and manufacturing with the goal to meet 

societal and commercial needs in industrial realms ranging from agricultural to 

biomedical by leveraging either directly obtained or bio-inspired compounds and 

processes.51 As previously discussed, marine organisms are promising due to unique 

adaptations required to survive in their harsh and pathogen-laden environment.  

Multiple marine-derived organisms have shown potential valorization for 

biotechnical applications. Many microorganisms produce bioactive compounds that are 

recognized for properties such as antimicrobial, anticancer, and antioxidant activities.53 

Many promising pharmaceutically active metabolites, such as the well-known 

cephalosporin antibiotics, have been isolated from marine fungal species.45, 51 

Additionally, enzymes from marine organisms have been applied in a wide range of 

systems, for example, xylanases isolated from Pseuoalteromonas haloplanktis have been 

implemented in bioremediation and in the food industry, glucanases from Shewanella 

spp. are used in cattle raising, and chitinases from some Athrobacter spp. are involved in 

the production of prebiotics.53-55 Microalgae have been used for their ability to synthesize 

biomass for use in biofuels and bioproducts used in pigments, and vitamins.45, 49, 51, 56 To 
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further utilize the capabilities of these microorganisms, research has turned towards 

synthetic biology to adapt marine systems for biosensors. Biosensor development 

involves meticulous fine-tuning of intracellular functions to program cells to produce a 

detectable output once certain conditions are met.57 Biosensors have been applied 

environmentally by detecting pollutants such as pesticides, metal ions, waterborne 

pathogens, and explosives, and in human health monitoring (i.e., detecting pathogenic 

biomarkers in clinical samples or glucose in blood samples).58, 59  

1.4.2 Leveraging Evolutionary Resilience Present in Marine Life for 

Advancing Human Health Incentives 

As briefly alluded to above, many bioactive compounds isolated from marine 

organisms have applications as antimicrobial agents. With the continued emergence and 

persistence of treatment-resistant pathogens, research has taken a closer look at marine 

organisms to better understand immunological responses and for novel therapeutic 

strategies. Surviving in an environment rich in pathogens, while limited in nutrients and 

critical cofactors, implies the presence of sophisticated defense mechanisms in marine 

derived micro- and macro-organisms.60, 61 Mechanisms for protection against pathogenic 

microbes make up the immune system and are generally classified as either innate or 

adaptive.62-64 An in-depth discussion of the difference between innate and adaptive 

immunity is beyond the scope required here, but is explained in many excellent review 

articles.62-70 In brief, the innate immune system exists in both invertebrate and vertebrate 

organisms. Innate immunity, sometimes called natural immunity, is present at the start 
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of life and responds quickly and non-specifically to threats. Conversely, adaptive, or 

acquired immunity, is slow acting but highly specific as it develops upon repeated 

exposure to pathogens. The presence of an adaptive immune system separates 

vertebrate and invertebrate organisms.  

Over 99% of living species are wholly reliant on innate immunity for host 

defense, these organisms rely on a variety of molecules including phagocytotic cells, 

signaling receptors, pattern-recognitions receptors, antimicrobial metabolites, and 

antimicrobial peptides.67, 70 The pathogen-rich environment coupled with the long 

evolutionary history of marine invertebrates makes these organisms worthwhile 

candidates in the search for novel natural-product based therapeutics as their defense 

mechanisms are robust and broad-spectrum.71, 72 There are multiple examples of 

successfully applied marine-derived natural products, some prominent examples 

include: a new polyketide mayamycin, isolated from the marine sponge Halichondria 

panicea, with impressive antimicrobial activity against methicillin-resistant Staphylococcus 

aureus (MRSA), Psuedomonas aeruginosa, and extended-spectrum beta-lactamase K. 

phneumoniae,73 the metabolite dentigerumycin E, isolated from co-culture of marine 

strains Streptomyces and Bacillus, has shown antimetastatic and antiproliferative activity 

against human carcinoma,74 and a cyclic hexapeptide, bacicyclin, isolated from the 

mussel Mytilus edulis demonstrated antibacterial activity against Enterococcus faecalis and 

Staphlyococcus aureus.75 Marine environments have already proven to be a profound 
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source of bioactive compounds, continuing investigations into currently identified 

species as well as into isolating and identifying new species will continue to further 

efforts in combating antimicrobial resistance and in novel therapeutic development.  

1.5 Summary and Outlook 

The work presented here serves many purposes centering around the role of 

metals in marine-based biological systems. Chapters 2 and 3 center around the role of 

copper as a biocide in popular ablative antifouling coatings. Chapter 2 focuses 

specifically on the surface chemistry and copper-release from a commercially available 

copper based self-polishing antifouling coating in the presence and absence of various 

media components. Chapter 3 assesses biofilm community diversity from biofilms 

harvested at three field sites along the East Coast (MD, United States and FL, United 

States) and how these communities respond to supplemental copper to begin 

elucidating copper tolerance mechanisms. Chapter 4 deviates to a discussion of the 

potential of Marinobacter atlanticus, a marine bacterium, for applications in electrogenic 

biosensor development, heavy metal detoxification, and biomanufacturing based on its 

ability to persist in metal-contaminated environments. Finally, in Chapter 5, a family of 

antimicrobial peptides isolated from the marine tunicate Styela clava, are investigated for 

metal-modulated antimicrobial activity based on the putative metal binding sites 

present in their amino acid sequences.  
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2. Assay Development to Characterize Environmental 

Impacts on the Behavior of a Copper-Based Antifouling 

Coating 

2.1 Introduction  

Marine biofouling is defined as the settlement and accumulation of organisms 

including bacteria, fungi, algae, and animal species such as bryozoans, mollusks, 

barnacles and tunicates on submerged surfaces. Biofouling induces a myriad of 

deleterious effects in multiple systems including potentiating corrosion on submerged 

ships and structures,76, 77 inhibiting efficacy within the maritime shipping industry,34, 78, 79 

and facilitating the translocation of pathogens.80, 81 It is estimated that microbially 

induced corrosion amounts to approximately 20% of all corrosion costs each year with 

impacted surfaces ranging from submerged pipes to ship hulls and other structures.76, 77 

In the maritime shipping industry, the presence of biofouling is primarily associated 

with increased drag coefficients which has cascading effects by impacting fuel 

consumption, exhaust emissions, and operational costs.34, 78, 79 Biofouling accumulation 

on vessels has also been highlighted as a vector for the translocation of non-indigenous 

marine microorganisms which may induce extensive damage to native aquatic and 

terrestrial biodiversity and to human health.42, 43, 81, 82 

Traditionally, biofouling is inhibited by the application of surface coatings which 

can be broadly categorized into antifouling (AF) coatings, those which contain biocides 
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to prevent fouling growth,15, 35 or foul-releasing (FR) coatings, those which restrict the 

settlement and adhesion of fouling communities.37 While FR coatings have begun to gain 

popularity due to rising concerns surrounding biocide-based environmental 

contamination, ablative AF coatings continue to be the most prevalent world-wide.15, 35, 83 

Within the realm of ablative AF coatings, which slowly release biocidal molecules, those 

containing copper are the most utilized.15, 35, 83 Copper (Cu) ablative AF coatings may 

contain up to 75% cuprous oxide (Cu2O) by weight dispersed within the paint matrix.15 

The coatings are rosin based which allows the coating to dissolve slowly as it hydrates to 

expose fresh Cu2O nanoparticles.84 The release of Cu2O coupled with the percentage of 

fouled surface area are the main metrics used to define the efficacy of these coatings.  

In previous studies, salinity, Cu content, zinc (Zn) content, temperature and 

paint matrix formulation were assed for their independent roles in the release of Cu.15 It 

was determined that, of the five parameters, salinity and Cu content were able to 

significantly influence Cu release rates. However, knowledge of salinity and Cu content 

only allow for a rough estimation of Cu release rates due to the high variation within the 

other parameters.15 Of almost equal importance in influence Cu release, are the 

composition of the paint matrix (binder erosion potential, content of additional soluble 

pigments) and the solubility of the active Cu source (usually either Cu powder or Cu2O). 

A separate study investigated the impact of pH and swell on Cu leaching and 
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determined that lower pH values and consistent flow (high swell), simulated by shaking 

incubation, also increased Cu release.85 

Previous investigations of Cu release have been limited to field-based studies, 

where water samples are taken near deployed panels, or lab-based immersion 

experiments that mimic natural environments using artificial sea water. This work has 

two main aims, the first being to design an assay that allows for the expansion of the 

systems in which Cu release and surface quality may be measured in parallel. The 

second being to evaluate coating performance in an environment that will facilitate 

bacterial growth. Here, we utilized Interspeed 640 (International Marine) which is an AF 

coating prevalent commercially and privately. Interspeed 640 contains between 25-50% 

Cu2O as the primary biocide and up to 25% ZnO as a booster biocide both of which are 

interspersed in the paint matrix which is mostly comprised of N-ethyl-(o/p)-

toluenesulfonamide.  

Towards the first aim, we present the developed experimental method and 

provide suggestions for future improvements. For the second aim, we tested our method 

design to measure the Cu release under conditions which will favor bacterial growth via 

the use of a rich bacterial medium tryptic soy broth (TSB) as an immersion environment. 

The method described in this chapter is a scalable laboratory-based method designed to 

assess the Cu release and the surface environment in parallel. We measured Cu release 

over a 14 day timeframe through the use of glass coverslips coated in our AF coating 
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immersed in either double-distilled 18.2MΩ water (ddH2O), which served as a control 

condition, and in TSB, which served as a test conditions. Released Cu was quantified 

using inductively coupled plasma optical emission spectroscopy (ICP-OES). Surface 

characterization of immersed coated coverslips was conducted using X-ray 

photoelectron spectroscopy (XPS) to assess changes in both surface composition and in 

the chemical environment. We found that, in the presence of TSB, there is an 

approximate 500% increase in Cu release. Surface characterization suggests minor 

surface hydrolysis and depicts alterations in surface composition under both treatment 

conditions.  

2.2 Results and Discussion  

2.2.1 Assay Design to Assess Environmental Impact on Copper Release 

and Coating Surface Integrity  

Previous investigations of this AF coating have been conducted in natural 

environments, sterilized sea water, and artificial seawater for time periods ranging from 

14 days to an excess of 5 years.15, 85-87 While biofouling does occur in natural 

environments, the assessment of coating response is challenging due to the complex 

nature of the marine ecosystem. The method described here was designed to evaluate 

the behavior of the antifouling coating Interspeed 640 (International-Marine) under 

conditions which favor bacterial growth to facilitate the characterization of coating 

response to biofouling under controlled laboratory conditions.  
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Figure 1: General workflow for assessing the behavior of Interspeed 640 under 

specifically defined conditions. In this method, multiple 25 mm diameter glass 

coverslips were coated with a thin film of Interspeed 640 using a spin coating 

instrument. Coated substrates were immersed in either double-distilled 18.2 MΩ 

water (as a control environment) or in tryptic soy broth (as a test environment) for 14 

days to measure copper release and changes in surface character in parallel.  

With the goal of establishing a baseline for coating response to conditions which 

favor bacterial growth we designed a simple workflow (Figure 1). Substrates were 

prepared by spin coating a thin layer of Interspeed 640 onto the surface of 25 mm 

diameter circular glass coverslips (Fisher Scientific). Coated glass coverslips were 

immersed in 6-well culture plates (Thermo Scientific) that were sealed with AeraSeal 

plate film (Sigma-Aldrich) and stored in a large incubator set to 25 °C with shaking at 

125 rpm to mimic environmental temperature and mild water swell over the 14-day 

assessment period. We utilized double-distilled 18.2 MΩ water (ddH2O) as a control 
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environment and tryptic soy broth (TSB) as the environment to facilitate bacterial 

growth. TSB media was chosen as it is a nutrient-rich medium composed of tryptone 

and soytone (protein digests that may partially mimic the presence of biological matter), 

sodium chloride (to provide salinity and osmotic pressure control), dextrose (as an 

energy source), and dipotassium phosphate (to buffer against pH changes).  

As depicted above in Figure 1, 6-well plates were divided horizontally, the top 

row contained 6 mL of ddH2O and the bottom row contained 6 mL of TSB, additionally, 

each 2-well column was representative of one timepoint. Timepoints were collected over 

a 14-day window with initial collections following a pseudo-logarithmic timescale to 

best capture the first 24 hours of immersion. Each coated substrate was representative of 

a single timepoint to allow for characterization of both surface composition and Cu 

release. Replicate samples were arranged across three different 6-well sample plates to 

prevent total timepoint loss in the event of plate contamination. Additionally, 

consecutive timepoints were organized so that sampled plates were only removed from 

the incubator once in a 24 h period. For each timepoint, liquid samples were collected 

from the respective wells and the coated substrate was removed from the remaining 

solution and transferred to a clean 6-well plate to dry prior to subsequent surface 

analysis.  

The method described thus far has provided a strong foundation to allow for the 

simultaneous investigation of alterations in the surface composition and Cu release in 
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response to the sampling environment. For future applications of this method, we 

suggest the inclusion of pH monitoring as Cu release has been shown to both impact 

and be impacted by environmental pH.15, 86, 87 It is also suggested to include multiple 

control wells containing either ddH2O, TSB, or other desired solutions to track 

evaporation over the course of the assay, especially if the duration is to be extended 

beyond 14 days or if the temperature is to be increased.  

2.2.2 Copper Release is Increased Under Conditions which Favor 

Bacterial Growth 

The evaluation of Cu release from Interspeed 640 was performed in accordance 

with the method previously described in Section 2.2.1 and depicted in Figure 1. Briefly, 

25 mm diameter circular glass coverslips were coated with the copper-based antifouling 

coating Interspeed 640 using a spin coating system to create uniformly coated surfaces. 

Coated substrates were immersed in 6-well plates divided so the top 3-well row 

contained 6 mL ddH2O and the bottom 3-well row contained 6 mL TSB. Sampling plates 

were sealed and stored in a large incubator at 25 °C set to 125 rpm for the entirety of the 

14-day sampling period.  
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Figure 2: Copper released after 24 hours from Interspeed 640 coated substrates 

immersed in either ddH2O (blue, left axis) or TSB (red, right axis). Note the difference 

in scale between the left and right axis. Copper concentrations shown were obtained 

from elemental analysis conducted using ICP-OES and converted from intensity to 

ppm using calibration curves for 324 nm (see supplemental). Data are presented as the 

average of three replicate samples with triplicate measurements taken for each. Error 

was calculated as standard deviation and shown with error bars in the figure.  

For each timepoint, 4.5 mL was collected for subsequent elemental analysis using 

inductively coupled plasma optical emission spectroscopy (ICP-OES). Initial sampling 

times followed a logarithmic-like scale to best capture the first 24 hours of immersion 

(Figure 2). Samples collected from coated substrates immersed in ddH2O, depicted in 

blue, reveal low levels of Cu with approximately 24 ppb (~40 µM) detected after 24 
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hours. Conversely, samples collected over the same period immersed in TSB contained 

13 ppm (~200 µM) after 24 hours. While differences in Cu release prior to 12 hours 

cannot be resolved due to the limits of detection in ICP-OES, it is evident that solution 

composition plays an immediate role on the release of Cu from Interspeed 640. This 

trend continues across the 14-day sampling period (Figure 3).  

 

Figure 3: Copper released after 14 days from Interspeed 640 coated substrates 

immersed in either ddH2O (top) or TSB (bottom). Note the difference in scale between 

the axis for ddH2O and TSB. Copper concentrations shown were obtained from 
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elemental analysis conducted using ICP-OES and converted from intensity to ppm 

using calibration curves for 324 nm (see supplemental). Data are presented as the 

average of three replicate samples with triplicate measurements taken for each. Error 

was calculated as standard deviation and shown with error bars in the figure. 

After 14 days of constant immersion, samples collected from ddH2O contained 

an average of 3 ppm (~50 µM) Cu while those collected from TSB contained 1600 ppm 

(~25 mM) Cu. These results indicate that Cu release from Interspeed 640 has an 

environmental dependence. Previous literature has shown that factors such as 

temperature, agitation, salinity, and pH impact Cu release from similar AF coatings.86, 87 

In this method temperature and agitation (simulated with shaking at 125 rpm) were 

controlled across all samples. Only samples immersed in TSB were exposed to saline 

conditions as TSB contains 5 g/L NaCl. Since Cu release has been shown to have a linear 

relationship with salinity,86 typically expressed as the presence of chloride ions in 

solution, the salt content in TSB contributes to the increased Cu release. However, 

additional discrepancies between treatment conditions, such as pH and the presence of 

media components beyond salt, likely contribute to Cu release.  

While solution pH was not monitored in the initial application of this method, 

the starting pH of each treatment solution differed with ddH2O at approximately pH 5.5 

and TSB with approximately pH 7.6. Release of Cu from other systems in, such as 

metallurgical slag (waste matter generated from ore mining) and metal sheets, are pH 

dependent with enhanced Cu release under acidic conditions.88, 89 Small changes in pH 

may induce significant changes in metal concentration in solution and the dissolution of 
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Cu will have different effects in unbuffered ddH2O and in TSB which includes 

dipotassium phosphate for buffering. Further complexity is added to the system by 

considering the solution chemistry of Cu given its propensity to oxidize from Cu(I) to 

Cu(II) and potential complexation with multiple solution components such as dissolved 

organic carbon, chloride ions in solution and other molecules that may be present. 

Unlike substrates immersed in ddH2O, substrates immersed in TSB were exposed to 

media components that provide organic ligands for potential Cu complexation. Given 

the known ability of Cu to interact with proteins and peptides,90-95 it is possible that the 

amino acids and peptide fragments present in TSB play roles in increasing Cu release 

from Interspeed 640.  

2.2.3 Characterization of Immersed Surfaces Suggests Differential 

Changes in Composition and Minor Coating Hydrolysis  

Glass coverslips coated with Interspeed 640 were immersed in ddH2O as a 

control environment or TSB as a test environment to measure the impact of conditions 

that favor bacterial growth on the surface activity of this AF coating. Collected 

substrates were removed at the respective timepoints, stored in a sterile 6-well culture 

plate, and allowed to dry prior to surface characterization. Surface characterization was 

conducted using x-ray photoelectron spectroscopy (XPS) to measure the impact of 

environmental conditions on the coating surface. XPS analysis was chosen as it allows 

for the study of surfaces on the nanoscale (< 10 nm) by providing chemical composition 

and elemental information used to deconvolute chemical environments.96  
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Figure 4: Environmentally induced changes in surface composition for substrates 

immersed in ddH2O (top) and TSB (bottom). Note the break on the y-axis. Bar graphs 

depicting the atomic percentage of major elements detected by XPS on the surface of 
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substrates coated with Interspeed 640 after immersion for either 1 hour or for 14 days. 

High-resolution scans were recorded at three different positions for replicate sample 

to capture potential surface heterogeneity, labeling on the x-axis indicates replicate 

number and scan number for all conditions. Both figures include the surface 

composition of a control substrate for comparison on the far left.  

For all samples, the “atomic %” elemental compositions were calculated using 

built-in Avantage (Thermo Avantage V.5.9931, Thermo Fisher Scientific) software 

processing tools which rely on calibrated analyzer transmission functions, effective 

attenuation lengths (EALs), and Scofield sensitivity factors.97-99 In the atomic % 

calculation, the EAL term allows for the comparison of elements with different signal 

intensities.100 High-resolution scans of carbon (C) 1s, nitrogen (N) 1s, oxygen (O) 1s, zinc 

(Zn) 2p, and copper (Cu) 2p were taken at three different positions on a coated substrate 

that did not undergo any immersion and were utilized as a control for comparison 

(Figure 4). On average, the control surface contained 76.8% C, 1.6% N, 18.6% O, 2.7% Zn, 

and 0.2% Cu. Immersion in ddH2O for one hour induces minor changes in composition 

with averages across all three replicates of 77.0%, 2.7%, 17.9%, 2.2%, and 0.2% for C, N, 

O, Zn, and Cu, respectively. After 14 days of immersion in ddH2O, the following 

averages for all three replicates were obtained 79.3%, 3.1%, 15.9%, 1.5%, and 0.3% for C, 

N, O, Zn, and Cu, respectively. When compared to the control, 14 days of immersion in 

ddH2O induces a subtle increase in C, N, and Cu, and a decrease in O and Zn. Over the 

course of the assay, the surface composition of substrates immersed in ddH2O remained 

relatively constant.  
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 Substrates immersed for one hour in TSB yielded an average of 68.6%, 7.9%, 

20.4%, 0.5%, and 2.6% for C, N, O, Zn, and Cu, respectively across all replicate 

conditions. After 14 days of immersion, replicate substrates in TSB contained an average 

of 71.6%, 6.0%, 20.1%, 0.6%, and 1.6% C, N, O, Zn, and Cu, respectively. analysis of 

immersed substrates indicates rapid environmentally induced changes in surface 

composition when compared to controls. In comparison to the control, immersion for 14 

days in TSB induced an increase in N, O, and Cu, and a decrease in C and Zn on the 

surface. Substrates immersed in TSB between one hour and 14 days, on average, had a 

relatively consistent surface composition.  

Interspeed 640 is an AF coating designed for long term use so consistent surface 

composition over the course of the sampling period is not surprising. Minor undulations 

in composition are likely the result of the hydrate and dissolve cycle the coating is 

designed to perform to release biocide. However, the immediate difference in surface 

composition between ddH2O substrates and TSB substrates indicate some degree of 

environmental dependency in coating response. Solution-dependent impacts are most 

evident in the average percentage of N, Zn, and Cu. As previously discussed in Section 

2.2.2, there are great differences in the composition of ddH2O and TSB. The additional 

components present in TSB are likely contributing not only to increased Cu release but 

also to differences in surface composition. Protein digest components such as peptide 

fragments and amino acids interacting with the surface of the coating are a likely 
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explanation for the increased presence of nitrogen. Additionally, the ratio of surface Zn 

to Cu appears to be dependent on the solution environment. Coated substrates 

immersed in ddH2O consistently contain a higher percentage of surface Zn than Cu both 

initially (2.2% Zn vs 0.2% Cu) and after 14 days (1.5% Zn and 0.3% Cu). Whereas an 

opposite trend is observed for samples in TSB which consistently contain more surface 

Cu than Zn both initially (2.6% Cu vs 0.5% Zn) and at the end of the assay (1.6% Cu vs 

0.6% Zn). These differences may be due to differences in ionization behavior between Cu 

and Zn in addition to the different solution compositions.  
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Figure 5: Comparison of a coated substrate control to a substrate immersed for 14 days 

in ddH2O. Normalized high-resolution scans of carbon (C 1s), nitrogen (N 1s), oxygen 

(O 1s), zinc (Zn 2p), and copper (Cu 2p) obtained for substrates coated with Interspeed 

640. Control substrates (Ctrl, black) were not immersed and substrates immersed in 

ddH2O (purple) were immersed for 14 days. Data presented are background adjusted 

and normalized to maximum peak intensity of best visualize changes in peak shape.  

Figure 5 shows an overlay of high-resolution XPS data for C 1s, N 1s, O 1s, Zn 

2p, and Cu 2p for both a control coated substrate and for a coated substrate immersed 

for two weeks in ddH2O. Data presented are normalized and overlayed to best visualize 
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immersion-induced alterations in peak shape. To establish a baseline for comparison an 

analysis of the control coating is discussed first. In the C 1s scan, there are two clear 

peaks one centered at binding energy (BE) = 284.3 eV which is characteristic of aliphatic 

carbon.101 The next peak centered at BE = 288.1 eV may be indicative of C interacting 

with a nearby O or N atom.101 For N 1s, the singular peak is centered at BE = 399.6 eV 

which is the region in which amides and amines are expected to appear.101 The O 1s 

signal is centered at BE = 531.8 eV which falls in the range for organic carbonyl signals.101 

Both Zn 2p and Cu 2p produce doublet signals due to split spin-spin orbital coupling. 

For Zn, the 2p3/2 signal is found at BE = 1021.8 eV and the 2p1/2 signal is found at BE = 

1044.8 eV, the signals have the large separation of 23 eV characteristic of Zn.101 In Cu, the 

2p3/2 signal is at BE = 932.7 eV and the 2p1/2 signal is centered at BE = 952.5 eV, the 

separation between these signals is 19.8 eV which is a characteristic of Cu XPS spectra.101 

 The overlay of normalized scans collected from the control sample with those 

collected from the surfaces of samples immersed in ddH2O reveal subtle differences in 

peak shape and shifts in binding energies. The most obvious of which is present in the 

shape of the C 1s scan, after 14 days of immersion which will be discussed below (Figure 

7). Peaks for C 1s are found at BE = 284.7 eV and BE = 288.3 eV, the signal for N 1s is at 

BE = 399.8 eV, and O 1s has BE = 532.0 eV. The doublet signals for Zn 2p are BE = 1021.7 

eV and 1045 eV, and for Cu 2p are BE = 932.7 eV and 952.7 eV. In all analyzed spectra of 
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samples submerged for 14 days in ddH2O revealed binding energy shifts of less than 0.5 

eV. 

 

Figure 6: Comparison of a coated substrate control to a substrate immersed for 14 days 

in TSB. Normalized high-resolution scans of carbon (C 1s), nitrogen (N 1s), oxygen (O 

1s), zinc (Zn 2p), and copper (Cu 2p) obtained for substrates coated with Interspeed 

640. Control substrates (Ctrl, black) were not immersed and substrates immersed in 

TSB (purple) were immersed for 14 days. Data presented are background adjusted 

and normalized to maximum peak intensity of best visualize changes in peak shape. 
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Similarly, an overlay of normalized scans collected from the control sample 

compared to those collected from samples immersed in TSB reveal subtle differences in 

both the shape of elemental peaks and in binding energies (Figure 6). Like the ddH2O 

samples, all observed shifts were less than 0.5 eV. The most obvious spectral difference 

is present in the shape of the C 1s scan, all of which will be discussed in detail below 

(Figure 7). C 1s major peaks are found at BE = 284.4 eV and BE = 287.8 eV, satellite peaks 

are visible at BE = 292.6 eV and 295.5 eV. These satellite features may be indicative of 

substantial sp2 content in the sample. The signal for N 1s is at BE = 399.5 eV, and O 1s 

has BE = 531.3eV. The doublet signals for Zn 2p are found at BE = 1021.7 eV and 1044.8 

eV. The doublet signals for Cu 2p are BE = 932.7 eV and 952.6 eV with additional satellite 

peaks at BE = 944.1 eV and 947.9 eV. Analysis of satellite signals in Cu spectra can assist 

in the identification of the oxidation state present on the substrate. XPS spectra for Cu2+ 

is easily differentiated from Cu+ and Cu0 as it features a large satellite peak 

approximately 9 eV above the doublet signals, landing around 961 eV. Conversely, 

differentiating between Cu+ and Cu0 can be quite challenging as it is reliant on the peak 

broadening and often requires analysis of other spectral regions or complimentary 

analytical techniques. In this case, however, the minor satellite signals between the main 

doublet peaks are likely indicative of trace Cu2+ on the surface. Interspeed 640 contains 

cuprous oxide nanoparticles within the matrix (Cu2O) and exposure to aerobic 

environments over time likely induces oxidation to generate Cu2+.  
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Beginning to decipher chemical environment that may induce the variations in 

peak shape seen in C 1s XPS scans discussed early requires a deeper analysis. By 

deconvoluting the envelopes obtained for the raw scans we can identify which chemical 

environments are contributing to the overall scan and their relative abundance. In the 

control sample, scan A makes up the majority of the signal which indicates a 

composition rich in aliphatic carbon.101 Scan B accounts for roughly 6% of measured 

carbon and scan C accounts for the remaining ~8%, both signals are in regions that 

indicate interactions with O or N. Scan B exists in a region associated with C-(O/N) 

interactions whereas scan C indicates the presence of carbonyl interacting with O or N.101 

Overall, the carbon detected on the surface of control samples coated with Interspeed 

640 is primarily aliphatic with minor interactions with either N or O.  

In contrast, samples immersed in ddH2O have a significantly different surface 

environment with a sharp decrease in aliphatic carbon (scan A, Figure 7) and an increase 

in the percentage of C-(O/N) content (scan B). The relative amount of carbonyl carbon 

detected (scan C) on the surface is largely unchanged when compared to the control 

surface. The general increase in carbon associated with either O or N may suggest 

hydrolysis of the surface which is consistent with the mechanism of action AF coatings 

are designed to employ. 
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Figure 7: Deconvoluted C 1s spectra obtained from high-resolution XPS scans. C 1s 

spectra deconvoluted for the control substrate coated with Interspeed 640 (A), coated 

substrates immersed in ddH2O (B) and in TSB (C). In A-C, black lines depict the 

envelope (summation of all deconvolutions) and deconvolutions are labeled A-E with 

increasing binding energies. Bar graph presented in D depicts the percentage each 

deconvolution contributes to the overall envelope.   

Surfaces immersed in TSB for 14 days also show a decrease in aliphatic carbon 

(scan A, Figure 7) coupled with an increase in C-(O/N) signal as shown by scan B. The 

presence of carbonyl signals (scan c) is increased by roughly 2% when compared to 

other samples. Unlike the control or the ddH2O samples, the TSB surface analysis 

includes to satellite peaks represented by scan D and scan E. These satellites are 

commonly associated with the presence of sp2 carbon.101 Similar the ddH2O immersed 

surfaces, the increase in scan B and scan C may suggest surface hydrolysis. Additional 
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satellite peaks and increased carbonyl signal may be a byproduct of an unknown 

interaction between TSB and the coating surface, or it may indicate the presence of 

molecules or other media components from TSB adhered to the surface.  

2.3 Conclusions and Future Directions 

Great steps have been taken towards the establishment of a method for the 

analysis of coating behavior under controlled laboratory conditions. In this work, we 

originally sought to develop an assay that would allow us to assess how Interspeed 640 

responds to conditions that favor bacteria growth. However, we created an assay that 

allows for the fine-tuning of solution conditions while monitoring changes in Cu release 

and surface chemistry in tandem. In the application of this method described here we 

were able to successfully measure Cu release under our established conditions and 

characterize the coating surface.  

Glass coverslips coated with Interspeed 640 were immersed for 14 days in either 

ddH2O or TSB. Here, ddH2O was chosen as an inert control environment and TSB was 

chosen as the environment to favor bacterial growth. After 14 days, coated substrates 

immersed in ddH2O released an average of 3 ppm Cu into solution while substrates 

immersed in TSB released 1600 ppm Cu. Interestingly, the increase in Cu release is 

apparent within one day of immersion. Previous literature has emphasized the 

measurement of Cu release in natural environments and in artificial seawater, from 

these investigations we know that Cu release increases with salinity.15, 85-87 The results 
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obtained here agree with prior literature as we see over a 500% increase in Cu release 

from samples immersed in TSB compared to those in ddH2O. However, TSB contains 

additional components, such as protein digests, that may impact Cu release. Future 

method development and assessment of Interspeed 640 should focus on the inclusion of 

single components to elucidate their importance in Cu release under simplified 

conditions. Furthermore, this method would benefit from the implementation of pH 

monitoring as solution pH will directly affect both Cu speciation and Cu release.  

Surface analysis of coated substrates can be divided into two main sections, 

elemental composition and chemical environment. When compared to untreated coated 

substrates, immersion in ddH2O induced little change in the elemental composition of 

the surface. Conversely, TSB induced substantial increases in both nitrogen and copper. 

Our current theory to explain this increase revolves around the presence of protein 

digests in the TSB. We suspect that peptide fragments and amino acids may be 

interacting with the surface in a currently unknown way, or that these increased signals 

are the result of residual TSB dried on the surface, or a combination of the two.  

Our assessment of the chemical environment relies upon high-resolution XPS 

data collected for C 1s, N 1s, O 1s, Zn 2p, and Cu 2p. In either ddH2O or TSB, we 

observed no shifts in binding energy greater than 0.5 eV when compared to the control 

substrate. This implies that alterations in the chemical environment of the surface are 

minor. In depth analysis of C 1s reveals that immersion in both test environments 
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decreases the proportion of aliphatic carbon and increases the proportion of carbon 

associated with either oxygen or nitrogen. These results suggest hydrolysis of the 

surface which is in line with the standard behavior of antifouling coatings. For samples 

immersed in TSB, we observed the presence of additional satellite signals in the C 1s 

region which indicate sp2 carbon. We also observed satellite signals in the Cu 2p which 

indicate trace Cu2+ on the surface. The presence of additional satellite signals coupled 

with the slight increase in carbonyl carbon content observed in TSB immersed sample 

surfaces may imply more complex surface chemistry.  

Ultimately, the work presented herein has provided a foundational method to 

assess environmental impacts on antifouling coatings. More specifically, the assay 

conditions chosen here set the stage for future analyses in which bacterial species will be 

included to determine the impact of bacterial growth on Cu release and the coating 

surface. Deciphering the role of bacteria, particularly those implicated in the facilitation 

of marine biofouling, and how they impact the microenvironment at the coating surface 

will inform the development of future AF coatings.  

2.4 Methods 

2.4.1 Materials and General Methods  

Chemicals and solvents were obtained from commercial suppliers and used as 

received unless otherwise described.  
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2.4.2 Substrate Preparation  

25 mm diameter circular glass coverslips with a thickness of 0.19-0.22 mm (Fisher 

Scientific) were coated with a thin layer of Interspeed 640 (International-Marine), an 

antifouling (AF) coating that utilizes Cu2O as a primary biocide. The coverslip was 

placed onto the spin vacuum chuck of a spin coating system (POLOS) and a 10 mL 

syringe was used to dispense approximately 200 - 300 µL of AF paint onto the surface. 

The tip of the syringe was used to roughly distribute the paint across the surface and the 

sample was spun at 6000 rpm with an acceleration of 1200 rpm/sec for 45 seconds. 

Samples were allowed to dry for at least 24 hours.   

2.4.3 Sampling Conditions  

Clear, flat-bottom, 6-well cell culture plates (Thermo Scientific) were used as 

vessels for the immersion assay described in Section 2.2.1. The top 3-well row was filled 

with 6 mL of double-distilled 18.2 MΩ water (ddH2O) to serve as the control 

environment. The bottom 3-well row was filled with 6 mL of tryptic soy broth (Difco, 

(TSB)) to serve as the test environment. TSB was prepared according to the 

manufacturer’s instructions, briefly, to one liter of ddH2O 30 g of premixed powder were 

added prior to autoclaving at 121 °C for 15 min. The final composition of TSB per one 

liter is 17 g casein digest, 3 g soybean digest, 2.5 g dextrose, 5 g sodium chloride, and 2.5 

g dipotassium phosphate. Using sterilized tweezers, a single coated coverslip was added 

to each well coating side up. Plates were sealed with an AeraSeal plate film (Sigma-
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Aldrich) and covered with the provided lid. Sealed sample plates were stored in a large 

shaking incubator set to 25 °C and 125 rpm.  

Timepoints were collected initially in a pseudo-logarithmic manner (1 h, 2 h, 4 h, 

8 h, and 12 h) before switching to 12 h increments for the first three days. Timepoints 

continued daily from day 4 to day 8, then every other day until the final timepoint at 

day 14. For each timepoint, three separate 1.5 mL aliquots of each condition were 

collected into 2 mL snap-cap microcentrifuge tubes and coated glass substrates were 

transferred into clean 6-well culture plates. Samples were stored at 4 °C and coated 

substrates were left to dry in preparation for subsequent analysis. Liquid samples were 

analyzed for copper content using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (section 2.4.4) and coated coverslips were analyzed via x-ray 

photoelectron spectroscopy (XPS) for surface composition (section 2.4.5).  

2.4.4 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) 

2.4.4.1 Sample Preparation  

Samples for ICP-OES were made gravimetrically; dry acid-rinsed (3% HNO3) 15 

mL centrifuge tubes were labeled, and the mass was recorded. Aliquots of each collected 

sample were passed through 0.22 µm filters to remove any solid particulates and 

transferred into the appropriate centrifuge tube. Samples were brought up to 5 mL using 

dilute nitric acid. Masses were recorded for each sample before and after dilution.  
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2.4.4.2 Calibration Curves and Analysis Parameters  

Copper (Cu) curves were prepared to span a wide range of Cu concentrations, 

and all glassware used was prewashed with nitric acid and dried to remove adventitious 

metals. Calibration curves were prepared gravimetrically in 3% HNO3 in ddH2O using 

metal standards purchased from Inorganic Ventures. A copper stock solution was made 

in a 50 mL volumetric flask in 3% HNO3 and serially diluted 2-fold. Serially diluted 

copper stock solutions were divided in half, one half was brought to volume with 3% 

HNO3 and the other half was brought to volume with 3% HNO3 with the addition of 1% 

TSB to account for media present in the samples.  

Elemental analysis was performed on an Agilent 5800 ICP-OES system. 

Instrument calibration occurred initially and half-way through sample analysis for both 

the control (ddH2O) sample set and the test (TSB) sample set. Multiple wavelengths 

were selected to ensure adequate signal resolution, but the wavelength with the highest 

linearity and lowest error in the calibration curve was chosen for data analysis (Cu = 325 

nm). Samples were measured in triplicate and the average intensity is the value reported 

by the instrument. Intensities were converted to concentration (in ppm) using the line-

of-best fit generated from the prepared calibration curves.  
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2.4.5 X-ray Photoelectron Spectroscopy (XPS) 

2.4.5.1 Sample Preparation  

Coated substrates were kept in 6-well culture plates between collection and 

analysis. Surfaces were untouched between collection and XPS analysis. For each 

timepoint, all three replicates from both ddH2O immersion and TSB immersion were 

measured together. In some cases, the surface coating had signs of cracking and flaking, 

in these situations the coverslip was lightly tapped to remove loose particulates.  

2.4.5.2 Analysis and Quantification   

XPS was performed using a Thermo Fisher Nexsa G2 surface analysis system. 

Data was acquired at room temperature (~27 °C) in an ultra-high vacuum analysis 

chamber with a base pressure of <5 x 10-9 mbar. The instrument was equipped with a 

monochromated, micro-focused, low-power Al Kα x-ray source that is regularly 

calibrated and maintained at 1486.6 ± 0.2 eV. For analysis, the x-ray source illuminated a 

400 µm spot and three separate positions were analyzed per sample. Samples were 

irradiated using a low energy (< 10 eV) Ar+ flood gun to mitigate surface charging.  

Survey spectra were acquired with one eV resolution (step size) and a pass 

energy of 200 eV (resolution of 1.7 eV) for a total of four scans per spot. High-resolution 

spectra were acquired with a 0.1 eV resolution and a pass energy of 50 eV for a total of 

ten scans per spot. For each sample, normal-emission high-resolution spectra in the C 1s, 

N 1s, O 1s, Zn 2p, and Cu 2p regions were acquired. High-resolution spectra were fit 
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with Smart background and symmetrical Guassian-Lorentzian peaks using the 

Avantage software package (Thermo Avantage V.5.9931, Thermo Fisher Scientific). 

Binding energies were not charge corrected; the primary aliphatic C 1s peak was 

observed at a binding energy (BE) of 284.4 ± 0.4 eV. Deconvolution was performed from 

lowest to highest BE. Elemental compositions represented as atomic % were generated 

by the software package but are generally quantified using calibrated analyzer 

transmission functions, Scofield sensitivity factors, and effective attenuation lengths.  

2.5 Supplemental Materials 

 

Supplemental Figure 2.1: Calibration curves generated for ICP-OES measurement of 

Cu in both ddH2O and TSB. Line of best fits were generated and used to convert raw 

intensity to ppb or ppm.  
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3. Isolation, Identification, and Characterization of Primary 

Colonizing Bacteria Harvested from Antifouling Coatings  

3.1 Introduction 

Accumulation of marine biofouling on ship hulls and other submerged 

structures creates a foundational problem within the maritime shipping industry. 

Biofouling build-up increases the drag coefficient which in turn negatively impacts fuel 

consumption, exhaust emissions, and operational costs.34, 78, 79 In addition to deleterious 

industrial impacts, biofouling also poses substantial risks to human health as fouled 

vessels are recognized for the transfer of microorganisms to non-native environments.42, 

43, 81, 82 Biofouling is commonly inhibited by the application of antifouling coatings 

containing biocides to prevent the growth of microbial communities. Currently, the most 

utilized coatings are ablative antifouling coatings that rely on copper oxide (Cu2O) as the 

main biocide.15, 35, 83  

Copper (Cu) is the most widely used biocide in antifouling coatings.83 Cu is also 

a vital micronutrient, serving as a critical cofactor for enzymes involved in a multitude 

of biological pathways. All organisms possess mechanisms to manage copper levels 

including pathways for its acquisition, trafficking, storage, and detoxification.102-104 

Minor alterations in copper concentration disrupt intracellular metal homeostasis and 

induces a myriad of damaging effects including the production of reactive oxygen 

species (ROS), impairment of membrane function, protein dysfunction, and disruption 
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of enzymatic activity.102, 105-107 To combat Cu dyshomeostasis, bacteria utilize various 

regulation mechanisms to ensure that vital cuproproteins, proteins that require Cu for 

proper function, are metalated while other cellular regions are protected from toxic Cu 

levels. Due to the differences in their ability to regulate Cu, bacterial organisms typically 

exhibit widely varied sensitivities to copper.108-110 While there is likely substantial 

variation in Cu handling mechanisms, those within Escherichia coli are currently the most 

well defined.  

With the main goal of maintaining Cu homeostasis, bacteria have evolved a 

variety of proteins and small molecule-based systems responsible for the efflux, 

oxidation, and sequestration of copper.111 In E. coli, both Cu(I) and Cu(II) may permeate 

the outer membrane to enter the periplasm, but only Cu(I) may pass through the inner 

membrane to the cytoplasm.112, 113 Efflux of Cu(I) from the cytosol is controlled by the cue 

system, which directly activates CueR; a copper-selective protein that coordinates one 

Cu(I) ion per monomer. 113, 114 Activation of CueR induces upregulation of copA and cueO 

genes, which are related to copper efflux and oxidation, respectively.111 CopA, a P1B-type 

ATPase, is an efflux pump that traverses the inner membrane to export Cu(I) from the 

cytoplasm to the periplasm.113, 115 Additional copper concentration control is carried out 

by the two-component Cus system comprised of CusCFBA and CusRS which, upon 

activation, is responsible for minimizing periplasmic copper.116 Oxidation of Cu(I), the 

more damaging form of copper, to Cu(II) is mediated by the multicopper oxidase 
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CueO.111, 117 Cu sequestration is conducted by a variety of Cu chaperones, siderophores, 

and cuproproteins. A well-known Cu chaperone is CopZ, a protein encoded by CopA, 

which transport copper intracellularly.92, 115 Though mechanisms may not be as well 

defined in other species, the toxicity of Cu and the necessity of tight regulation is 

constant across all domains of life.  

 

Figure 8: Comparison of biofouling in 2006 vs 2018 on Interspeed 640 after static 

immersion. Depiction of the declining efficacy of Interspeed 640 over months of static 

immersion over the course of a decade. Images used with permission from the 2006 

study118 and the 2018 study39 

Commercially available Cu antifouling coatings can contain up to 75 % Cu2O by 

weight in an attempt to release sufficient levels of Cu to prevent biofouling over the 

extended coating lifetime.105, 107, 119 Despite these high loading, the efficacy of these 

coatings has been in decline with what is hypothesized to be the emergence and spread 

of Cu tolerant species. In 2006, the biofouling on Interspeed 640, a standard Cu ablative 
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coating, was limited to small aggregates of slime after eleven months of static 

immersion.118 When the study was replicated in 2018, a thick slime layer had formed 

within the first month, followed by the appearance of a diverse macrofouling 

community after only seven months of static immersion.39 (Figure 8) This progression of 

biofouling suggests that the biofilm community forming on these Cu-rich surfaces have 

become increasingly capable of tolerating high levels of Cu.  

The process of biofouling is dependent on the formation of the initial biofilm as 

this is what facilitates the settlement and accumulation of macrofouling organisms (e.g., 

algae, sponges, ascidians, barnacles, etc.). Thus, investigating the composition and Cu 

tolerance of the organisms contained in the initial biofilm, hereby referred to as primary 

colonizers, is of interest. Additionally, previous literature indicates that a combination of 

surface character and environmental conditions play substantial roles on the diversity of 

biofilm communities.120-124 For example, when panels are deployed in one location with 

different types of AF coatings applied, the isolated biofilms present differences in 

composition and richness (defined as the number of different species), indicating a 

surface-dependence in biofilm diversity.124 Similarly, when panels coated with the same 

AF paint are deployed at different locations, the biofilms isolated will have differing 

species compositions.120, 123 In this study, panels coated with Interspeed 640 were 

deployed alongside uncoated polyvinyl chloride panels at three different field sites and 

biofilms were collected after two weeks of immersion. Bacterial species were isolated 
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and identified to better define the species involved in primary colonization across the 

three different field sites. 

Towards the goal of capturing biofilm diversity after early immersion across 

field sites, we were able to generate a library of isolated bacteria. The library contains 

species from both coated and uncoated panels from each site. Based off the methods 

employed here we were able to identify 10 species from site 1, 7 species from site 2, and 

21 species from site 3. Species isolated from site 1 and site 2 had higher similarity to each 

other than to site 3. From the species isolated at the estuarine site in Maryland (site 1), 

we found that Cu tolerance was not restricted to species harvested from coated panels as 

species harvested from both coated and uncoated panels displayed similar levels of Cu 

tolerating abilities.  

3.2 Results and Discussion 

3.2.1 Biofilm Community Development is Influence by Environmental 

Factors 

Diversity within biofilm communities is influenced by surface characteristics and 

environmental factors, mainly temperature and salinity.120-122 To capture this diversity, 

uncoated panels and panels coated with Interspeed 640 were deployed in three different 

locations: Chesapeake Bay, Chesapeake Beach, MD, US (site 1), Port Marina, Cape 

Canaveral, FL, US (site 2), and Indian River Lagoon, Melbourne, FL, US (site 3). Panels 

were deployed for 14 days in June of 2023, temperature and salinity data are provided in 
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Figure 9 for all three field sites. At the time of sampling, the average temperature and 

salinity were 22 °C and 9.3 ppt for site 1, 28 °C and 36 ppt for site 2, and 26 °C and 21 ppt 

for site 3. Additionally, the sites differ in the frequency of marine traffic, as site 2 is an 

active marina there is significantly more in- and out-bound vessel traffic than site 1 or 

site 3. 

 

Figure 9: Temperature and salinity data from 2023 for three sites of panel deployment. 

Temperature (red, right axis) and salinity (blue, left axis) data for all three field sites 

where panels were deployed to assess biofilm community diversity. The data for site 

1 was extracted from the National Oceanic and Atmospheric Administration and the 

data for site 2 and site 3 were provided by Kailey Richard (FIT).   

Polyvinyl chloride (PVC) panels were either deployed uncoated or coated with a 

commercially available copper-based self-polishing antifouling coating. Panels were 

attached to 10’  6’ racks and immersed at a depth of approximately 2 m in late May of 

2023 for site 1. Racks were left undisturbed for two weeks and, in early June, biofilms 

Ju
n

Ju
l

A
ug

S
ep O

ct
N
ov

D
ec Ja

n
Feb M

ar
A
pr

M
ay

6

8

10

12

14

0

10

20

30

S
a
li
n

it
y
 (

p
p

t)

Chesapeake Bay

T
e
m

p
e
ra

tu
re

 (°C
)

Ju
n

Ju
l

A
ug

S
ep O

ct
N
ov

D
ec Ja

n
Feb M

ar
A
pr

M
ay

0

10

20

30

40

0

10

20

30

40

S
a
li
n

it
y
 (

p
p

t)

Port Marina

T
e
m

p
e
ra

tu
re

 (°C
)

Ju
n

Ju
l

A
ug

S
ep O

ct
N
ov

D
ec Ja

n
Feb M

ar
A
pr

M
ay

0

10

20

30

40

0

10

20

30

40

S
a
li
n

it
y
 (

p
p

t)

Indian River Lagoon

T
e
m

p
e
ra

tu
re

 (°C
)



 

47 

were collected in triplicate using cell scrapers and stored in glycerol (25% glycerol in 

Difco Marine Broth (MB) 2216). Collections at site 2 and site 3 followed the same 

protocol and sampling schedule with collections two weeks after site 1.  

Species isolation was carried out using serial plating techniques. Briefly, 2 µL 

aliquots of replicate collections were combined and plated onto Difco Marine Agar (MA) 

2216 and incubated at 30 °C until visible colonies formed (approximately 72 h). From 

these consortium plates single colonies were picked and replated onto fresh MA for 

another round of incubation. This process was repeated until single, homogeneous 

colonies were obtained and then three additional rounds of plating to ensure pure 

colonies. A library of isolated bacteria was created for each field site (Tables 1–3) for 

future reference and species were identified using 16S amplicon sequencing techniques. 

The following tables indicate the species isolated successfully from each field site 

grouped by the substrate from which the biofilm was originally collected. The leftmost 

column present in each table indicates the alignment grade which is a measurement of 

how well the isolated bacterial DNA overlaps with the sequences present in the NCBI 

database.  

Table 1: Bacterial species isolated from site 1 (Chesapeake Bay, Chesapeake Beach, MD, 

US) 

Panel Treatment Identified Species Alignment Grade 

Blank Fictibacillus sp. strain AFS043915 99.9% 
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Blank Bacillus xiamenensis P2 100% 

Blank Bacillus pumilus strain BM1Q2009 100% 

IS640 Erythrobacter aquimaris strain 4m129 99.2% 

IS640 Pontixanthobacter luteolus strain SW-109 99.1% 

IS640 Priestia aryabhattai strain NPH4 100% 

IS640 Altererythrobacter luteolus strain Hal078 100% 

IS640 Pontixanthobacter luteolus strain M72 100% 

IS640 Priestia aryabhattai strain R12 100% 

IS640 Pontixanthobacter luteolus strain ROD208 100% 

 

Table 2: Bacterial species isolated from site 2 (Port Marina, Cape Canaveral, FL, US) 

Panel Treatment Identified Species Alignment Grade 

Blank Halobacillus sp. strain PK-M7 99.8% 

Blank Halobacillus sp. strain JSM ZJ206 100% 

Blank Alkalihalobacillus algicola strain M160 100% 

Blank Microbulbifer sp. strain CCB-MM1 99.9% 

IS640 Alkalihalobacillys algicola strain M160 99.7% 

IS640 Alkalihalobacillys algicola strain ROD204 97.0% 

IS640 Bacillus cereus strain G50  96.9% 
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Table 3: Bacterial species isolated from site 3 (Indian River Lagoon, Melbourne, FL, US) 

Panel Treatment Identified Species Alignment Grade 

Blank Halobacillus sp. strain FJATT-53063 98.4% 

Blank Bacillus pumilus strain BM1Q2009 98.5% 

Blank Cytobacillus kochii strain V75 99.7% 

Blank Bacillus sp. PRL6 92% 

Blank Cytobacillus kochii strain V51 98.9% 

Blank  Bacillus xiamenensis strain P2 27.5% 

Blank Rossellomorea sp. YZS02 94.3% 

Blank Cytobacillys firmus strain HIB-085 99.1% 

Blank  Fictibacillus phophorivorans strain V6146 99.5% 

Blank  Fictibacillus phophorivorans strain V6547 72.2% 

Blank  Cytobacillus homeckiae strain AN479 80.3% 

Blank Rossellomorea sp. strain OTU36M16 72.6% 

IS640 Priestia aryabhattai strain 22414 99.5% 

IS640 Priestia aryabhattai strain V6191 99.7% 

IS640 Bacillus pumilus strain MB1Q2009 99.7% 

IS640 Bacillus sp. strain 11R-A  99.1% 

IS640 Bacterium strain BS1358 99.3% 

IS640 Halobacillus sp. strain GSP43 98.4% 
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IS640 Bacillus altitudinis strain L9 99.6% 

IS640 Bacillus sp. strain S112T 99.6% 

IS640 Bacillus sp. strain 22LB5 99.8% 

Of all 38 successfully identified isolates, 21 were collected from site 3. This may 

be indicative of generally higher species richness and diversity at this location in 

comparison to site 1 and site 2. Importantly, the method used to collect biofilms at each 

field site included the use of MB which may induce a down-selection for the collected 

bacterial communities as the species that are incompatible with MB would be unlikely to 

survive. Additionally, not all collected bacteria are compatible with culture techniques.  

A phylogenetic tree was constructed to best interpret the relationship between 

the three field sites while also relating both coated and uncoated panels (Figure 10). In 

the phylogenetic tree below, each branch or horizontal line, represents a lineage and 

where the branch diverges is a node. The scale bar at the bottom represents the length of 

the branch that corresponds to a difference of 7 nucleotides; essentially the shorter the 

branches on the node connecting two species the more closely related those species are. 

Conversely, long branches indicate species that are less related. Isolates from site 1 

appear to have higher similarity to isolates from site 2 based off the length of the 

branches connecting them. We also observe very short branch lengths between the 

species from the coated panels, this is because only four unique species were isolated 

from site 1 and different strains were identified. Isolated species from site 2 appear in 
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the clusters of site 1 and site 3. Interestingly, site 2 is unique as it is an active marina 

which allows for the introduction of new species that may not natively exist in that 

location. While further analysis is required to fully characterize the biofilm communities 

at each site, it is interesting to consider that site 2 is an amalgamation of native and non-

native bacterial species brought about by marine vessel traffic. Finally, the isolates of site 

3 follow a similar trend to those in site 1 the overall group of both coated and uncoated 

panels are mostly separated from the other sites. Within the isolates for site 3, species 

from the coated and uncoated panels are also separated.  

 

Figure 10: Phylogenetic tree depicting the relationship between species harvested 

across three field sites from both coated and uncoated panels. Relationship between 
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species collected from site 1 (CBD, purple), site 2 (FIT, red), and site 3 (ANC, black) 

across both uncoated (label: blank) and coated (label: IS640). The scale bar at the bottom 

shows the length of the branch that represents the amount of genetic change.  

3.2.2 Optimization of Cell Culture Conditions 

Bacterial species were originally isolated on Difco marine agar (MA) 2216 plates 

and cultured using Difco marine broth (MB) 2216, however due to the high salinity in 

the media precipitation from MB is common and is thus optically unfavorable. In all 

assays, bacterial growth was measured using the optical density at 600 nm (OD600) and 

assays originally completed using MB were unable to differentiate between precipitation 

and bacterial growth. To circumvent this problem, growth assays were completed using 

alternative culture media; LM (standard LB broth with an additional 10 g/L sodium 

chloride, NaCl, BB (one part LB to one part MB), or tryptic soy broth (TSB).  
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Figure 11: Growth curves for selected species isolated from site 1 in three different 

types of culture media. Single colonies of selected species were used to inoculate 3 

mL of MB and incubated overnight at 30 °C, 225 rpm. Overnight cultures were diluted 

into test media to a final OD600 of 0.05 in 96-well culture plates. Data are 

representative of three biological replicates and plotted as the average with error 

calculated as standard deviation, represented by the error bars in the figure.   

Representative strains of each major species group collected and isolated from 

site 1 were used for general growth optimization as shown in Figure 11 above. The 

tested bacterial isolates all grew best when supplemented with TSB, which is mildly 

surprising given the general affinity for marine bacteria and high salinity. LM is a 

nutrient rich medium, with LB as a base, but with a much higher salinity with an 

additional 10 g NaCl per L added (for a total of 15 g per L). BB is a media rich in both 

nutrients and salinity as it is composed of one-part LB and one-part MB. MB contains 
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approximately 20 g NaCl per L with multiple additional metal salts making it the 

highest salinity media assayed. TSB is considered a nutrient-rich medium with a 

moderate salinity originating from the 5 g NaCl per L prepared. The Priestia spp. isolated 

do not appear to be sensitive to nutrient variability or salinity where the isolated Bacillus 

spp. have the opposite reaction. From these observations, subsequent cell culture assays 

for field site isolations were carried out in TSB.  

3.2.3 Copper Tolerance is Not Exclusive to Isolates Harvested from 

Interspeed 640 Coated Panels 

Given the diversity in the bacterial species isolated from the uncoated and coated 

panels, it was hypothesized that there would be variation in copper tolerance depending 

on the origin of the sampled bacteria. Additionally, we hypothesized that species 

isolated from coated panels would have a substantially higher tolerance to supplemental 

Cu.  
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Figure 12: Growth curves depicting the behavior of three bacterial species isolated from 

the uncoated panels deployed at site 1 following incubation with copper. Single 

colonies from each isolate were used to inoculate 3 mL of TSB media and incubated at 

30 °C overnight at 225 rpm. Overnight cultures were diluted to a final OD600 of 0.05 in 

96-well culture plates containing increasing concentrations of copper sulfate. Data 

represented are the average of three biological replicates that have been background 

subtracted, to correct for media signals and copper absorbance, and normalized. Error 

was calculated as SD and represented by error bars in the figures.  

To investigate this, individual species harvested from site one (CBD, MD) were 

studied using a one-dimensional broth microdilution technique. In a simple 96-well 

plate format, each strain was exposed to a dilution series of copper sulfate diluted into 

TSB and bacterial growth was measured using OD600 over a 72-h period. The upper limit 

of 10 mM supplemental CuSO4 was originally chosen as an arbitrary starting point, 

however the isolated bacterial strains show an ability to tolerate levels of Cu that are 
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significantly higher than anticipated based off the concentrations typically detected in 

aquatic environments. The upper Cu concentrations have an absorbance band that 

overlaps with the OD600 reading; to account for this each assay included a Cu dilution in 

media in the absence of cells to provide a sufficient background control. 

Bacterial species isolated and cultured from uncoated (Figure 12) and coated 

panels (Figure 13) showed similar abilities to survive when challenged with high 

concentrations of CuSO4. Species isolated from uncoated or ‘blank’ panels demonstrated 

a collective ability to tolerate up to 1.25 mM Cu across all three species without 

significant growth inhibition. The Cu-tolerance may be a result of high concentrations of 

dissolved Cu in the sampling area or due to the proximity of blank panels to coated 

panels. Based off of the results discussed in the previous chapter and the literature 

precedent for the direct relationship between Cu-release and salinity, we can suppose 

that there is a substantial spike in local copper concentration immediately surrounding 

the racks to which the panels were attached.  
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Figure 13: Growth curves depicting the behavior of three bacterial species isolated from 

panels coated with Interspeed 640 (IS640) from site 1 after incubation with copper. 

Single colonies from each isolate were used to inoculate 3 mL of TSB media and 

incubated at 30 °C overnight at 225 rpm. Overnight cultures were diluted to a final 
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OD600 of 0.05 in 96-well culture plates containing increasing concentrations of copper 

sulfate. Data represented are the average of three biological replicates that have been 

background subtracted, to correct for media signals and copper absorbance, and 

normalized. Error was calculated as SD and represented by error bars in the figures.  

Panels treated with our antifouling coating of interest yielded species with 

copper tolerating abilities similar to those detected in species isolated from blank panels. 

A noticeable trend prevalent in the isolates from coated panels is their growth recovery 

ability. This phenomenon, in which concentrations of Cu may initially inhibit growth 

but over the course of the assay, growth recovers to almost match that of the positive, or 

untreated control, can best be visualized in isolate 6 and 7. Within the first 24 hours of 

Cu exposure, concentrations between 5 mM and 0.625 mM Cu inhibited bacterial growth 

compared to no Cu. Perhaps the most interesting of the seven isolated species is isolate 

number 4, which appears to have enhanced growth in the presence of supplemental Cu. 

Growth in this species was completely inhibited at 10 mM Cu, concentrations between 

1.25 mM and 5 mM Cu appear to initially inhibit growth but these and lower 

concentrations of Cu seem to promote growth beyond the abilities of untreated cells.  

3.3 Conclusions and Future Directions 

We originally hypothesized that there would be substantial species diversity 

both across field sites and across testing conditions (coated vs. uncoated panels). 

Additionally, it was postulated that the bacterial species isolated from panels treated 

with the AF coating of interest would exhibit enhanced abilities to tolerate high levels of 

copper when compared to species isolated from uncoated panels. These hypotheses 
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were investigated first by deploying panels at field sites with critical differences in 

environment such as temperature and salinity as well as in marine vessel traffic. 

Biofilms formed on these panels after two weeks were collected to isolate what we refer 

to as primary colonizing bacteria. From this, we have created a library of primary 

colonizers that we may use to evaluate copper tolerance present now. This library may 

also be utilized in the future as these bacteria will become a point of comparison for 

future collections.  

Overall, we observed bacterial diversity across all field sites as expected. 

Diversity between coated and uncoated panels was also detected as expected. 

Interestingly, the copper tolerating abilities assessed for site 1 using broth microdilution 

techniques did not reveal any substantial difference based on the origin of the bacteria 

sample. There was no significant increase in Cu tolerance from isolates taken from Cu 

AF coating panels. A potential explanation for this observed trend is related to the 

position of coated panels in relation to uncoated panels, as they are both in close 

proximity (within inches) it is likely that released Cu from coated panels is concentrated 

in the area and exposing bacteria to a similar environment regardless of the surface 

interface.  

The efforts presented here go together with those presented in Chapter 2 as both 

chapters aim to tackle the same problem, the decline of self-polishing antifouling 

coatings that use Cu as a biocide, from two different angles. Chapter 2 provides 
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information regarding how environmental conditions impact Cu release and coating 

surface composition in the 14 day period in which primary colonization occurs; chapter 

3 focuses on building a foundation for a larger effort towards evaluating the emergence 

and persistence of potential copper tolerance in bacteria. These results will serve as a 

foundation for future studies in which bacterial species are included in the sample set to 

begin investigating how primary colonizing bacteria interact with the surface.  

Based on experimental evidence and literature surrounding marine bacteria, 

there are at least a few potential possibilities: 1) Modern marine bacteria have acquired 

advanced mechanisms to handle copper, either through sequestration or detoxification, 

2) these bacteria possess extremely efficient copper efflux processes which allow leached 

Cu to essentially bypass the adhering bacteria and release into open water, or 3) 

bacterial adhesion inhibits the Cu release rate thus allowing biofilm formation and 

subsequent fouling to occur. Assessment of copper handling mechanisms within 

bacteria can be a complex process and the results are likely unique to each species. This 

study has provided a library of bacterial species known to form biofilms on coated 

panels as well as Cu tolerance profiles to better understand how these species respond 

to Cu. These results provide a launch point for future research that may involve full 

genomic analysis of acquired species to determine which Cu handling mechanisms are 

present and RNA sequencing to determine global responses to different levels of Cu 
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treatment. Ultimately, we hope to understand the biological processes that are 

contributing to the decline of this prominent antifouling coating.  

3.4 Methods 

3.4.1 Materials and General Methods 

Chemicals and solvents were obtained from commercial suppliers and used as 

received unless otherwise noted.  

3.4.2 Panel Preparation, Deployment, and Sampling 

Polyvinyl chloride panels, 4”x8”, were either coated with Interspeed 640 with a 

commercially available paint roller or left untouched prior to static immersion at 

estuarine and marine field test sites. Coated panels were allowed to dry for at least 24 h 

before deployment.  

Triplicate sets of coated and uncoated panels were submerged for 14 days prior 

to sampling. Plastic cell scrapers were used to collected biofilms from the panel surface. 

Field site samples were collected and immediately stored in cryogenic vials containing 

25% glycerol in Difco marine broth 2216 (MB). Cryogenic vials were stored at -80 °C 

when not in use.  

3.4.3 Species Isolation  

For each condition, 3 µL of collected stocks in replicate conditions (i.e., all 

collections from coated panels from one field site) were combined in a 250 µL snap-cap 

tube and mixed. To create consortia plates, a 1 µL inoculation loop was used to streak 
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the combined sample on Difco Marine Agar 2216 (MA) plates and incubated at 30 °C for 

72 h. After inoculation, visual characteristics (color, morphology, opacity, etc.) were 

used to pick single colonies which were then used to inoculate a fresh MA plate. The 

fresh plate was again incubated at 30 ° for 72 h. This process was repeated until each MA 

plate contained homogenous colonies and then an additional three rounds of plating to 

ensure pure colonies were obtained.  

A single pure colony was used to inoculate 3 mL of MB prior to incubation at 30 

°C, 225 rpm for 48 h. Inoculated cultures were used to generate glycerol stocks with a 

final concentration of 25% glycerol (v/v) in MB. Glycerol stocks were stored at -80 °C.  

3.4.4 Species Identification  

3.4.4.1 16S Amplicon Sequencing 

Initial DNA extraction was completed using single colonies grown from frozen 

glycerol stocks and plated onto fresh MA plates. A single colony was picked using a 

sterile toothpick and placed into one well of a 24-well PCR plate containing 200 µL of 

10% chelex (w/w) solution. Plates were sealed with adhesive PCR plate seals 

(ThermoFisher) and placed into a thermocycler (ThermoFisher ProFlex PCR System) for 

DNA extraction. DNA extraction plate was held at 60 °C for 90 min then the 

temperature was increased to 99 °C for 10 min before being reduced and maintained at 

10 °C. Extracted DNA samples were used for PCR amplification in fresh 24-well PCR 

plates containing Hot Start Taq 2x Master Mix (NEB; M0496L) and the 27F/1492R primer 
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pair in nuclease free water. PCR plates were sealed and placed in the thermocycler. 

Aliquots were electrophoresed on a 1% agarose gel, then stained with SYBR Safe DNA 

gel stain (Invitrogen) and checked for the presence of a band around 1500 base pairs. 

Successfully amplified PCR products were cleaned using ExoSap-IT Express to remove 

excess nucleotides prior to submission for sequencing. Sequenced results were blasted 

against the NCBI nucleotide collection for species analysis.  

3.4.4.2 Data Analysis  

All sequence analysis was performed using Geneious 11.1.5 software and tools 

included in the base software. Forward and reverse nucleotide sequences were returned 

for each DNA extraction performed as described in the previous section. Sequences were 

trimmed from both the 5’ and 3’ ends with a 5% error probability limit. Alignment of the 

forward and reverse sequences was completed using a global alignment with free end 

gaps. Consensus sequences were generated submitted to the basic local alignment 

search tool (BLAST) for sequence alignment in the NCBI Nucleotide collection. A total of 

100 BLAST hits were obtained for each sequence and used to provide preliminary 

species identification. Phylogenetic trees were constructed using the previously 

assembled consensus sequences. These sequences were aligned using Muscle (3.8.425 by 

Robert C. Edgar) with anchor optimization. The Geneious Tree Builder tool was used to 

build trees using the unweighted pair group method with arithmetic mean (UPGMA) 

method with the Tamura-Nei genetic distance model.125 
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3.4.5 Copper Tolerance Profiles 

A single colony of selected bacterial isolates was cultured overnight in 2 mL of 

Tryptic Soy Broth (TSB) at 30 °C, 225 rpm. Overnight cultures were diluted to an OD600 

of 0.1 in fresh TSB media and used as the working culture. An aqueous stock of copper 

sulfate TSB media to 20 mM working solutions and serially diluted from right to left 

along the rows of a clear, flat-bottomed, 96-well plate. Aliquots of 100 µL of the working 

culture were added to the inner wells of the 96-well plate to a final OD600 of 0.05 and 

final volume of 200 µL. Aliquots of 100 µL of fresh TSB were added to the wells of the 

top and bottom rows to achieve a final volume of 200 µL. The top and bottom rows of 

the plate serve as metal dilution controls to allow for background subtraction of copper 

solution. The right and left columns of the plate contained only 200 µL media and 

served as sterility controls for the assay. Bacterial growth was evaluated via OD600 using 

a Tecan plate reader set at 30 °C, over a 72-hour period with readings taken every 10 

minutes with constant double orbital shaking (1.5 mm). OD600 values were normalized to 

the positive growth control and adjusted for both background signal and metal signals 

using either the values from the right and left columns or the top and bottom rows, 

respectively. Data presented are representative of biological triplicates with error 

calculated as standard deviation represented by error bars in the figures. GraphPad 

Prism 10 (version 10.2.3) was used for data visualization 
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4. Interactions between Marinobacter atlanticus strain CP-1 

and Heavy Metals  

4.1 Introduction 

Over two decades ago, it was discovered that certain bacteria, microorganisms 

that typically couple the oxidation of organic compounds to the reduction of insoluble 

compounds such as metals (i.e., iron (III) chloride, FeCl3), were capable of extracellular 

electron transport (EET) to electrodes. Microorganisms have been isolated from 

cathodes, in which electron acceptors reduce compounds by reacting with electrons and 

protons, as well as from anodes, where organic compounds are oxidized to release 

electrons and protons,126, 127 although the majority of characterized electroactive 

microorganisms have been isolated from anodes.127 Microorganisms capable of EET are 

referred to as electroactive bacteria and include model organisms such as Shewanella 

oneidensis128 and Geobacter sulfurreducens,129 which can produce electrical current using 

redox mediators, cytochromes, and/or nanowires as charge carrying mechanisms.130, 131 

S.130, 131 S. oneidensis and G. sulfurreducens are model electroactive bacteria due to their 

ability to produce high currents through organic acid oxidation and electrode 

respiration under oxygen-depleted conditions. Since the initial discovery of electroactive 

bacteria, EET capabilities have been revealed in a wide range of genera.132 Additionally, 

some electroactive bacteria are capable of both electrogenesis (the deposition of electrons 

onto an electrode, (e.g., to produce electricity) and electrotrophy (the consumption of 
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electrons from an electrode (e.g., to consume electricity).  Despite the wide diversity of 

organisms capable of EET, the range of electrical current production for many of these 

species utilizing EET is much lower than those observed for S. oneidensis and G. 

sulfurreducens. For example, Marinobacter atlanticus produces electrical current four 

orders of magnitude lower than that of the model species.129, 133, 134 However, lower 

current production may be favorable for the development of a biosensor or a 

biomanufacturing chassis organism than an organism that produces high current, where 

EET is likely an important aspect of the microorganism’s metabolism.135 

M. atlanticus is a Gram-negative, heterotrophic marine bacterium isolated from 

Biocathode MCL (Marinobacter, Chromatiaceae, Labrenzia),136 an electrode biofilm 

community isolated from the Atlantic Ocean.137, 138 In the presence of oxygen, M. 137, 138 In 

the presence of oxygen, M. atlanticus produces small amounts of electrical current via 

oxidation of organic acids despite not possessing critical charge-carry mechanisms 

native to model electroactive bacteria.133, 138-140 In particularly, differential gene 

expression137 revealed an absence of genes known to be linked to EET, no evidence of 

large multi-heme c-type cytochromes, and no evidence of soluble shuttle (redox 

mediator) production despite the electroactive capabilities of M. atlanticus.135 Thus, 

despite EET capabilities, the mechanisms for EET in M. atlanticus remain unknown.  

A study characterizing the electrochemical qualities of M. atlanticus noted that 

the addition of trace metals, such as those present in Wolfe’s trace mineral solution (i.e., 
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cobalt, copper, manganese, iron, and zinc) increased anodic current by an order of 

magnitude.133 Additional studies have indicated that M. atlanticus modifies it’s 

extracellular environment in response to electrode potential which is further supported 

by the increased prevalence of genes for protein secretion and metal uptake under 

current-producing conditions.137 Overall, this suggests that currents produced by M. 

atlanticus are likely linked to mineral cycling and metal concentrations within the local 

environment, both of which could affect EET abilities.  

The dependence of mineral bioavailability on the current production by M. 

atlanticus may be linked to the bacterium’s ability to tolerate or leverage environmental 

metal ions. We aimed to determine if there are specific concentration ranges that are 

tolerated without significant impact on growth or if there are concentrations that 

potentiate bacterial growth in order to promote the development of M. atlanticus as a 

biosensor.141-143 For instance, M. atlanticus may be capable of detecting lower 

concentrations of metal ions than other organisms or may remain responsive in the 

presence of toxic heavy metals whose concentrations may nullify other marine 

biosensors. The response of M. atlanticus to changing metal concentrations also likely 

impacts the organism’s EET capabilities, and results from the experiments described 

here can inform future biosensor design. Further, expanding our knowledge of metal 

tolerance in M atlanticus would enhance ongoing biomanufacturing efforts when using 
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waste streams, should the waste stream composition change or acquire heavy metal 

contamination.144-146 

In this study, we sought to determine the extent of metal-tolerance for ten 

different metals commonly found in marine environments to assess the ability of M. 

atlanticus to grow under metal-contaminated conditions. Broth microdilution techniques 

were initially employed to determine concentration ranges in which the growth of M. 

atlanticus was impacted by the presence of additional metal ions. Then, the ability of M. 

atlanticus to detoxify metals from solutions was investigated using a large-scale culture 

assay in which changes in metal content were assessed using inductively coupled 

plasma optical emission spectroscopy (ICP-OES). In this instance, detoxification was 

defined as a measurement of metal concentration reduction in the supernatant. We 

found that M. atlanticus tolerates up to 2.5 mM of all metal ions tested with the exception 

of cadmium which inhibited growth above 313 µM. In the ICP-OES assessment of metal 

detoxification, M. atlanticus exhibits a marginal ability to remove metal ions from media.  

4.2 Results and Discussion 

4.2.1 Marinobacter atlanticus shows Broad Tolerance Against Multiple 

Metal Ions  

The electroactive properties of M. atlanticus may be linked to labile heavy metals 

and trace mineral cycling. Due to these attributes the potential ability of M. atlanticus to 

tolerate metals found in both marine and biological environments was of interest. 
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Additionally, to our knowledge, no study has been reported that assesses the heavy 

metal tolerance of M. atlanticus. Identifying bacterial species with the ability to tolerate 

or process metals commonly implicated in heavy metal toxicity is of interest as these 

species may be leveraged to aid in efforts to detoxify water sources or to recover 

precious metals.  



 

70 

 

Figure 14: Growth curves for Marinobacter atlanticus exposed to 10 mM of heavy 

metals. M. atlanticus was cultured overnight in 3 mL BB at 30 °C, 225 rpm in angled 

racks (~45°). Overnight cultures were diluted to a final OD600 of 0.05 in 96-well plates 

containing increasing concentrations of heavy metals (see individual figure titles). 
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Data represented are the average of three biological replicates that have been 

background subtracted to correct for metal absorbance and media background 

signals. Error was calculated as SD and is represented by error bars in the figures.  

The assessment of metal handling potential in M. atlanticus was completed using 

one-dimensional broth microdilution techniques in which the bacteria were exposed to a 

series of metal concentrations over a three-day period. Metals were chosen due to 

known toxicity, presence in marine ecosystems, or known biological importance. M. 

atlanticus was tested against a series of 10 metals which included biologically essential 

and non-essential metals common to marine environments: cadmium (Cd), chromium 

(Cr), cobalt (Co), Copper (Cu), Manganese (Mn), Molybdenum (Mo), Nickel (Ni), 

Tungsten (W), Vanadium (V), and Zinc (Zn). Against all but Cd, M. atlanticus showed 

the ability to tolerate up to 2.5 mM of each metal salt and up to 5 mM in the case of Mn, 

W, and V without significant impact on growth (Figure 14 & Figure 15). M. atlanticus 

has demonstrated the ability to persist in environments containing metal contamination 

levels substantially higher than those detected in natural bodies of water.147  

 

Figure 15: Growth curves for Marinobacter atlanticus in the presence of 100 mM Mn 

and 100 mM V. M. atlanticus was cultured overnight in 3 mL BB at 30 °C, 225 rpm in 
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angled racks (~45°). Overnight cultures were diluted to a final OD600 of 0.05 in 96-well 

plates containing increasing concentrations of either Mn or V. Data represented are 

the average of three biological replicates that have been background subtracted to 

correct for metal absorbance and media background signals. Error was calculated as 

SD and is represented by error bars in the figures.  

M. atlanticus was tested against higher concentrations of Mn and V (Figure 15). 

Manganese is a vital metal in marine ecosystems as it is intricately involved in almost 

every elemental cycle currently known within the marine microbiome.148 Mn plays 

important roles in biology, in marine microbes specifically Mn has the ability to oxidize 

toxic organic and inorganic compounds, plays roles as enzymatic cofactors in Mn-

specific and nonspecific metalloenzymes, and provides defense against oxidative 

stress.148 Additionally, Mn has been shown to participate in microbially-mediated redox 

reactions that are either independent of or linked to metabolism.148 Under these 

conditions, M. atlanticus displays the ability to tolerate up to 12.5 mM Mn.  

Interestingly, M. atlanticus seems have an initial sensitivity to high concentrations 

of V with concentration dependent inhibitions of cell growth. Despite the decrease in 

initial growth, it appears that M. atlanticus may have the ability to recover even under 

extraordinarily high (100 mM) concentrations of vanadium as we can see growth 

increasing after approximately 36 hours. This may suggest sophisticated intracellular 

mechanisms for tolerating V, likely by methods including detoxification, accumulation, 

sequestration, or efflux. Current literature suggests that vanadium-resistant bacteria 

isolated from marine ascidians are typically associated with accumulating vanadium.149 
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Another potential avenue for the unique response of M. atlanticus and V may revolve 

around the different biological roles V may step into. An interesting characteristic of V, 

the vanadate anion specifically, is its ability to substitute for the phosphate anion as the 

two are similarly sized structural analogues.150 Additionally, there are multiple known 

bacteria capable of utilizing V in respiration, particularly under conditions in which the 

native metal ion is depleted.150 In marine species particularly, there are V-dependent 

haloperoxidases whose function typically involved halide oxidation.150 Ultimately, it is 

impossible to postulate the intracellular fate of vanadium in M. atlanticus with the 

currently available data. Regardless, the general ability of M. atlanticus to tolerate such 

high metal loads without growth inhibition is promising for future applications of this 

bacteria in both biosensing and biomanufacturing.  

4.2.2 Marinobacter atlanticus Lacks Significant Abilities to Uptake Metal 

Ions from Solution 

As shown above, M. atlanticus has demonstrated the ability to tolerate metal 

concentrations substantially higher than those found in native marine environments. 

Due to the ability of M. atlanticus to survive when challenged with high concentrations 

of heavy metals we hypothesized that this bacterium may have potential applications in 

heavy metal remediation. To investigate this potential, 30 mL cultures of M atlanticus 

were grown in BB broth overnight and aliquots were used to inoculate fresh media 

containing a high and low concentration of each metal of interest (Table 4). Metal 

concentrations were selected based off the results of the metal tolerance assay discussed 
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in the previous section. Generally, most care was given to the selection of the high 

concentration which was identified by the highest concentration where bacterial growth 

was still present but may be inhibited. Three large cultures of M. atlanticus were grown 

in BB media and aliquots were used to inoculate the metal-containing BB media 

samples. These cultures were grown for three days with aliquots taken at 6, 18, 24, 48 

and 72 hours to capture metal content throughout the growth phases of M. atlanticus. 

Aliquots were centrifuged to isolate biological material and inductively coupled plasma 

optical emission spectroscopy (ICP-OES) was used to measure metal content in the 

supernatant.  

Table 4: Metal Concentrations Chosen for Metal Detoxication Assay 

Metal Ion 
High Concentration 

(mM/ppm) 

Low Concentration 

(mM/ppm) 

Cadmium 0.313/35.1 0.156/17.6 

Chromium 2.5/130 0.625/32.5 

Cobalt 2.5/147.3 0.625/36.8 

Copper 2.5/158.7 0.625/39.7 

Manganese 12.5/686.8 3.13/171.7 

Molybdenum 5/479.6 2.5/240 

Nickel 5/293.5 0.625/36.9 

Tungsten 100/18390 10/1839 

Vanadium 50/2547 1.56/79.6 

Zinc 2.5/163.5 0.625/40.9 
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Changes in metal concentration within the collected supernatant were attributed 

to metal uptake or detoxification, meaning the loss of detectable metal ions in the 

supernatant, by M. atlanticus. Samples containing W were unable to be measured as 

significant amounts of insoluble oxides precipitated out and the amount of hydrofluoric 

acid required to solubilize these insoluble species was incompatible with the ICP-OES 

instrument available. For both the high and low metal ion concentrations tested, the only 

significant, detectable change occurs early in the time frame. Between 0 h and 18 h, 

during the exponential growth phase of M. atlanticus, metal concentrations in the 

supernatant decrease slightly before appearing to stabilize Figure 16. As the metal ion 

concentration reaches stabilization around when the exponential growth phase 

completes, this initial decrease may be representative of an ability of M. atlanticus 

accumulate or sequester small concentrations of these metal ions. In all cases, M. 

atlanticus displays minor abilities to remove metal ions from solution.  
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Figure 16: M. atlanticus has Minimal Metal Detoxification Capabilities. M. atlanticus 

was grown in three 30 mL aliquots of BB overnight at 30 °C, 225 rm in angled racks 

(~45°). Overnight cultures were used to inoculate 50 mL centrifuge tubes containing 

either a high (A) or a low (B) concentration of metal (see individual figure titles).   

The results above suggest a marginal ability for M. atlanticus to remove select 

metal ions from solution however, the data above do not indicate what method the 
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bacterium may be utilizing to induce this decrease. Bioremediation methods commonly 

employed by marine bacteria include biosorption, bioaccumulation, and bio-reduction21, 

151 Biosorption is the most simple wan in which bacterial species may take up labile 

heavy metals as it is a metabolically passive process that ceases when the cellular surface 

has reached an equilibrium with bound pollutant.152 Bioaccumulation begins in the same 

way as biosorption but the process continues to involve active transport of the pollutant 

inside of the cells where binding to intracellular components takes place; this is 

generally a slower process that facilitates the uptake of more pollutant.152 Bio-reduction, 

unlike the other two methods, does not necessarily remove heavy metal toxins from 

solution, rather it is a process in which bacteria reduce toxic metals to a more innocuous 

state. The reduction of Cr(VI) to Cr(III) by some Bacillus spp. is a prominent example of 

bio-reduction.153 Bio-reduction products are highly dependent on the toxin and the pH 

of the environment, some examples for Cr include the formation of insoluble CrO(OH), 

organic Cr(III) complexes bound to the cell surface, or water soluble organic-Cr(III) 

complexes.153-155 Given the results we have obtained, we cannot completely rule out the 

potential of M. atlanticus for use in heavy metal bioremediation, but significantly more 

investigation is necessary to fully explore this potential. Regardless, the ability of this 

bacterium to persist in metal contaminated environments is promising for its future 

development as a biosensor.  
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4.3 Conclusions and Future Directions 

We hypothesized that, because M. atlanticus likely relies on the presence of trace 

minerals and available metal ions to facilitate EET this bacterium may be useful for 

applications in bioremediation and biosensing. In this work, we present the first 

evaluation of heavy metal tolerance for M. atlanticus for a range of both essential and 

non-essential heavy metals that are prominent in marine ecosystems. In all cases, M. 

atlanticus exhibited the ability to persist in the presence of metal concentrations 

significantly higher than those detected in the average marine ecosystem. Based on this 

discovery, we investigated the potential for M. atlanticus to remove heavy metals from 

contaminated solutions using ICP-OES. The results of this effort are inconclusive, while 

we do observe some decreases in metal ion concentration, we are unable to definitively 

discern the actions of M. atlanticus. In combination, this study has provided a foundation 

for future endeavors regarding the full characterization of M. atlanticus as a biosensor 

and for use within other biotechnological applications. Future efforts towards 

characterizing M. atlanticus should certainly involve further investigation into its 

interaction with vanadium as there is likely a metal-dependent response that may be 

tied to the electroactivity of M. atlanticus or a separate not-yet defined characteristic. 

Characterization of EET in the presence of assayed metal ions may be an interesting 

future avenue as it may allow for fine-tuning the behavior of M. atlanticus.  
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4.4 Methods 

4.4.1 Materials and General Methods 

Chemicals and solvents were obtained from commercial suppliers and used as 

received unless otherwise noted.  

 4.4.2 Bacterial Strains and Culture Conditions 

Bacterial strains of Marinobacter atlanticus strain CP-1 were maintained at -80 °C 

in 25% glycerol in rich medium that is one half lysogeny broth (LB)156 and one half Difco 

marine broth 2216 (MB) (Becton Dickinson, Franklin Lakes, NJ, United States) that will 

be referred to here as BB medium.157 For 1 L of BB medium 18.7 g MB, 5.0 g tryptone, 2.5 

g yeast extract, and 5.0 g of sodium chloride are added. To prepare agar plates, 15.0 g of 

agar were added to prior to autoclaving. Before all experiments, M. atlanticus were 

streaked onto BB agar plates from frozen stocks and incubated at 30 °C for 72 h. A single 

colony was used to inoculated 3 mL BB which was then incubated at 30 ° in an angled 

rack (~ 45 °) at 225 rpm for 18-24 h.  

4.4.3 Metal Tolerance Assays 

4.4.3.1 Preparation of Metal Stock Solutions 

Stock solutions of the following metals salts purchased from Sigma-aldrich were 

prepared at 0.5 M in Milli-Q water: cadmium (Cd), chromium (Cr), cobalt (Co), copper 

(Cu), nickel (Ni), manganese (Mn), molybdenum (Mo), tungsten (W), vanadium (V), and 

zinc (Zn). All metal stocks were stored in sealed scintillation vials in the dark.  
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Sodium orthovanadate (Sigma-aldrich) was prepared at 1 M concentration in 

water according to vendor instructions. Briefly, sodium orthovanadate was dissolved in 

water to approximately 1 M and the solution pH was adjusted to ~10 using NaOH 

pellets. The solution was then boiled to allow the decavanadate to polymerize to 

monovanadate, indicated by a color change from orange to clear. The precise solution 

concentration was determined using the molar extinction coefficient (3,550 M-1cm-1) at 

260 nm at pH 10.5. 

4.4.3.2 Microdilution Assays 

A single colony of M. atlanticus was cultured overnight in 2 mL BB media (0.5 

parts LB and 0.5 parts MB) at 30 °C, 225 rpm. Overnight cultures were diluted to an 

OD600 of 0.1 in fresh BB media and used as the working culture. Metal salts to be tested 

were diluted from 0.5 M aqueous stock solutions into BB media to 20 mM working 

solutions and serially diluted from right to left along the rows of a clear, flat-bottomed, 

96-well plate. Aliquots of 100 µL of the working culture were added to the inner wells of 

the 96-well plate to a final OD600 of 0.05 and final volume of 200 µL. Aliquots of 100 µL 

of fresh BB media were added to the wells of the top and bottom rows to achieve a final 

volume of 200 µL. The top and bottom rows of the plate serve as metal dilution controls 

to allow for background subtraction of colored metal solutions (i.e., copper, cobalt, 

nickel, etc.). The right and left columns of the plate contained only 200 µL media and 

served as sterility controls for the assay. Bacterial growth was evaluated via OD600 using 
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a Tecan plate reader set at 30 °C, over a 72-hour period with readings taken every 10 

minutes with constant double orbital shaking (1.5 mm). OD600 values were normalize to 

the positive growth control and adjusted for both background signal and metal signals 

using either the values from the right and left columns or the top and bottom rows, 

respectively. Data presented are representative of biological triplicates with error 

calculated as standard deviation represented by error bars in the figures.  

4.4.4 Metal Detoxification Assays  

A single colony of M. atlanticus was used to inoculate 30 mL of BB medium in a 

50 mL centrifuge tube prior to incubation at 30 °C in an angled rack (~45 °), 225 rpm for 

18-24 h. This was completed two additional times for a total of three biological 

replicates. For each metal of interest (Cr, Cd, Co, Cu, Ni, Mn, Mo, W, V, and Zn), a high 

(A) and a low (B) concentration were selected based off the results of the metal tolerance 

assays (Figure 14 and Figure 15) Each concentration was prepared in a 50 mL centrifuge 

tube by diluting the aqueous metal stocks (Section 4.4.3.1) into 30 mL of BB medium. 

Initial metal concentrations were recorded by removing 1 mL aliquots from each tube 

which were subsequently labeled X.Y.Z.T where X represents the metals being tested 

(Cr, Cd, Co, Cu, Ni, Mn, Mo, W, V, or Zn), Y represents the metal concentration (either 

A or B), Z indicates the biological replicate (1-3), and T indicates the timepoint number. 

To measure basal metal content, 1 mL aliquots of each overnight culture was taken 

immediately prior to inoculating the full sample set.  
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Each batch, meaning one biological replicate of all ten metals of both metal 

concentrations, was inoculated with 1.3 mL of liquid culture (final OD600 of ~0.05). Due 

to the large number of samples (63 total), inoculation and sampling were completed in 

batches and in the same order each time to reduce discrepancies in sample timing. 

Samples were taken at 6, 18, 24, 48, and 72 h to capture the entire growth cycle.  

Samples collected for ICP-OES were collected as follows: 1.5 mL aliquots were 

taken from each respective tubes at the previously indicated timepoints and stored in 2 

mL snap-cap tubes which were labeled as previously described. These samples were 

centrifuged at 6000 rpm for five minutes, both the supernatant and the cell pellet were 

collected. Further sample treatment is detailed below in Section 4.4.5.2.  

4.4.5 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) 

4.4.5.1 Sample Preparation  

Samples for ICP-OES were made gravimetrically in acid-rinsed (3% HNO3 in 

double-distilled 18.2 MΩ water, ddH2O), labeled, 15 mL centrifuge tubes with masses 

recorded. Collected supernatants were passed through a 0.22 µm filter to remove any 

solid particulates. Filtered samples were aliquoted into the pre-weighed tubes and 

diluted to 10 mL in 3% HNO3 with masses recorded before and after dilution.  

4.4.5.2 Calibration Curves and Analysis Parameters  

Multi-metal calibration curves were designed to have the highest metal 

concentration at least one serial dilution above the highest sampled concentration and 
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one serial dilution below the lowest sampled concentration. Calibration curves were 

prepared gravimetrically in 3% HNO3 in ddH2O metal standards purchased from 

Inorganic Ventures. Initial metal concentrations were made at 2x the highest desired 

concentration in 50 mL volumetric flasks with 3% HNO3 and serially diluted to create a 

6-point standard curve. Samples were processed in batches and calibration curves were 

prepared immediately prior to analysis in the same matrix.  

Elemental analysis was performed on an Agilent 5800 ICP-OES system. 

Instrument calibration occurred initially and after each single-metal sample set (36 

samples). For each metal of interest, multiple wavelengths were selected to ensure 

adequate signal resolution and the wavelength with the highest linearity and lowest 

error in the calibration curve was chosen for data analysis (Cd = 227 nm, Cr = 268 nm, Co 

= 236 nm, Cu = 324 nm,, Ni = 216 nm, Mn = 261 nm, Mo= 205 nm, V= 292 nm, Zn= 335 

nm). Each sample was measured in triplicate with the average intensity reported by the 

instrument. Raw intensities were converted to concentration (in ppm) using the line-of-

best-fit generated from the prepared calibration curves. 
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4.5 Supplemental Materials  

 

Supplemental Figure 2: Calibration curves generated from prepared metal stocks used 

in the M. atlanticus metal detoxification assay. The line of best fit for each metal ion 

was used to convert raw intensities to ppm.  
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5. Investigating metal modulation on the antimicrobial 

activity of Clavanin A and Clavanin C to describe the role 

of biometals in primitive innate immunity  

5.1 Introduction 

Tunicates are filter-feeding marine invertebrates that are solely reliant on innate 

immunity for defense against pathogens present within their environment.64 As the 

closest living relatives of vertebrates, tunicates hold an optimal evolutionary position for 

the investigation of the role of innate immunity.66, 158 Belonging to the same phylum as 

humans, tunicates can serve as primitive models for studying innate immunological 

mechanisms.69, 159 A defining difference between vertebrate and invertebrate organisms 

is the presence of the adaptive immune response. Invertebrate organisms lack specific, 

anticipatory long-term immunological memory and somatic recombination; the ability 

to produce and develop pathogen-specific antigens.62-68, 159 Apart from this, there are 

multiple similarities between vertebrate and invertebrate immune systems, such as the 

presence of phagocytotic cells, production of antimicrobial peptides (AMPs), signaling 

receptors that modulate immune responses, and pattern-recognition receptors.63-68, 159, 160 

AMPs play two critical roles in innate immunity, as direct, broad-spectrum 

antimicrobial agents and as effector molecules to trigger immune responses.161-164 161-164  

The clavanin family of AMPs was discovered in the hemocytes, cells analogous 

to the red and white blood cells found in vertebrates, of the tunicate Styela clava.165, 166 

This family is composed of alpha-helical AMPs with sequences rich in histidine, 
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phenylalanine and valine.165 The original five peptides have approximately 80% 

sequence homology and the sixth member, discovered through the prepropeptide 

region of the genome, has approximately 50% homology (sequences listed in Table 5).165, 

167, 168 Clavanin A (clavA) is the most well studied member of the clavanin family,165, 168-171 

though recent literature has begun exploring the other peptides.172 Like most other 

AMPs, the clavanin peptides are cationic and amphipathic in nature to facilitate 

membrane interactions. The sequences contain an abundance of aliphatic residues, such 

as glycine and phenylalanine, which are pivotal in facilitating membrane interactions, 

which is a common mechanism of action for AMPs.165, 167, 168, 170, 173-175 

Table 5: Sequences of Clavanin Antimicrobial Peptides 

Peptide Sequence 

Clavanin A165 VFQFLGKIIHHVGNFVHGFSHVF 

Clavanin B165 VFQFLGRIIHHVGNFVHGFSHVF 

Clavanin C165 VFHLLGKIIHHVGNFVŶGFSHVFa 

Clavanin D165 AFHLLGKIIHHVGNFVŶGFSHVFa 

Clavanin E167 LFKLLGKIIHHVGNFVHGFSHVF 

Clavaspirin168 FLRFIGSVIHGIGHLVHHIGVAL 

a Ŷ – post translationally modified tyrosine residue.  

ClavA has been shown to utilize distinctly different mechanisms of action that 

are entirely dependent on pH.169-172 Given the proportion of histidine residues in the 

sequence; the pH-dependent mechanism of action is not surprising. Under neutral 

conditions (pH 7.4), it was found that clavA induces non-specific membrane damage 
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which likely induces the leakage of cellular contents and the loss of the proton motive 

force.169, 171 In an acidic environment (pH 5.5), clavA has been shown to interact with an 

unknown membrane embedded ion-channel to inflict damage on pathogenic cells.169-171 

ClavA has also been shown to have strong membrane interactions under acidic 

conditions which may facilitate translocation of the peptide into the cytoplasm to enable 

DNA binding and inhibition of DNA synthesis.169 Interestingly, the antimicrobial effects 

of ClavA are improved against E. coli MG1655 when supplemental Zn2+ ions are present 

which is attributed to the presence of a putative Zn binding motif in the sequence.  

Putative metal binding sites within peptide sequences have garnered attention as 

more antimicrobial peptides with metal-regulated activities have been investigated. 

Histatin-5, a human salivary peptide, has potent candidacidal activity against C. albicans 

that is modulated upon addition of copper or zinc.94, 176, 177 Piscidin 1, an AMP isolated 

from teleosts, has enhanced bactericidal effects in the presence of copper.178 These metal 

induced effects have been attributed to metal interactions with specific amino acid 

sequences such as the amino-terminal Cu(II) Ni(II) (ATCUN) motif,90, 91, 179 the HX3H site 

involved in Zn(II) binding,180, 181 and the bis-His site commonly associated with Cu(I) 

binding.93, 182 The peptides in the Clavanin family possess these metal binding sites, 

while the presence of these motifs does not confirm that metal ions will enhance or 

impede peptide activity the potential is worth investigation. Understanding the 
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interplay between metal ions, particularly those of biological importance like Cu and Zn, 

and antimicrobial peptides may allow for fine-tuning of peptide-based therapeutics.  

This study aims to continue the investigation of the Clavanin family of AMPs by 

expanding our knowledge of potential metal-modulated antimicrobial activity of both 

ClavA and ClavC against fungal strains Candida albicans (C. albicans) strain SC5314 and 

Cryptococcus neoformans (C. neoformans) H99 and against Escherichia coli (E. coli) strain 

BW25113 which is the parent strain for the Keio library. Broth microdilution techniques 

were employed to challenge the growth of these microbes against independent peptide 

(ClavA or ClavC) and against peptide-metal combinations where Cu and Zn were the 

metal ions of interest. In accordance with previous literature, ClavC exhibited more 

potent antimicrobial activity than ClavA against Escherichia coli. We also observed 

increased activity for both peptides under acidic conditions.  Conversely, we did not 

observe the  significant metal-dependent increases in peptide antibacterial activity that 

have previously been reported.169  

5.2 Results and Discussion 

5.2.1 Antifungal Activity of Clavanin A and Clavanin C against Candida 

albicans.  

Normally, Candida albicans is a commensal fungal organism that inhabits the 

mucosal surfaces of the gastrointestinal and genitourinary tracts in most humans.183-185 

C.183-185 C. albicans is not problematic in healthy individuals as it is a key member of a 
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‘normal’ gut microbiota. However, under certain conditions, C. albicans can transition 

into a pathogenic state and, in this form, is the primary cause of invasive candidiasis and 

blood stream infections.184, 186 Candida species in general are leading causes of nosocomial 

infections and drug resistant strains have earned an “urgent threat” label by the Centers 

for Disease Control and Prevention (CDC).184, 187  The continued emergence of drug 

resistant strains coupled with limited therapeutic options for aggressive fungal 

infections highlights the need for continued investigation into antifungal treatment 

methods.  

The vast majority of literature regarding Clavanin peptides revolves around their 

antibacterial activity despite early reports of their broad-spectrum abilities.165-167, 169-173, 188 

In efforts to expand our understanding of these peptides in different systems, two-

dimensional broth microdilution assays were used to assess the activity of ClavA and 

ClavC against the fungal species Candida albicans while also testing the impact of metal 

supplementation. ClavA exhibited a minimum inhibitory condition (MIC) of 50 µM 

under neutral conditions and 25 µM under acidic conditions. The antifungal activity of 

ClavA in the literature is incredibly limited with very little overlap between results from 

different groups. The MIC obtained here for ClavA under neutral conditions is in 

accordance with previous literature,170, 188 however there is deviation when it comes to 

the behavior of ClavA in low pH environments. An early report indicated that ClavA 

had potent antifungal activity (MIC  < 4 µM) only at pH 5.5.170 Here, an increase in 
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activity is observed, but the impact of pH is not as drastic. This discrepancy may 

potentially be due to different fungal strains as the strain used in the original paper is 

not definer. Alternatively, differences in activity may be due to experimental design. 

Original literature utilized radial diffusion assays to determine the MIC while 

microdilutions were employed here, while both methods are acceptable there are likely 

differences in the fungal burden experienced by ClavA upon initial exposure.   

 

Figure 17: Antifungal activity of Clavanin A with Cu2+ Supplementation Against C. 

albicans. Fungal cells were preincubated in either PPB at pH 7.4 (A and B) or MES 

buffer at pH 5.5 (C and D) for 90 min at 37 °C with increasing concentrations of ClavA 

and Cu2+. Aliquots were resuspended in SD+ buffered with either Tris (pH 7.4) or 

MES (pH 5.5) and fungal growth was measured after incubation for 48 h at 30 °C. Data 

reported represent the average of three biological replicates. Error was calculated as 

standard deviation and represented by error bars in A and C.  
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Figure 18: Antifungal activity of Clavanin A with Zn2+ Supplementation Against C. 

albicans. Fungal cells were preincubated in either PPB at pH 7.4 (A and B) or MES 

buffer at pH 5.5 (C and D) for 90 min at 37 °C with increasing concentrations of ClavA 

and Zn2+. Aliquots were resuspended in SD+ buffered with either Tris (pH 7.4) or 

MES (pH 5.5) and fungal growth was measured after incubation for 48 h at 30 °C. Data 

reported represent the average of three biological replicates. Error was calculated as 

standard deviation and represented by error bars in A and C. 

When co-treated with Cu2+, ClavA exhibits no significant increase in activity 

under neutral conditions and a minor increase in activity (MIC = 6.3 µM) upon an 

addition of 50 µM Cu2+ (Figure 17). The combination of ClavA and Zn2+ induced a 2-fold 

decrease in a not induce significant improvements in observed MIC under neutral 

conditions and, at pH 5.5, the addition of supplemental Zn2+ appeared to inhibit all 

peptide activity (Figure 18). Of the limited literature regarding the antifungal activity of 

ClavA, only one instance includes the effect of metal supplementation on peptide 
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performance. However, the peptide sequences used previously have been modified to 

remove the C-terminal amide thus presenting a free carboxylate group which could 

increase Zn-binding potential. That study reported that Cu supplementation had no 

impact on ClavA, but indicated a Zn mediated 2-fold increase in ClavA activity against 

C. albicans under neutral conditions.172  

 

 

Figure 19: Antifungal activity of Clavanin C with Cu2+ Supplementation Against C. 

albicans. Fungal cells were preincubated in either PPB at pH 7.4 (A and B) or MES 

buffer at pH 5.5 (C and D) for 90 min at 37 °C with increasing concentrations of ClavC 

and Cu2+. Aliquots were resuspended in SD+ buffered with either Tris (pH 7.4) or 

MES (pH 5.5) and fungal growth was measured after incubation for 48 h at 30 °C. Data 

reported represent the average of three biological replicates. Error was calculated as 

standard deviation and represented by error bars in A and C. 
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Figure 20: Antifungal activity of Clavanin C with Zn2+ Supplementation Against C. 

albicans. Fungal cells were preincubated in either PPB at pH 7.4 (A and B) or MES 

buffer at pH 5.5 (C and D) for 90 min at 37 °C with increasing concentrations of ClavC 

and Zn2+. Aliquots were resuspended in SD+ buffered with either Tris (pH 7.4) or 

MES (pH 5.5) and fungal growth was measured after incubation for 48 h at 30 °C. Data 

reported represent the average of three biological replicates. Error was calculated as 

standard deviation and represented by error bars in A and C. 

Treatment of C. albicans cells with ClavC indicated an antifungal MIC of > 50 µM 

in a neutral environment and 12.5 µM under acidic conditions. Literature revolving 

around ClavC is limited, early reports simply indicate that ClavC is approximately 3 to 5 

times more effective than ClavA against C. albicans at a pH of 6.5.165 A more recent report 

with modified peptide sequences, which are discussed above, indicates that ClavC has 

modest activity with an MIC of 25 µM at pH 7.4. In the same study, cotreatment of 

ClavC with Zn increased peptide efficacy with a new MIC of approximately 6.3 µM. The 
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increase in activity upon Zn addition is most likely due to enhanced Zn affinity resulting 

from the removal of the C-terminal amide. The study also reports no Cu induced 

changes in ClavC activity which is mildly surprising given the presence of the ATCUN 

motive which is known to bind Cu.90, 179 Here, supplementation with Cu2+ did not have a 

significant impact on peptide activity under neutral conditions and Cu2+ addition in 

acidic media decreased the efficacy of the peptide (Figure 19). Cotreatment of ClavC and 

supplemental Zn2+ appeared to have no significant impact on peptide activity (Figure 

20).  

5.2.2 Clavanin A and Clavanin C Retain Candidacidal Activity in the 

Absence of Cu and Zn. 

The lack of metal-modulated antifungal activity of ClavA and ClavC was 

surprising given the literature precedent, especially between ClavA and Zn.165, 169, 170 We 

hypothesized that perhaps the synthetic defined media in use contained sufficient levels 

of metal ions so that the metal content in the untreated peptide control was enough to 

induce changes in peptide activity. To investigate this possibility, one-dimensional 

microdilutions were prepared in metal drop-out media. In Figure 21 both ClavA and 

ClavC were tested against C. albicans in either complete synthetic defined media (SD+), 

synthetic defined media with Cu dropped out (SD-Cu), or synthetic defined media with 

Zn dropped out (SD-Zn).   
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Figure 21: Candidacidal Activity of Clavanin A and Clavanin C under Metal 

Complete, Zinc Deplete, and Copper Deplete Conditions. The activity of ClavA (top) 

and ClavC (bottom) against C. albicans in complete SD+ (red), SD-Zn (blue), and SD-

Cu (yellow) media to evaluate potential requirements for labile metals in solution. 

Fungal cells were preincubated in either PPB at pH 7.4 (A and C) or MES at pH 5.5 (B 

and D) for 90 min at 37 °C with increasing concentrations of either ClavA or ClavC. 

Aliquots were resuspended in respective media and incubated for 48 h at 30 °C. Data 

are representative of the average of three biological replicates. Error was calculated as 

standard deviation and is represented by the error bars above.  

Both ClavA and ClavC retain their antifungal activity against C. albicans 

regardless of bioavailable Cu or Zn. These results suggest that ClavA and ClavC use 

mechanisms of action against C. albicans that is not dependent on metal availability and 

is not influenced by metal ions present in the concentration ranges assayed here. ClavA 

and ClavC are alpha-helical peptides whose secondary structures demonstrate spatial 
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segregation of hydrophobic and charged residues. These structural characteristics, 

which are known to aid in facilitating membrane interactions,102, 163, 171, 175, 189 and the data 

presented here suggest that these AMPs may be utilizing mechanisms of action that 

involve interactions with the cell-surface under these conditions. There are multiple 

known models that have been defined to explain how AMPs may interact and damage 

the target cell surface. Models such as the barrel-stave or toroidal pore involve the 

aggregation of AMPs which accumulate on the cell surface and insert to disrupt the 

surface integrity which subsequently impacts electrochemical balances and, depending 

on size, cause the loss of cellular contents.189 Other models suggest interactions between 

peptides and components of the cell wall will result in deleterious effects. An example of 

this is the interaction between the salivary peptide histatin 5 (Hist-5) which interacts 

with beta-glucan and with heat shock proteins to exert antifungal activity.176, 177 To draw 

a better conclusion regarding the mechanisms in use by both ClavA and ClavC against 

C. albicans will require further investigation into the specific type of surface interactions 

involved.  

5.2.3 Antifungal Activity of Clavanin A Against Cryptococcus 

neoformans H99 is Potentiated under Acidic Conditions  

As of 2023, Cryptococcus neoformans is placed at the top of the critical priority 

group of fungal pathogens.190, 191 This opportunistic pathogen originated as an 

environmental pathogen and now has a global distribution with mortality rates of up to 

61%.192 C. neoformans is one of the major species responsible for causing life-threatening 
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cryptococcal meningitis, while these infections are usually connected to 

immunocompromised patients, reports of infections in immunocompetent individuals 

are emerging.191, 192 Treatment for C.191, 192 Treatment for C. neoformans infections face 

challenges similar to those previously discussed for C. albicans as antifungal resistant 

strains are becoming increasingly prevalent and treatment options are generally 

limited.186, 187, 190, 191 Clavanin peptides are reported to have broad-spectrum activity, but 

have not yet been tested against C. neoformans.  

To evaluate potential activity against C. neoformans two-dimensional broth 

microdilutions were used to not only test the activity of ClavA independently, but also 

with metal supplementation. Though ClavA activity was not dependent on Cu or Zn 

availability against C. albicans, the peptide may utilize a different mechanism of action or 

have different requirements for base function against a different fungal species. Against 

C. neoformans, ClavA exhibited poor activity under neutral conditions (MIC > 50 µM), 

however under acidic conditions activity greatly improved (MIC = 3.1 µM). 
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Figure 22: Antifungal Activity of ClavA against C. neoformans is Impacted by Zn2+ 

Supplementation. Fungal cells were pre-incubated in either PPB at pH 7.4 (A and B) 

or MES at pH 5.5 (A and B) for 90 min at 37 °C with increasing concentrations of 

ClavA and Zn2+. Aliquots were resuspended in SD+ buffered with either Tris (pH 7.4) 

or MES (pH 5.5) and fungal growth was measured after incubation for 48 h at 30 °C. 

Data are representative of the average of three biological replicates. Error was 

calculated as standard deviation and is represented by the error bars above.  

When cotreated with high concentrations (>12.5 µM) Zn, ClavA activity against 

C. neoformans increases slightly with a new inhibitory concentration of 25 µM in the 

presence of 50 µM supplemental Zn (Figure 22). Interestingly, treatment of both ClavA 

and Cu exhibited increased antifungal activity in both neutral and acidic environments 

(Figure 23). High concentrations of Cu in culture media appear to have substantial 

antifungal effects against C. neoformans as can be seen in the zero-peptide condition 

where 6.3 µM and 25 µM Cu inhibits fungal growth at neutral pH and acidic pH, 

respectively.  
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Figure 23: Antifungal Activity of ClavA against C. neoformans is Increased by Cu2+ 

Supplementation. Fungal cells were pre-incubated in either PPB at pH 7.4 (A and B) 

or MES at pH 5.5 (A and B) for 90 min at 37 °C with increasing concentrations of 

ClavA and Cu2+. Aliquots were resuspended in SD+ buffered with either Tris (pH 7.4) 

or MES (pH 5.5) and fungal growth was measured after incubation for 48 h at 30 °C. 

Data are representative of the average of three biological replicates. Error was 

calculated as standard deviation and is represented by the error bars above.  

5.2.4 Antibacterial Activity of Clavanin and Clavanin C Against 

Escherichia coli strain BW25113 

Escherichia coli is commonly used in bacterial investigations as it is incredibly 

well studied and understood. The E. coli strain BW25113 is the parent strain for the Keio 

collection which is a library of gene knockout strains provided by the National Institute 

of Genetics, Mishima, Shizuoka, Japan that are single-gene deletion mutants for all non-

essential E. coli K-12 genes.193, 194coli K-12 genes.193, 194 This strain was chosen for these 

initial investigations to allow for future antibacterial assays which may utilize the 
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various knockout strains to dig deeper into metal dependence, membrane interactions, 

and other relevant phenomena.  

Two-dimensional broth microdilution “checkerboard” assays were performed to 

gain a comprehensive understanding of the effect of supplemental Cu2+ or Zn2+ on the 

antibacterial activity of ClavA under neutral and acidic conditions and of ClavC under 

acidic conditions. In all assays, bacterial cells suspended in either PPB (pH 7.4) or MES 

buffer (pH 5.5) were exposed to varying concentrations of either ClavA or ClavC and 

Cu2+ or Zn2+. Preincubation protocols were implemented to ensure that cells were 

exposed to a combination treatment of peptide and supplemental metal ion.  

Under neutral conditions, ClavA exhibits increased antibacterial activity in the 

presence of Cu2+ (Figure 24A-B) and in the presence of Zn2+ (Figure 24C-D). ClavA alone 

exhibited modest antibacterial activity against E. coli cells with a MIC value of 50 µM. 

Supplementation with 25 µMm Cu2+ greatly increased the antibacterial activity with 6.3 

µM peptide required. We note that the top concentration of supplemental copper added, 

50 µM, may exhibit its own antibacterial effects under these conditions which can be 

seen clearly by the substantial decrease in cell growth in Figure 24A. The antibacterial 

activity of ClavA also increases with an addition of 3.1 µM Zn2+. While the Zn-induced 

activity is not as drastic as presented in recent studies,165, 169, 170 our results are in support 

of the claims that ClavA exhibits increased antibacterial in the presence of Zn. These 

differences in the degree of peptide efficacy could simply be due to differences between 
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E. coli strains as E. coli B25113 is related to, but not identical to E. coli K-12 used in 

previous literature.  

 

Figure 24: Antibacterial Activity of Clavanin A with Supplemental Cu2+ or Zn2+ 

against Escherichia coli strain BW25113. E. coli cells were pre-incubated in PPB at pH 

7.4 for 90 min at 37 °C with increasing concentrations of supplemental Cu2+ (A and B) 

or Zn2+ (C and D). Aliquots were resuspended in fresh buffered MHB and bacterial 

growth was measured after incubation for 20 h at 37 °C. Data represent the average of 

three biological replicates. Error was calculated as standard deviation and is 

represented by error bars in the figure (A and C). 

When E. coli cells were exposed to ClavA under acidic conditions (pH 5.5), 

treatments of peptide alone expressed moderate antibacterial activity (Figure 14). These 

results agree with existing literature indicating that ClavA has enhanced activity in more 

acidic environments.169-171 Interestingly, at this pH supplementation with either Cu2+ or 

Zn2+ had no impact on peptide activity. Under these conditions, the charge of the 

peptide increases which may induce a conformation that is not conducive to metal 
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interactions. Additionally, the histidine residues typically implicated in facilitating 

peptide-metal interactions are protonated under these conditions.  

 

Figure 25: Antibacterial Activity of Clavanin A with Supplemental Cu2+ or Zn2+ 

against Escherichia coli strain BW25113. E. coli cells were pre-incubated in MES at pH 

5.5 for 90 min at 37 °C with increasing concentrations of supplemental Cu2+ (A and B) 

or Zn2+ (C and D). Aliquots were resuspended in fresh buffered MHB and bacterial 

growth was measured after incubation for 20 h at 37 °C. Data represent the average of 

three biological replicates. Error was calculated as standard deviation and is 

represented by error bars in the figure (A and C). 

ClavC exhibited an MIC value of 1.6 µM against E. coli under acidic conditions 

(Figure 26). The activity of ClavC is not impacted by the supplemental concentrations of 

Cu2+ or Zn2+ tested. While the sequence of ClavC possesses putative binding sites for Cu 

and Zn, the protonation of the involved histidine residues under these conditions likely 

prevents and peptide-metal interactions. This result may suggest that, like ClavA, ClavC 
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may also have the ability to utilize more than one mechanism of action to attack 

pathogenic cells. 

 

Figure 26: Antibacterial Activity of Clavanin C with Supplemental Cu2+ or Zn2+ against 

Escherichia coli strain BW25113. E. coli cells were pre-incubated in MES at pH 5.5 for 

90 min at 37 °C with increasing concentrations of supplemental Cu2+ (A and B) or Zn2+ 

(C and D). Aliquots were resuspended in fresh buffered MHB and bacterial growth 

was measured after incubation for 20 h at 37 °C. Data represent the average of three 

biological replicates. Error was calculated as standard deviation and is represented by 

error bars in the figure (A and C). 

5.3 Conclusions and Future Directions 

In this section, we have successfully characterized the antifungal activity of 

ClavA against two opportunistic fungal pathogens C. albicans and C. neoformans. Against 

C. albicans, the MIC of ClavA was >50 µM for neutral conditions and 25 µM for acidic 

conditions. ClavA showed very little metal-induced changes in antifungal activity. 
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Additionally, the antifungal activity of ClavA is not dependent on the presence of labile 

Cu or Zn as activity was retained in the absence of these metals. Antifungal activity 

against C. neoformans under neutral conditions yielded and MIC > 50 µM for ClavA, 

however under acidic conditions the antifungal activity was potentiated to yield an MIC 

of 6.3 µM. Under neutral conditions, high levels of bioavailable Zn (>25 µM) induces a 

slight increase in peptide activity (MIC = 25 µM), but Zn supplementation has no effect 

under acidic conditions. Supplementation with CuSO4 yielded interesting effects, results 

suggest that copper concentrations above 12.5 µM may inhibit fungal growth 

independent of peptide co-treatment. In a neutral environment, supplementation with 

3.1 µM Cu increased ClavA activity (MIC = 12.5 µM). In the presence of 3.1 µM Cu at 

low pH, the activity of ClavA is slightly improved (MIC = 3.1 µM), when the 

concentration of Cu is increased to 12.5 µM, ClavA is substantially increased (MIC = 0.2 

µM). Antifungal characterization efforts were extended to ClavC against C. albicans. In 

the absence of additional metal supplementation ClavC exhibited an MIC of 50 µM at 

pH 7.4 and 25 µM at pH 5.5. Under neutral conditions, concentrations of Zn and Cu 

above 12.5 µM were independently able to induce a 2-fold increase in ClavC activity. In 

acidic environments, supplementation with increasing amount of either Zn or Cu 

decreased peptide activity.  

ClavA and ClavC were also tested for antibacterial activity against E. coli strain 

BW23115. The results presented here, to an extent, agree with previously published 



 

106 

literature. ClavC is more effective than ClavA as an antibacterial agent and the activity 

of both peptides is potentiated under acidic conditions. The antibacterial activity of 

ClavA is potentiated by both Cu and Zn under neutral conditions, but the effect of 

supplemental metal is nonexistent under acidic conditions. ClavC also demonstrated no 

metal-related activity under acidic conditions. 

Overall, we present new antifungal activity for ClavA and ClavC and further 

build up upon the antibacterial characterization for both peptides. The body of work 

currently associated with this family of antimicrobial peptides is sparse and spans 

nearly 30 years. There are contradictory conclusions regarding how metals such as 

copper and zinc may impact peptide function.   

5.4 Methods 

5.4.1 Materials and General Methods 

Chemicals and solvents were obtained from commercial supplies are used as 

received unless otherwise noted. 

5.4.2 Peptide Synthesis 

Peptides were synthesized on a Protein Technologies PS3 automated peptide 

synthesizer using rink amide MBHA low-loaded resin (Chem-Impex International Inc.) 

on a 0.1 mmol scale. All Fmoc-protected amino acids were purchased from Chem-Impex 

International Inc. Amino acid coupling was achieved using HBTU [o-benzotriazole-

N,N,N’,N’-tetramethyluronium hexafluorophosphate] in N,N’-dimethylformamide 



 

107 

(DMF) using N-methylmorpholine as an activator for 30 min cycles. Piperidine (20 % 

(v/v) in DMF) was applied as a deprotecting agent throughout the synthesis. Prior to 

cleavage, the resin was washed three times with approximately 2 mL each of 

dichloromethane, glacial acetic acid, and methanol. Side chain deprotection and 

cleavage was completed using 5-7 mL of cleavage solution (95% trifluoroacetic acid. 

2.5% ethanedithiol, and 2.5% triisopropylsilane) for 3-5 h under N2 gas to yield peptides 

with N-terminal free amines and C-terminal amides. Cleavage solution was evaporated 

down to 2 mL under a nitrogen jet to precipitate peptide. Resulting precipitate was 

pelleted (5 min, 6000 rpm), washed three times with diethyl ether, and left to air dry 

overnight.  

5.4.3 Peptide Purification 

Peptides were purified using a Waters 1524 reverse-phase Binary HPLC Pump 

on a Waters XBridge Prep C18 column (18 µM OBD, 19mm x 250 mm) with a 40 min 

linear gradient from 3 to 97% acetonitrile in water with 0.1% TFA. Peptides were 

detected using a photodiode array set to 280 nm and 257 nm. Purity was validated to 

>95% by HPLC on a Waters XBridge Peptide BEH C18 column (130Å, 10 µm, 4.6 mm x 

250 mm) and peptides masses were confirmed by electrospray ionization mass 

spectrometry (ESI-MS). 

Clavanin A: VFQFLGKIIHHVGNFVHGFSHVF, calculated mass: 2665.6 m/z, 

found [M+2H]2+ 1333.8, [M+3H]3+ 889.4 m/z, and [M+4]4+ 667.6 m/z.  
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Clavanin C: VFHLLGKIIHHVGNFVYGFSHVF calculated mass: 2666.4 m/z, 

found [M+2H]2+ 1334.4, [M+3H]3+ 889.4 m/z, and [M+4]4+ 667.2 m/z. 

5.4.4 Preparation and Quantification of Stock Solutions  

Peptide stock solutions were prepared by dissolving ~50 mg of lyophilized 

peptide in 1 mL of Milli-Q water. Solution concentrations were determined using the 

Edelhoch method.195, 196 In short, 4 µL of peptide stock was diluted into 396 µL Milli-Q 

water to obtain an absorbance reading at 280 nm (for Tyr and Trp residues) or 257 (for 

Phe residues) between 0.1 and 1 absorbance units. Absorption spectra were recorded in 

1 cm quartz cuvettes on a Varian Cary 50 UV-Vis spectrophotometer. Peptide stock 

solutions were stored at -20 °C in sealed cryogenic storage vials.  

Copper (II) stock solutions were prepared by dissolving copper sulfate (Sigma-

Aldrich) in Milli-Q water and standardizing by EDTA titration in an ammonium buffer 

to a murexide endpoint. Zinc (II), Iron (III) and nitrilotriacetic acid (NTA) stock solutions 

were completed by dissolving powders in Milli-Q water.  

5.4.5 Bacterial Strains, Yeast Strains, and Culture Conditions  

Bacterial stocks were maintained in 25% glycerol in LB at -80 °C. Experiments 

were performed with Escherichia coli reference strain BW25113. Prior to all experiments, 

bacterial species were streaked from frozen glycerol stocks onto MHB agar plates and 

grown at 37 °C for 20 h. A single colony was used to inoculatae 3 mL of MHB media 

prior to incubation at 37 °C, 200 rpm overnight. Optical density at 600 nm (OD600) 
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measurements were taken prior to all experiments to ensure culture growth was as 

expected.  

Fungal stocks were maintained in 25% glycerol in YPD at -80 °C. Experments 

were performed with Candida albicans clinical isolate SC5314 or Cryptococcus neoformans 

isolate H99. Fungal species were streaked from frozen glycerol stocks onto YPD agar 

plates and grown at 30 °C for 24 h. A single colony was used to inoculate 5 mL YPD or 

synthetic defined (SD) media prior to incubation at 30 °C, 200 rpm overnight. OD600 

measurements were taken prior to all experiments to ensure adequate culture growth.  

5.4.6 Synthetic Defined (SD+) Media 

Experiments conducted at pH 5.5 were conducted with MES buffer (Sigma-

Aldrich) and all experiments conducted at pH 7.4 were conducted with Tris-HCl buffer. 

All buffered synthetic defined media formulations were prepared from Chelex-treated 

Milli-Q water with appropriate additions of media components to tightly regulate metal 

content. Milli-Q water utilized in this process was treated with Chelex-100 resin (100-200 

mesh sodium form) using the batch method (50 g/L Bio-Rad Laboratories). A 10x 

concentrated batch of metal-free SD media was prepared in Chelex-treated Milli-Q water 

by adding glucose and yeast nitrogen base ingredients (YNB) at 10x concentrations. YNB 

components were added individually to prevent trace metals present in commercially 

available powders. To prepare working 1X SD, the 10x metal-free SD was diluted (1:10 

v/v) into Chelex-treated Milli-Q water and MES buffer (Sigma Aldrich) was added to a 
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final concentration of 50 mM. The pH of the media was adjusted to either pH 5.5 or pH 

7.4 using 1.0 M HCl or NaOH pellets and the pH corrected medium was then sterilized 

by vacuum filtration (0.22 µm). Finally, metal salts such as CuSO4, FeCl3, MnCl2, and 

ZnCl2 were added. For assays utilizing metal drop-out media such as SD(-Cu) or SD(-

Zn), the above protocol was followed exactly but the metal salts added in the last step 

were modified to reflex the desired drop-out condition.  

5.4.7 Antibacterial and Antifungal Activity Assays 

5.4.7.1 Antibacterial Microdilution Assays 

E. coli reference strain BW25113 was cultured overnight in MHB, as described 

above, and diluted to an OD600 of 0.2 in either MES buffer (pH 5.5) or PPB (pH 7.4) to be 

used as the working culture. Peptides to be tested were serially diluted 2-fold in either 

100 µL MES or PPB from aqueous stock into a clear, flat-bottomed 96 well plate. Under 

metal supplemented conditions, 10 µL of either CuSO4 or ZnCl2 were added to the 

bottom half of the plate. 100 µL of the working culture were added to the 96-well plate 

containing buffer and peptide to achieve an OD600 of 0.1 and a final volume of 200 µL per 

well. This initial plate was incubated at 37 °C, 200 rpm for 90 min to allow time peptide-

cell (and metal if included), interactions to occur. After incubation, 50 µL of the initial 

plate was added to a new 96-well plate containing 50 µL of MHB to obtain a final well 

volume of 100 µL and a final OD of 0.05. The final plate was incubated at 37 °C, 200 rpm 

for 20 h. Final peptide concentrations are indicated on figure axes. For each experiment, 
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a positive peptide-free control and a cell-free negative control were included. Bacterial 

growth was measured via OD600 using a PerkinElmer Victor3 V multilabel plate reader at 

0 and 20 h. OD600 values were normalized to the positive growth control and adjusted 

by subtracting the 0 h timepoint readings from the final, 20 h timepoint, to remove any 

background signals from MHB medium. Data are representative of three biological 

replicates, each with three technical replicates per experiment. For each assay, each of 

three replicate conditions were averaged and error was calculated as standard deviation 

which is represented by error bars in the figures.  

 5.4.7.2 Antifungal Two-Dimensional Microdilution Assays 

Either C. albicans or C. neoformans were cultured overnight in YPD, as described 

above, and diluted to an optical density at 600 nm (OD600) of 0.07 in either MES (pH 5.5) 

or PPB (pH 7.4) and used as the working culture. Peptides to be tested were serially 

diluted 2-fold from aqueous stocks horizontally from right to left along the wells of a 

clear, flat-bottomed, 96-well plate. Under metal supplemented conditions Under metal 

supplemented conditions, 10 µL of either CuSO4 or ZnCl2 were added to the bottom half 

of the plate. 100 µL of the working culture were added to the 96-well plate containing 

buffer and peptide to achieve an OD600 of 0.035 and a final volume of 200 µL per well. 

This initial plate was incubated at 37 °C, 200 rpm for 90 min to allow time peptide-cell 

(and metal if included), interactions to occur. After initial incubation, 10 µL of the first 

plate were added to a new 96-well plate containing 190 µL YPD. The final plate was 
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incubated at 30 °C, 200 rpm for 48 hours. For each experiment, a positive peptide-free 

control and a cell-free negative control were included. Fungal growth was measured via 

OD600 using a PerkinElmer Victor3 V multilabel plate reader at 0, 24, and 48 h. OD600 

values were normalized to the positive growth control and adjusted by subtracting the 0 

h timepoint readings from the final, 48 h timepoint, to remove any background signals 

from YPD medium. Data are representative of three biological replicates, each with three 

technical replicates per experiment. For each assay, each of three replicate conditions 

were averaged and error was calculated as standard deviation which is represented by 

error bars in the figures. 

5.4.7.3 Antibacterial Two-Dimensional Microdilution Assays 

E. coli reference strain BW25113 (Keio) was cultured overnight in MHB, as 

described above, and diluted to an OD600 of 0.2 in either MES buffer (pH 5.5) or PPB (pH 

7.4) to be used as the working culture. Peptides to be tested were serially diluted 2-fold 

rom aqueous stock along the bottom row of a clear, flat-bottomed 96 well plate. The 

metal to be tested was serially diluted 2-fold from aqueous stock down the rightmost 

column. To each well, 180 µL of the working culture, 10 µL aliquots from the rightmost 

column were distributed to all column (except the leftmost column) and 10 µL aliquots 

from the bottom row were distributed to all rows (except the top row). This allowed for 

a checkerboard style of treatment where each well contains a different ratio of peptide to 

metal. This initial plate contained a final volume of 200 µL and an OD600 of 0.1 and was 
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incubated at 37 °C, 200 rpm for 90 min to allow time peptide-cell (and metal if included), 

interactions to occur. After incubation, 50 µL from the initial plate was used to inoculate 

three new 96-well plates containing 50 µL of MHB to obtain a final well volume of 100 

µL. The final plate was incubated at 37 °C, 200 rpm for 20 h. Final peptide concentrations 

are indicated on figure axes. For each experiment, a positive peptide-free control and a 

cell-free negative control were included. Bacterial growth was measured via OD600 using 

a PerkinElmer Victor3 V multilabel plate reader at 0 and 20 h. OD600 values were 

normalized to the positive growth control and adjusted by subtracting the 0 h timepoint 

readings from the final, 20 h timepoint, to remove any background signals from MHB 

medium. Data are representative of three biological replicates, each with three technical 

replicates per experiment. For each assay, each of three replicate conditions were 

averaged and error was calculated as standard deviation which is represented by error 

bars in the figures.  

 5.4.7.4 Antifungal Two-Dimensional Microdilution Assays 

Either C. albicans or C. neoformans were cultured overnight in either YPD or SD+ 

media, as described previously, and diluted down to an OD600 of 0.07 in PPB (pH 7.4) or 

MES (pH 5.5) as the working culture. Peptides to be tested were serially diluted 2-fold 

from aqueous stocks along the bottom row of a clear, flat bottomed 96-well plate. The 

metal to be tested was serially diluted 2-fold from aqueous stock down the rightmost 

column. To each well, 180 µL of the working culture was added, 10 µL aliquots from the 
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rightmost column were distributed to all column (except the leftmost column) and 10 µL 

aliquots from the bottom row were distributed to all rows (except the top row). This 

allowed for a checkerboard style of treatment where each well contains a different ratio 

of peptide to metal. This initial plate contained a final volume of 200 µL and an OD600 of 

0.06 and was incubated for 90 min at 37 °C, 200 rpm. Final concentrations of peptide and 

metal are indicated in figure axes. Following incubation, 10 µL aliquots from the initial 

plate were used to inoculate three new plates containing 190 µL of fresh media (either 

YPD or SD+) to a final volume of 200 µL. Final plates were covered with AeraSeal film 

and incubated for 48 h at 30 °C, fungal growth measurements were taken as described in 

the microdilution assays section (Section 5.4.7.2). OD600 values were normalized to the 

positive growth control and adjusted by subtracting the 0 hr timepoint from the 48 h 

timepoint to remove any background signals. Data are representative of three biological 

replicates, each with three technical replicates per experiment. GraphPad Prism 10 

(version 10.2.3) was used to visualize data through the generation of heatmaps which 

depict the average OD600 values from the biological replicates at the final timepoint.  
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6. Conclusion   

This work aimed to explore the interactions between marine bacteria and heavy 

metal ions. Chapter 2 and chapter 3 presented two different approaches to investigating 

the current decline in a popular Cu-based self-polishing antifouling coating. In chapter 

2, we designed a highly customizable lab-scale method to investigate how solution 

components impact surface composition and Cu-release. Here, we determined that in 

the presence of media components Cu release from coated glass substrates was 

increased by approximately 500% over a 2-week timeframe when compared to 

deionized Milli-Q water. We also built the foundation for upcoming work that will focus 

on determining how the presence of different bacterial species may alter Cu release or 

impact the surface of the coating. In chapter 3, we deployed coated panels to different 

field sites to allow for the collection, isolation, and identification of bacterial species 

believed to play important roles in facilitating biofouling. As a result, we created a 

library of isolates to begin to understand community diversity in early biofouling 

communities and we have begun building copper tolerance profiles for isolated bacterial 

species.  

In chapter 4, we assessed the ability of Marinobacter atlanticus, an electroactive 

marine bacterium, to tolerate concentrations of essential and non-essential heavy metals 

prevalent in aquatic environments. We present the first assessment of metal tolerance for 

this species and have presented a unique interaction with vanadium that will be 
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explored in future work. As M. atlanticus demonstrated admirable abilities at tolerating 

heavy metals, we evaluated its ability to detoxify metal contaminated solutions, but our 

results were inconclusive. Ultimately, this work introduces a novel direction of study 

between M. atlanticus and vanadium and contributes to the foundation of research in 

support of developing M. atlanticus as a biosensor.  

Finally, in chapter 5 we provided contributions to the growing body of research 

surrounding the Clavanin family of antimicrobial peptides. These peptides, first isolated 

almost 30 years ago, were reported to have broad spectrum activity yet current research 

emphasizes the antibacterial capabilities of ClavA. In light of the rising problem of drug 

resistant fungal pathogens and the currently limited therapeutic options we assessed the 

antifungal activity of ClavA and ClavC against the opportunistic fungal pathogen 

Candida albicans and found modest antifungal activity. We utilized metal-deplete media 

conditions to determine that neither ClavA nor ClavC require Cu or Zn to exert 

antifungal activity against C. albicans. Cryptococcus neoformans activity for ClavA was 

also assessed and we discovered strong anticryptococcal activity under acidic 

conditions. Additionally, we presented additional antibacterial data against a different 

strain of Escherichia coli (BW25113) in which we did not observe metal modulated 

changes in peptide activity.  
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