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ABSTRACT

Outputs of human-derived chemicals and constituents to the environment, and shifts in
these outputs, can result in unintended consequences to human and ecological health.
One such shift is the advent of the modern antibiotic era, in which mass production and
outputs of antibiotics, which are mostly naturally-derived microbial defense compounds
and include a few synthetic antimicrobials, has profound implications for contributing to
the spread of antibiotic resistance. Antibiotic resistance arises from mutations and/or
sharing of antibiotic resistance genes (ARGs) among bacteria via horizontal gene
transfer, with carriage of ARGs by pathogenic bacteria of particular concern to human
health. While most attention to stopping the spread of antibiotic resistance has been
devoted to the clinic, it is critical to consider the environmental origin, ecology and
pathways by which antibiotic resistance spreads in order to develop comprehensive
strategies to combat antibiotic resistance. In particular, wastewater treatment plants
(WWTPs) represent a potentially key critical control point given that they receive antibiotic
resistant bacteria (ARB) and ARGs from the population, which are then routed to
activated sludge biological treatment, consisting of high density, highly active microbial
populations. The research projects described in this dissertation aimed to explore the
occurrence of ARGs in WWTPs, particularly WWTPs in developing countries representing
the extremes of what is expected to be encountered in terms of potential to spread
antibiotic resistance, and to improve and apply novel technologies for monitoring key
markers of antibiotic resistance in WWTPs and affected environments. The pathogen
Staphylococcus aureus and a corresponding ARG (methicillin resistance mecA gene)
were chosen as model biocontaminants of concern due to their environmental and public
health relevance. The results reported in Chapters 3-5 advance the knowledge of
bio(nano)sensing techniques and highlight areas of promise and challenge. The results
reported in Chapter 2 provided insight into the baseline levels of ARGs expected in a
highly impacted WWTP in India, thereby highlighting the magnitude and global scale of
the problem of antibiotic resistance as well as the need for innovative solutions.
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GENERAL AUDIENCE ABSTRACT

Release of human-derived pollutants into the environment can result in unintended
consequences to human and environmental health. The rise of antibiotic resistance in
disease-causing bacteria serves as a notorious example. Antibiotic resistance arises from
mutations and/or sharing of antibiotic resistance genes (ARGs), which are the genetic
elements that enable the resistance to occur. While most attention to stopping the spread
of antibiotic resistance has been devoted to the clinic, it is critical to consider the
environmental factors by which antibiotic resistance spreads in order to develop well-
informed strategies to combat it. In particular, wastewater treatment plants (WWTPs)
represent a potentially key critical control point given that they receive antibiotic resistant
bacteria (ARB) and ARGs from the population, which are then routed to a highly active
biological treatment process. The research projects described in this dissertation aimed
to explore the occurrence of ARGs in WWTPs, particularly WWTPs in developing
countries representing the extremes of what is expected to be encountered in terms of
potential to spread antibiotic resistance, and to improve and apply novel technologies for
monitoring key markers of antibiotic resistance in WWTPs and affected environments.
The disease-causing bacterium Staphylococcus aureus and a corresponding ARG
(methicillin antibiotic resistance mecA gene) were chosen as model biological
contaminants of concern due to their environmental and public health relevance. The
results reported in Chapters 3-5 advance the knowledge of integrated microbiology and
nanotechnology techniques, and also highlight some associated limitations. The results
reported in Chapter 2 provide insight into the baseline levels of ARGs expected in a highly
impacted WWTP in India, thereby highlighting the magnitude and global scale of the
problem of antibiotic resistance as well as the need for innovative solutions.
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CHAPTER 1. Introduction

ENVIRONMENTAL BIOCONTAMINANTS AND THE NEED FOR SUSTAINABLE
WATER SOLUTIONS THAT ALSO PROTECT PUBLIC HEALTH

The concept of the “wicked problem” has been introduced, in recognition that not all
problems have straightforward solutions.! These are unique, complex and convoluted
problems that may be directly or indirectly connected to other problems, could be
considered as symptoms of other problems, and have no clear solutions." 2 Wicked
problems do not have a well-defined cause, but rather, may be the effect of a collection
of contributing factors, which may also be interconnected.” ? Furthermore, they are
elusive, and, although their effects may be readily-evident, they are difficult to measure
and even more so to predict.” ? This concept describes the majority of environmental and
human health problems faced by humanity today. Because human activities themselves
form the roots of wicked problems, it is evident that mitigation strategies must necessarily
be considerate of human behavior, societal practices, and policy. Solutions will clearly
require an interdisciplinary perspective and should aim to be in harmony with other critical
goals, such as sustainable development and a high standard of public health, in order to
most effectively guide us towards homeostasis with our environment and natural
resources.’

The relationship between microbes and human health can be considered, thus, a wicked
one. Thousands of years of coevolution have resulted in intricate interdependent
associations between humans and microbial ecosystems;* thus, the human body cannot
be said to be separate nor independent from its microbe-laden environment. Major
scientific advances have recently been made in beginning to understand human-
microbiome interactions, revealing significant interdependencies.* ° However, we now
have more questions than answers when it comes to characterizing, understanding and
predicting these relationships and their benefits/consequences. In particular, as
anthropogenic activities take their toll on environmental ecosystems, unanticipated and
undesirable effects are being reflected on human health itself. This is so, in part, because
microbes evolve and microbial communities adapt in unpredictable ways in responding

to human-induced shifts in their environments. Thus, understanding microbe-human



health relationships as well as the effect of anthropogenic activities on microbial
communities underlying critical ecosystems, are important first steps in advancing human
health and sustainable development.

One of the most globally-relevant and urgent ‘wicked problems,’ with dire implications to
human health, is the emergence antibiotic resistance.® The general pattern that has been
observed is that, within a few years of releasing a new antibiotic onto the market, bacteria
resistant to that antibiotic are discovered in the clinic. Antibiotic resistance can then lead
to higher medical costs, prolonged illnesses and increased mortality,” with an estimated
yearly health care cost of $21 to $34 billion in the US alone.® Antibiotic resistance has
been associated with more than 2 million illnesses and 23,000 deaths per year in the US
alone;? however, socioeconomic factors are also at play in antibiotic resistance-related
outcomes.'® In order to combat the spread of antibiotic resistance, it is critical to gain an
understanding of the root causes in terms of its origin, evolution and pathways by which
it spreads.”’ After seven decades of observations and research, the occurrence and
dissemination of antibiotic resistance remains an elusive threat. This is partly due to the
complexity of microbial community dynamics taking place within human and
environmental systems and partly due to the intricacies surrounding the mechanisms of
emergence, carriage, and dissemination of antibiotic resistance.’® ' Interestingly,
clinically-relevant antibiotic resistance genes (ARGs) are thought to have largely
originated from nonpathogenic environmental bacteria,® ' thus highlighting the
magnitude of environmental reservoirs as a source of potentially new ARGs.> This
underscores the importance of advancing understanding of the role of human-induced
selective pressures and inputs of exogenous antibiotic resistant bacteria (ARBs) and
pathogens to receiving environments, particularly those that interconnect human and
natural ecosystems. ARGs are often carried in clusters via self-transmissible or
mobilizable elements, such as plasmids and transposons, and can be transferred
vertically or horizontally to progeny and other bacteria. Moreover, selective pressures
may result in genetically-linked ARGs of different classes to be simultaneously co-
selected and amplified in response to exposure to only one antibiotic or selective agent.15
In this way, different ARGs can become co-enriched within microbial communities,
thereby magnifying the concern of dissemination.



Integrons are key genetic elements that can provide an adaptive advantage to bacteria
by acquiring, accumulating, and rearranging gene cassettes.'® Integrons are known to be
controlled by the SOS genetic response, which is triggered by DNA damage under stress
conditions and induces genetic repair and mutagenesis.'” One relevant example that
highlights their significance with respect to antibiotic resistance was reported in a recent
study by Marathe and colleagues.'® The study characterized the antibiotic resistance
profiles of bacteria isolated from a WWTP in India receiving influent from a drug
production industry where high levels of antibiotics were found. The authors reported
integrase class 1 int/1 gene concentrations that were consistently higher than levels of
16S ribosomal RNA genes, a housekeeping gene essential to cell survival and present in
all bacteria with a range of copies per genome.'® '° In addition, 86% of isolated bacteria
were resistant to 20 or more antibiotics, while two isolates were resistant to 35 and 36 of
the 39 antibiotics tested.'® Because integrons can acquire and integrate multiple gene
cassettes into their mobile platforms, ARGs are often associated with other bacterial
protection genes such as those imparting resistance to metals and other biocides, and
thus, may be coselected.?® 2’

Considering that ARGs can spread among microorganisms, and even be assimilated from
dead bacteria via transformation, they have been described to be environmental
contaminants.?* % It is evident that ARGs and ARG-associated genetic elements behave
unlike typical contaminants in the environment.?* ?* Mitigation of the complex problem of
antibiotic resistance must be truly multidimentional and interdisciplinary (i.e., cover
clinical, environmental, cultural and other aspects), as a clear-cut solution is unlikely to
be reached.?* #* However, there are major gaps associated with global antibiotic
resistance characterization and mitigation such as lack of coordinated surveillance, lack
of globalized methodology and standards, and lack of concerted global action, especially
in developing countries where administration of antibiotics is less regulated.s’ 10 Although
antibiotic overuse contributes to the increased occurrence of ARBs, it is not logical to
totally abandon antibiotic use, as antibiotics are critical life-saving drugs that have vastly
improved human health and well-being. For this reason, an extensive analysis and
characterization of the problem, followed by concerted action, are needed with the
primary objective of effectively minimizing the impacts of human activities to the



environment and our own well-being.?*® Overall, a balance between innovative and
sustainable mitigation techniques, their feasibility, and impacts, both intentional and not,
must continually be assessed and recalibrated.'" 2°

Control of bacterial pathogens has long been the focus of hygiene and environmental
policy, with water treatments aimed at their removal and disinfection before discharging
to water bodies or distributing to consumers. Bacterial pathogens are of particular concern
when they carry ARGs, which can increase their fithess when exposed to selective
environments, such as those containing high levels of antibiotics.® Since the advent of the
antibiotic era and onset of widespread antibiotic use, infections caused by multidrug-
resistant bacteria have gradually increased in incidence, causing increased morbidity,
mortality, length of iliness and treatment, and treatment costs.” " An important example
is multidrug resistant tuberculosis (MDR-TB), which infects over 480,000 people each
year and has been identified in 92 countries.” Other multidrug resistant life-threatening
infections caused by pathogens, such as Klebsiella pneumoneae and Escherichia coli
have been found to essentially be untreatable, and failure of the last resort antibiotic for
treatment of gonorrhea has been reported in 10 countries.” Resistance to Colistin, a last
resort antibiotic for treatment of carbapenem-resistant Enterobacteriaceae, has also
recently been reported.” %2

Methicillin-resistant Staphylococcus aureus (MRSA), a species of Gram-positive
spherical bacteria that has become increasingly resistant to a variety of antibiotics, 2% *°
is a key exemplar of a critical antibiotic-resistant pathogen. S. aureus can form part of the
normal human flora and can be hosted and transferred by asymptomatic carriers.
However, it is also a leading cause of bacterial infection in humans and can infect virtually
any tissue of the human body given the right set of conditions.®' Although S. aureus is
the most common cause of skin and soft tissue infections, it can also cause more invasive
infections that can quickly progress and become systemic and/or life threatening. MRSA
infections are more likely to be fatal.” Staphylococcal food poisoning is also common, as
S. aureus is known to produce seven different enteric toxins.*> Reports of MRSA
incidence range between 30 and 90%.” ** One study specific to India characterized S.
aureus isolates from different sources around the country.® The authors reported about
45% MRSA incidence and, more alarmingly, more than 10% vancomycin (an antibiotic of



last resort) resistance S. aureus (VRSA) incidence.?* Due to its high virulence and
opportunistic nature, to its resistance and resilience to environmental stresses and
antibiotics, and to its adaptability to a range of different environments, S. aureus can be
considered a relevant opportunistic pathogen of concern.®® Although MRSA infections
were initially primarily limited to the healthcare setting, community acquired infections
have become more prevalent worldwide and have been observed to displace other
emergent and endemic strains.>* *® In addition, S. aureus and MRSA strains have been
detected in WWTP influents and effluents,?® ¥ highlighting the need for monitoring of
this emerging aquatic contaminant.

Water is a vital resource to human existence, but can also be a source of waterborne
disease and other contamination. Water can facilitate the physical mobility of many
colloidal and molecular contaminants, and thus the water cycle is an important conduit to
consider for transmitting bacteria, pathogens, and ARGs. In particular, wastewater
treatment plants (WWTPs) have been developed and emplaced, mainly within the last
century, as barriers to decrease the loads and direct effects of anthropogenic
contaminants on the environment and human health. However, WWTPs have not been
designed bearing in mind the effects of increasing loads of ARBs and ARGs.
Contaminated waters from a variety of human-impacted sources; including hospital,
industrial, and domestic sources, converge at WWTPs, thereby creating an efficient and
well-mixed medley that may increase interactions between selective agents and
microbes. The potential for WWTPs to serve as a hub for horizontal gene transfer and
dissemination must be carefully considered and is subject to debate.*® Untreated and
emerging contaminants (e.g., ARB, ARGs and selective agents such as antibiotics,
antimicrobials, metabolites, metals, etc.) can potentially enter the environment and/or
reenter the human use/consumption grid via direct or indirect water (and biosolids)
reuse.”*" Thus, WWTPs not only act as foci for biocontaminant emergence, transfer and
proliferation, but also as intermediaries for dissemination via contaminated effluents.
Accordingly, WWTPs represent an important point of control for monitoring,
characterization and mitigation of emerging biocontaminants of concern.*? 43
Considering the rapidly evolving nature of emerging contaminants, a paradigm shift where

traditional wastewater treatment methods are adapted to minimize the emergence and



dissemination of amplifiable biocontaminants may be necessary. A critical need for
guiding the future development of our water infrastructure is baseline data on occurrence
of ARBs, pathogens, and ARGs. In particular, widespread application of low-cost
detection and monitoring technologies can help in addressing critical knowledge gaps in
understanding the magnitude of the problem as well as in characterizing and prioritizing
potential solutions.** Thus, the overarching goal of this dissertation was to develop,
refine, and apply novel detection and monitoring technologies for environmental
biocontaminants of concern, especially key markers of antibiotic resistance. The
pathogen S. aureus and corresponding ARGs (methicillin resistance mecA gene in
Chapter 5, specifically) were chosen as model biocontaminants of concern due to their
environmental and public health relevance and recent reporting of their occurrence in
wastewater and reclaimed water.

This dissertation discusses an exploration of electrochemical (Chapter 4) and
nanotechnology-enabled (Chapters 3 and 5) detection mechanisms, as well as the
application of traditional molecular analyses (Chapter 2) for detection and quantification
of biocontaminants. A description of each chapter and its status, as well as a list of authors
for each manuscript are described as follows.

ANNOTATED DISSERTATION OUTLINE

Chapter 1 — Introduction. This chapter provides background regarding the motivation of
the dissertation, an overview of its contents, and a list of attributions for chapter coauthors.
Chapter 2 — Antibiotic Resistance Gene Distribution in Two WWTPs in Chennai,
India. This chapter describes the characterization of antibiotic resistance gene
distributions across two WWTPs and their effluent-receiving environments in a densely-
populated Indian coastal city. The results thus far suggest relatively high levels of ARGs
in WWTP influents and effluents, as well as high background ARG concentrations in
receiving environments likely due to direct discharge of unregulated untreated waste and
wastewater.

These preliminary results are part of the initial sampling event of the VT PIRE HEARD
project. Halting Environmental Antimicrobial Resistance Dissemination (HEARD) is a

Virginia Tech project funded by the NSF Partnerships for International Research and



Education (PIRE) program. The project is aimed at improving understanding about
different aspects of global wastewater-mediated dissemination of antibiotic resistance.
Chapter authors: Maria V. Riquelme, Jacob Metch, Gargi Singh, Ramya, Indumathi
Nambi, Amy Pruden, Peter Vikesland.

Chapter 3 — Aptamer-functionalized Gold Nanoparticles for the Rapid Detection of
Staphylococcus aureus. This chapter describes the development of aptamer-
functionalized gold nanosensors for surface enhanced Raman spectroscopy (SERS)-
based detection of a model opportunistic human pathogen of concern: S. aureus. The
nanosensors have shown promise in terms of specificity and stability, as well as
challenges associated with assay reproducibility. We plan to submit a manuscript
describing the demonstration of the approach and discussing the limitations and
challenges that we have encountered.

Chapter authors: Maria V. Riquelme, Weinan Leng, Matthew S. Hull, Chad W. McKinney,
Amy Pruden, and Peter J. Vikesland.

Chapter 4 — Optimizing Blocking of Nonspecific Bacterial Attachment to
Impedimetric Biosensors. This manuscript describes the evaluation of a variety of low-
and high-molecular weight blocking agents in terms of their ability to minimize nonspecific
bacterial binding onto impedimetric gold electrodes. The results demonstrate that some
blocking agents can promote differential binding of closely-related bacterial species and
highlights the importance of strategically optimizing the blocking of nonspecific bacterial
binding in a chemical and biological agent-specific manner. This work led to a publication
in Sensing and Bio-Sensing Research 8 (2016) 47-54. Available via:
http://dx.doi.org/10.1016/j.sbsr.2016.04.003.

Chapter authors: Maria V. Riquelme, Huaning Zhao, Vaishnavi Srinivasaraghavan, Amy
Pruden, Peter Vikesland, Masoud Agah.

Chapter 5 — Gold Nanosensor Enabled Detection of Antibiotic Resistance Genes
for Environmental Monitoring. The manuscript presented in this chapter describes the
development and application of gold nanosensors for the detection of ARGs in complex
environmental matrices. Specifically, the stability, selectivity and applicability of mecA
gene-specific nanosensors were demonstrated in effluents from four WWTPs, including
one from a large, densely-populated city in India. The manuscript is in preparation.



Chapter authors: Maria V. Riquelme, Weinan Leng, Marcos Carzolio, Amy Pruden, Peter
Vikesland.
Chapter 6 — Conclusions. The major outcomes of the research described in this

dissertation are discussed and directions for future work are highlighted in this chapter.
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CHAPTER 2. Antibiotic resistance gene distributions across two WWTPs and their
effluent-receiving environments in a densely-populated Indian city.

Maria V. Riquelme, Jacob Metch, Gargi Singh, Ramya Srinivasan, Indumathi Nambi,
Peter Vikesland, Amy Pruden.

Project in progress

ABSTRACT

The pandemic propagation of antibiotic resistance calls for concerted global action. From
an environmental perspective, wastewater treatment plants (WWTPs) are potentially
critical control points for antibiotic resistance emergence, proliferation and dissemination.
As part of a larger effort aimed at understanding and mitigating wastewater treatment-
associated antibiotic resistance, the primary focus of this project was to characterize
antibiotic resistance gene distributions across two WWTPs and their effluent-receiving
bodies in a densely-populated Indian coastal city. Real-time quantitative polymerase
reaction (QPCR) was applied to quantify bacterial 16S rRNA genes and three antibiotic
resistance genes (ARGs), tet(W), tet(O), and sul1, and an associated class | integron,
intl1. In general, gene abundances followed the pattern 16SrRNA>int/1>sul1>
tet(O)>tet(W). Influent ARG concentrations were relatively high (in the order of 10® gene
copies/mL) and similar in both WWTPs. Absolute and relative (i.e., normalized to 16S
rRNA genes) gene abundances were similar throughout both treatment trains, while the
WWTP effluent impact on the receiving water bodies could not be resolved due to high
background ARG levels, likely due to direct discharge of unregulated untreated waste
and wastewater. Metagenomic analyses will be applied in a future study to provide a
broader and comprehensive profile of the ARGs to validate trends observed here in the
WWTPs and further explore the potential effects of their effluents on receiving

environments.

INTRODUCTION
Antibiotic resistance is a multicausal and dynamic problem of pandemic proportions
affecting human health worldwide." Mitigation strategies require global and

interdisciplinary concerted action with an aim to minimize ARG emergence, proliferation
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and dissemination via priority ‘hotspots.”’® In particular, the role of the environment is
gaining attention, including means by which human activities may amplify natural
background antibiotic resistance genes (ARGs) and their tendency to be transferred or
the potential for clinical sources of resistance to spread via environmental routes. As
central points of convergence of human waste and a plethora of selective agents (e.g.,
metals, antibiotics), wastewater treatment plants (WWTPs) are of key interest as potential
hot-spots for ARG amplification, horizontal gene transfer, and spread to the
environment.* ° These attributes also place WWTPs in a potentially key position for
limiting the spread of antibiotic resistance, underscoring the importance of establishing
an understanding of the effects of different treatment processes and technologies on ARG
behavior. For example, some wastewater treatment processes have been reported to

t,6’ 7

increase ARG concentrations relative to the influen while others have been observed

to decrease levels.® ? Increase in ARG concentration during wastewater treatment has
been associated with selective conditions coupled with recycling of biosolids,® ™
supporting the idea that the degree of WWTP-associated ARG emergence may be
impacted synergistically by various factors. Thus, characterizing and categorizing the
efficacy of existing treatment strategies and their influence on receiving environments are
necessary steps in designing more effective and sustainable treatment waste
management systems, while ensuring utmost protection of public health.

Antibiotic resistance is a complex global challenge driven by varying antibiotic use and
disposal policies in different countries, as well as distinct socioeconomic conditions and
standards of sanitation and waste management. Thus, it is critical to begin to gain
perspective about the baseline occurrence and function of ARGs in WWTPs across the
globe. Indian WWTPs are of strong interest as potential worst-case-scenarios, both in
terms of the levels and kinds of resistant bacteria and selective agents in the influent.
Also noteworthy are the lack of regulation of antibiotic use, unfettered disposal of
industrial sources of antibiotics,”" and the prominent emergence and incidence of multi-
drug resistant “super-bugs”.'® 2 In 2010, India was the world’s largest human health-
related consumer of antibiotics, followed by China and the United States." Factors such
as low regulation of antibiotic distribution, poor public health infrastructure, rising incomes,
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high population densities and high incidence of disease, are likely synergistic forces in
driving emergence of antibiotic resistance.™

Here we examined occurrence of key ARG markers and a gene transfer element in two
WWTPs located in a densely-populated Indian city with the objectives of: (1)
characterizing ARG distributions throughout the treatment system, (2) characterizing
ARG distributions in receiving bodies and exploring relationships with the WWTP effluent,
and (3) validating sample preservation and DNA extraction methodology to support
international comparisons of ARG distributions. We quantified the bacterial 16S rRNA
gene, a conserved gene among bacteria and a marker for total bacterial concentrations;
the intl1 class 1 integrase gene, which encodes an integrase enzyme implicated in the
acquisition of ARGs for their subsequent expression within the bacterial cell;"® and the
tet(W) and tet(O) genes that encode tetracycline resistance; and the sul1 gene, which
encodes sulfonamide resistance. This approach provided a cross-section of genes of
clinical, environmental, and ecological relevance. In combination with novel
metagenomic-based ARG fingerprinting, the ARG quantification results reported herein
are expected to provide insights about local patterns and relative sources contributing to
the global emergence and dissemination of antibiotic resistance.

MATERIALS AND METHODS

WWTP description and sample collection. A schematic of the two WWTP relative
locations within the city and their configurations are shown in Figure 2.1. WWTP 1 was
the newest (about 1-year-old) of a three-train WWTP complex that treated influent from
separate districts of the surrounding city. The 54 MLD (14 MGD) WWTP consisted of
conventional activated sludge treatment with diffused oxygen followed by a chlorination
step (without dechlorination) prior to effluent release into a channel that led to a nearby
river (~ 0.25 mi away). The combined biosolids were anaerobically digested prior to
dewatering via centrifugation; however, the dewatering centrifuge was out of operation at
the time of sampling. Samples were collected from the influent, primary clarifier effluent,
activated sludge basin effluent, secondary clarifier effluent, final effluent, combined solids,
and final (digested) solids. Samples were also collected from the receiving river upstream
and downstream of the WWTP effluent discharge; however, it is important to note that
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both the river and the canal connecting the WWTP to the river also received discharge
from unregulated sources. For this reason, it may be difficult to determine the actual
impact that the WWTP effluent had on the receiving river water quality.

WWTP 2 was a 54 MLD (14 MGD) conventional activated sludge treatment (mechanically
aerated) without a disinfection step. The secondary effluent flowed into a shallow
retention pond (sunlight exposure was expected to partially disinfect) before discharging
into a marshland. The marshland was also home to a solid waste dump site, known to be
impacted by leaching of high levels of heavy metals (e.g., lead) and other contaminants
(personal communication). The influent to the plant was partially composed of septic tank
sewage transported on trucks and disposed onto partially open channels that led to
combination with the bulk influent. The WWTP had an infinite secondary SRT, thus the
final solids composition was made up of anaerobically-digested settled solids from
primary clarification only. The solids dewatering centrifuge was also out of service at this
plant. Areas of turbulent hydraulic flow throughout the plant generated high quantities of
foam that was lifted and dispersed by the wind. Samples were collected from the influent,
primary clarifier effluent, activated sludge aeration basin near the discharge point (effluent
collection was inaccessible due to foaming), secondary clarifier effluent, final effluent, and
primary solids before and after anaerobic digestion (i.e., anaerobic digester influent and
effluent). Because the WWTP effluent receiving water body was a marshland, there were
no clear upstream and downstream points available for sampling. In addition, the location
near the WWTP effluent discharge into the marshland was not accessible, thus sampling
of the marshland took place near the solid waste dumpsite and at the marshland outfall,
where the marshland discharged into a canal that ran parallel to the coastline.

Where necessary samples were collected by dipping a bucket attached to a string into
the water, then transferring the sample into a previously washed sampling container for
transport to the lab. The plastic collection containers were prepared by scrubbing with
bleach and rinsing thoroughly with tap water before rinsing three final times with DI water.
For influent, primary effluent, and activated sludge sampling, a bucket provided by the
WWTP was rinsed five times with sample water before using for sample collection. For
secondary effluent, final effluent, and receiving water body sampling, a bucket brought
from the lab was rinsed with DI water, wiped with ethanol, and pre-rinsed five times with
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sample water prior to using for sample collection. Temperature, dissolved oxygen (DO),
and pH were measured on-site on a fraction of each sample collected. Solids samples
were collected directly into sterile 50 mL centrifuge tubes. The samples were immediately
transported to the lab and either processed immediately (within 2-4 h of collection) or

stored in a 4 °C fridge until processing on the same day.

WWTP1
®

WWTP1 effluent receiving river

WWTP2 effluent receiving marshland (ML) and
solid waste dumpsite (SD) within the marshland

Figure 2.1. Map of WWTP relative locations and WWTP process schematics (magnified
in blue and red for WWTPs 1 and 2, respectively). WWTPs were located within a densely
populated coastal Indian city. WWTP1 effluent-receiving river was about 0.25 mi away
from the WWTP. Abbreviations: IN (influent), PC (primary clarifiers), AS (activated sludge
basin), SC (secondary clarifiers), CD (Chlorine disinfection), FE (Final effluent), AD
(anaerobic digesters), CS (Combined solids), FS (final solids), ML (marshland), SD (solid
waste dump site). WWTP2 secondary solids had infinite retention time, and final effluent
did not undergo disinfection.

Sample processing. Liquid samples (influent, primary effluent, secondary effluent, final
effluent, and upstream and downstream of receiving body) were shaken and concentrated

onto 0.22 um-pore size mixed cellulose esters filters (Millipore, Catalog # GSWP047S0)
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via vacuum filtration until clogging. Triplicate samples were filter-concentrated and their
volume recorded before the filter was folded using flame-sterilized tweezers, placed in a
2-mL O-ring screw-cap sterile tube, and submerged in 1.5 mL of 50% ethanol in sterile
MilliQ water. Activated sludge and solids samples were homogenized by shaking and 500
uL or 500 mg were mixed 500 pL of 100% ethanol inside of a 2-mL O-ring screw-cap
sterile tube. All ethanol-fixed samples were stored at -20 °C before shipping (expedited)
on ice to our home lab at Virginia Tech, where they were immediately stored at -20 °C
until DNA extraction.

DNA extraction. DNA was extracted from the samples using the Fast DNA SPIN Kit for
Soil (MP Bio, Catalog # 116560200). For DNA extraction from the filtered liquid samples,
the filters were first removed from the 2-mL storage tube and torn into small (=5 mm x 5
mm pieces) using flame-sterilized tweezers before placing inside of a lysing matrix tube
E. This step was done directly above a sterile Petri dish with care not to drop any filter
pieces outside of the plate area. The 2-mL storage tubes containing the remaining ethanol
solution were then centrifuged at 5,000 xg for 10 min, the ethanol decanted, and the pellet
resuspended in Sodium Phosphate Buffer (978 uL) and MT Buffer (122 L) (i.e., the first
two solutions applied during DNA extraction). This mix was then transferred to the lysing
matrix tubes (along with the torn filters), before carrying on with DNA extraction according
to kit manufacturer’s instructions. For DNA extraction from activated sludge and solids
samples, the 2-mL tubes were centrifuged at 5,000 xg for 10 min, the ethanol decanted,
and the pellet resuspended in Sodium Phosphate Buffer and MT Buffer (978 uL and 122
uL, respectively), before transferring to the lysing matrix tubes and carrying out DNA
extraction as directed in the kit manual. DNA extracts were stored in O-ring tubes at -20
°C prior to molecular analyses.

Real-time, quantitative polymerase chain reaction (qPCR). First, four representative
samples were chosen from each of the two WWTPs in order to determine the optimum
sample dilution required for maximizing enzyme-based amplification while minimizing
contaminant-induced inhibition. Three dilutions (1:20, 1:50, and 1:100) were prepared for
DNA extracted from influent, final effluent, activated sludge and final solids samples
obtained from both WWTPs. An initial gqPCR-based 16S rRNA gene quantification was
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done for these dilutions, and an optimum dilution of 1:50 was chosen. Triplicate qPCR
quantifications of the 16S rRNA, int/1, tet(W), tet(O) and sul1 genes were then carried out
for all the samples. Each 10 uL reaction consisted of 400 nM of each primer, 1X EVA
Green Supermix (BioRad), and 1 uL of 1:50 diluted sample. Each reaction underwent an
initial denaturation step of 2 min at 98 °C followed by 40 cycles of denaturing at 98 °C
and annealing-extension at the temperature specified in Table 2.1. A melt-curve was
collected after each run. A list of genes and primer information is reported in Table 2.1.

Table 2.1. List of gPCR-quantified genes and their respective primer information.

Gene Annealing temp. (°C) Amplicon size (bp) Reference

16S rRNA 60 124 Suzuki et al., 2000
intl1 60 473 Hardwick et al., 2008
tet(W) 60 167 Aminov et al., 2001
tet(O) 50.3 171 Aminov et al., 2001
sul 69.9 163 Pei et al., 2006

RESULTS & DISCUSSION

Sample collection and characterization. Samples were collected from the WWTPs and
their effluent receiving bodies as illustrated in Figure 2.2. Each sample was characterized
in terms of temperature, DO and pH (Table 2.2). On average, sample temperature was
about 30.6 +0.59 °C, excluding the marshland outfall (34 °C). The pH ranged from 7.46
(WWTP1 PE) to 8.43 (Marshland outfall).
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Figure 2.2. WWTP configuration and sampling locations. Blue dots accompanied by a
two-letter sample abbreviation (in bold) represent sampling locations within each WWTP
and their receiving bodies (right). Abbreviations: IN (influent), PE (primary effluent), AS
(activated sludge basin), SE (secondary effluent), FE (Final effluent), PS (primary solids),
CS (combined solids), FS (final solids), UP (receiving river upstream from WWTP), DN
(receiving river downstream from WWTP), DL (Solid waste dumpsite leachate), MO
(marshland outfall).
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Table 2.2. Temperature, dissolved oxygen (DO) and pH characteristics of samples.

Temp. DO
WWTP (Capacity) Sampling location (°C) (mg/L) pH
Influent (IN) 29.8 0.94 7.96
Primary effluent (PE) 30.0 0.60 7.46
WWTP1 .
(54 MLD) Activated sludge (AS) 30.6 2.83 7.61
Secondary effluent (SE) 30.8 4.71 7.79
Final effluent (FE) 30.5 5.29 7.86
Influent (IN) 30.9 0.22 7.64
Primary effluent (PE) 31.5 1.56 7.55
WWTP2 .
(54 MLD) Activated sludge (AS) 7.91
Secondary effluent (SE) 30.8 2.76 7.96
Final effluent (FE) 314 4.01 8.18
Marshland receiving _Marsh- Near Solid Dump (DL) 29.9 7.20 8.00
WWTP2 effluent  \15rsh- Outfall (MO) 34.0 15.11 8.43

Gene occurrence trends. All collected samples were screened for int/1, tet(W), tet(O)
and sull genes. Relative gene abundances were estimated via normalization to
corresponding 16S rRNA gene copies. Preliminary gene quantification results are shown
in Figures 2.3, 2.4 and 2.5. All genes were detected in all samples at relatively high

concentrations in comparison to levels reported in other countries,® 68

except in the
dumpland leachate-impacted marshland sample (DL) associated with WWTP2. Class 1
integron int/1 abundances were generally comparable to sul1 gene but higher than other
ARG abundances for all samples, following a general pattern where tet(O) was slightly,
and consistently, higher than tet(W). In general, gene abundances followed the pattern
16SrRNA>intl1>sul1>tet(O)>tet(W). WWTP ARG-associated gene concentrations
ranged from 5.4x108 (int/1) to 1x10° (tet(W)) gene copies/mL in the influent, 6.7x10°
(intl1) to 1.4x108 (tet(W)) gene copies/mL in the activated sludge, and from 9.8x10° (int/1)
to 8.0x10° (tet(W)) gene copies/mL in the final effluent. Relative gene abundances ranged
from 2.3x10™ (int/1) to 4.2x107 (tet(W)) in the influent, 3.6x10™" (int/1) to 7.2x107 (tet(W))
in the activated sludge, and from 1.6x10™ (int/1) to 1.3x107 (tet(W)) in the final effluent.

Absolute gene concentrations and ARG relative abundances were similar upstream and
downstream of WWTP1 in the receiving river. ARG-associated gene concentrations
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ranged from 1.7x10" (intl1) to 9.4x10° (tet(W)) gene copies/mL upstream, and from
3.0x10" (intl1) to 1.0x10° (tet(W)) gene copies/mL downstream of the WWTP; with
relative abundances ranging from 1.8x10™ (int/1) to 9.8x107 (tet(W)) upstream, and from
1.4x10™ (int/1) to 4.8x10° (tet(W)) downstream of the WWTP. Based on these results,
there was no evidence of a direct impact of WWTP effluents on increased ARG
occurrence downstream of the river. However, inputs from WWTP1 were likely
overshadowed by the dominating influence of unregulated discharge into the river itself
and into the canal leading the WWTP effluent into the river. Metagenomic analyses are
expected to provide broader and deeper ARG fingerprints to help elucidate the relative
impacts of different sources on the ARG composition of the receiving environment.
Similar gene distribution patterns were observed for WWTP2. ARG-associated gene
concentrations ranged from 4.5x10® (int/1) to 8.6x10’ (tet(W)) gene copies/mL in the
influent, 4.6x10° (int/1) to 3.3x10° (tet(W)) gene copies/mL in the activated sludge, and
from 1.4x107 (int/1) to 1.9x10° (tet(W)) gene copies/mL in the final effluent. Relative gene
abundances ranged from 2.3x10™" (int/1) to 4.3x107? (tet(W)) in the influent, 1.7x10™
(intl1) to 1.1x102 (tet(W)) in the activated sludge, and from 9.0x1072 (int/1) to 1.2x107
(tet(W)) in the final effluent. Relative gene abundances in the solids samples from both
WWTPs followed a similar pattern.

ARG concentrations followed the same occurrence pattern as described above, where
int>sul1>tet(O)>tet(W), throughout the WWTP and also in the marshland outfall (except
in the solid waste dumpsite leachate-impacted marshland sample). Marshland outfall
gene concentrations were similar to those in the WWTP effluent. However, it is unknown
to what extent these concentrations are impacted by WWTP effluent versus unregulated
wastewaters channeled into the marshland. Gene concentrations in the solid waste
dumpsite-impacted marshland samples were lowest in comparison to all other samples.
Gene concentrations were 2.3x10° (int/1), 3.0 x10° (tet(W)), 2.6x10* (tet(0)), and 3.2x10°
(sul1), with relative abundances of 1.5x102, 1.7x10%, 1.7x10®, and 2.1x10?
respectively. Because this solid waste leachate-impacted marshland may contain higher
levels of PCR inhibitors, additional optimizations will be carried out to test for inhibition

and corroborate the values reported here.
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Absolute and relative ARG concentrations were very similar in the influent to both
WWTPs, suggesting the possibility of a relatively homogeneous antibiotic use and
antibiotic resistance distribution among the areas where the wastewater is generated.
Microbial community composition dependence on seasonal antibiotic wastewater
concentrations has been reported.” The same study reported a positive correlation
between temperature and sulfonamide resistant heterotrophs and enterobacteria.'’® ARG
and intl1 concentrations reported elsewhere are variable and also tend to reflect local and
seasonal patterns of antibiotic use.” ' ?° The concentrations reported herein appear to
be relatively higher when compared to other reports;® '®'® however, this is not surprising
considering that antibiotic use in India is among the highest in the world." One study
quantified int/1 concentrations in an extreme WWTP receiving influent from a drug

production plant.'

The authors highlighted the occurrence of high drug levels in the
WWTP environment, and reported unusually high levels of ARGs, including int/1
concentrations that were higher than 16S rRNA gene concentrations and that increased
throughout the wastewater treatment train.’® Because bacteria usually harbor multiple
16S rRNA gene copies within their genomes, this finding suggested the potential for
occurrence of multiple int/1 genes in a single cell and highlighted the effect of selective
pressures on the enrichment of ARG-associated genetic elements.®

Compared to other sampling locations, ARG abundances were enriched in the activated
sludge. This is consistent with the hypothesis of the biosolids recycling practices and the
active growth conditions within these reactors contributing to selection and transfer of
ARGs,’ although a recent metagenomics-based study of Danish WWTPs suggested that
horizontal gene transfer may be limited in activated sludge.?’ The presence of selective
agents such as pharmaceuticals, heavy metals, disinfectants, antibiotics (even at
subtherapeutic doses), or a combination thereof, theoretically can enhance ARG

emergence and coselection,?*?°

potentially making the activated sludge process a fertile
ground for selection of antibiotic-resistant bacteria. Further metagenomic analysis is
expected to provide broader and deeper resolution profiling of ARGs and gene transfer
elements to help elucidate relationships between wastewater treatment and ARG

emergence and dissemination.* %% ?°
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Figure 2.3. gPCR-quantified gene concentrations in samples obtained from WWTP1.
Absolute gene concentrations per copy numbers (top), and 16S rRNA gene normalized
gene proportions (bottom). Error bars include analytical and experimental replicates,
accounting for error propagation of standard deviations. Samples: IN (Influent), PE
(Primary effluent), AS (Activated sludge), SE (Secondary effluent), FE (Final effluent), CS
(Combined solids), FS (Final solids), UP (River upstream), DN (River downstream).
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Figure 2.4. qPCR-quantified gene concentrations in samples obtained from WWTP2.
Absolute gene concentrations per copy numbers (top), and 16S rRNA gene normalized
gene proportions (bottom). Error bars include analytical and experimental replicates,
accounting for error propagation of standard deviations. IN (Influent), PE (Primary
effluent), AS (Activated sludge), SE (Secondary effluent), FE (Final effluent), PS (Primary
solids), FS (Final solids), DL (Dump land leachate), MO (Marshland outfall).

In addition to characterizing ARG concentrations within the WWTP and effluent-receiving
environments, we also compared the effect of DNA extraction directly from freshly

processed samples (in India), versus extracting DNA from ethanol-fixed samples shipped
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to the United States. The DNA extraction was carried out by the same person in both
places in order to minimize person-to-person bias; however, many other factors
independent from the DNA extraction process (e.g., sample fixation, shipping and
extended storage) could also influence the results. Triplicate samples from three locations
of WWTP1 were selected for this comparison: Influent (IN), activated sludge (AS) and
secondary effluent (SE). The results, shown in Figure 2.5, indicate that there were minor
differences in DNA extract yields, and suggest that sample stability is minimally

compromised by fixation, shipping and storage.
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Figure 2.5. Comparison of DNA extraction from fresh samples in India Vs. fixed samples
in the US. DNA extraction was performed by the same person in both places. Error bars
include analytical and experimental replicates, accounting for error propagation of
standard deviations. Samples: IN (Influent), AS (Activated sludge), SE (Secondary
effluent), US (DNA extracted in the US from ethanol-fixed samples), India (DNA extracted
from freshly collected samples in India).

CONCLUSIONS AND FUTURE WORK

The preliminary results reported here begin to reflect the distinctive antibiotic resistance
distributions within a developing economy exhibiting poor sanitation infrastructure and
unregulated antibiotic consumption. Little differences in absolute and relative ARG
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concentrations were observed within the two WWTPs; however, it is expected that subtler
differences will become resolved with the application of metagenomics analyses.
Metagenomic data can provide broad and deep-resolution ARG fingerprints expected to
shed light on the relative contributions of different influents (e.g., WWTP effluent versus
unregulated non-point sources) on the receiving body ARG composition. In addition,
scaffolding of metagenomics sequences can provide further insight about associations
between ARGs and other genetic elements. Further wastewater characterization as well
as seasonal sampling events are also important for discerning relationships between
antibiotic resistance enrichment and selective agents such as unmetabolized antibiotics
at subtherapeutic doses.
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CHAPTER 3. Aptamer-functionalized gold nanoparticles for the rapid detection of
Staphylococcus aureus

Maria V. Riquelme, Weinan Leng, Matthew S. Hull, Chad W. McKinney, Amy Pruden, and
Peter J. Vikesland

ABSTRACT

Staphylococcus aureus is one of the leading causes of a wide range of opportunistic
infections in humans. Because of its increased resistance to multiple antibiotics and
frequent detection in environmental matrices such as wastewater, S. aureus is considered
an emerging environmental pathogen of concern. Herein we describe a method for the
rapid detection of S. aureus that couples highly specific aptamer-functionalized gold
nanoparticles (Apt-AuNPs) with sensitive surface enhanced resonance Raman
spectroscopy (SERRS). Stable Apt-AuNPs include a Raman reporter that enables rapid
and sensitive SERRS detection, a S. aureus-specific aptamer, and a PEG linker and
monolayer that acts as an Au-aptamer spacer as well as a colloid stabilizer. Our Apt-
AuNP prototype facilitates detection of S. aureus while remaining stable for an extended
period of time. Although optimization is necessary for reproducible results, the technology
reported here represents a novel and more sustainable alternative to existing pathogen
detection methods that require additional time and preparation.

INTRODUCTION

Staphylococcus aureus is the causative agent of a growing number of disease outbreaks
within the United States and worldwide." Although transmission of this organism has
historically been associated with hospitals, recent environmental outbreaks of methicillin
resistant S. aureus (MRSA) as well as its detection in wastewater effluent have
inaugurated MRSA as an emerging environmental pathogen of concern.” % 4
Unfortunately, the established methods for S. aureus monitoring are generally slow and
rely on laborious and lengthy cell culture techniques that are not conducive to rapid
detection. Furthermore, PCR-based methods can be lengthy and inaccurate because

they rely on the extraction and purification of intracellular DNA, are enzyme-dependent,
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and do not yield whole cell numbers. Clearly, there is a need for improved techniques to
rapidly detect the presence of whole and potentially infectious S. aureus cells.

Gold nanoparticle-based assays for the optical detection and quantification of intact
pathogenic organisms in biological and environmental matrices have recently elicited
interest due to their capacity to detect single cells.>” In these assays, biosensor specificity
is realized through the use of recognition elements such as antibodies or aptamers that
detect antigens or other epitopes on the pathogen surface. Biosensor sensitivity is then
achieved via surface plasmon-enhanced optical signals that develop in response to the
interaction between the pathogen and the recognition element. Aptamers, engineered
single-stranded nucleic acid sequences (2-25 kDa, 30-80 nt) with high affinity and
specificity towards target species, are one antibody alternative that has elicited great
interest due to their increased stability under a range of non-physiological conditions,
ease of isolation, ease and reproducibility of synthesis and functionalization, and low
toxicity and immunogenicity, among others.®'? Given the rapidly expanding list of

pathogen-specific aptamers,® 2’

it is now feasible to produce biosensor assays that
utilize aptamers for pathogen detection.

The Apt-AuNP probe produced in this study consists of a gold nanoparticle core that is
covalently functionalized with a SERRS active reporter molecule and aptamers specific
to S. aureus (Figure 3.1). The highly specific interaction between SERRS active Apt-
AuNPs and S. aureus enhances the SERRS signal intensity such that single S. aureus
cells are quickly and easily detected, while unbound Apt-AuNPs are not detected due to
their lower signal intensity. XY Raman imaging enables rapid quantification of the S.
aureus concentration. Our results suggest that this type of detection strategy can be
multiplexed to enable simultaneous quantitative detection of numerous pathogens in

environmentally-relevant matrices.
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Figure 3.1. Representation of Apt-AuNPs and mechanism of detection. Left: Laser
excitation produces different Raman signal intensities for Apt-AuNPs agglomerated on a
S. aureus cell versus discrete individual Apt-AuNPs. Right: Structure of Apt-AuNP probe.

MATERIALS AND METHODS

Materials. Chloroauric acid (HAuCls-3H20), sodium citrate dehydrate (99+%), N-
hydroxysulfosuccinimide (Sulfo-NHS), and ethyl dimethylaminopropyl carbodiimide
(EDC) were purchased from Sigma-Aldrich (St. Louis, MO) and were used without further
purification. Malachite green isothiocyanate (MGITC) and the amine-functionalized
aptamer SA43 (5- GCAATGGTACGGTACTTCC-
TCGGCACGTTCTCAGTAGCGCTCGCTGGTCATCCCACAGCTACGT-
CAAAAGTGCACGCTACTTTGCTAA-(CH2)s-NH2-3') were acquired from Invitrogen
Corp. (Grand Island, NY). Ethanol (99+%) and phosphate-buffered saline (PBS, pH 7.4)
were obtained from Fisher Scientific (Pittsburgh, PA). PBS (137 mM NaCl, 2.7 mM KCl,
10 mM NayHPO4, 1.76 mM KH;PO4 pH 7.4) was prepared and autoclaved for use in
culture washing and aptamer assays. Nanopure water (>18 MQ-cm) was used to produce

all aqueous solutions.

Apt-AuNP synthesis. Spherical gold nanoparticles (AuNPs) at a concentration of ~5 x
10" NPs/mL were prepared by seed-mediated growth.?> 2 These citrate-capped
particles were characterized using a JEOL 100 CX-Il transmission electron microscope
(TEM) and an Agilent Cary 5000 UV-Vis-NIR spectrometer. Average particle diameters
were determined based upon the location of the localized surface plasmon band in the
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UV-Vis spectrum?® and via ImageJ (http://rsbweb.nih.govi/ij/) analysis of the collected
TEM images (Figure 3.2A). These two measures of nanoparticle diameter qualitatively
agree with one another. Previously described ssDNA aptamer SA43 specific to S. aureus
was used to functionalize the gold nanoparticle surface. The synthesis of Apt-AuNPs was
performed as described by Qian et al.? It consisted of three general steps:

(A) Attachment of Raman active dyes: A freshly prepared MGITC (e=1x10°M"cm™)

solution was added dropwise to the gold nanoparticle suspension under rapid mixing. A
1:6 MGITC:AuNP volume ratio was used to facilitate even distributions of the reporter
molecules, while a 300:1 molar ratio was applied in order to maximize SERS intensities
and minimize colloid aggregation %. Nanoparticle stability was checked via UV-Vis
spectroscopy and dynamic light scattering (DLS).

(B) PEGylated Apt-AuNP preparation: PEGylated Apt-AuNPs (Apt-PEG-AuNPs) were
prepared following a process described by Qian et al.*® 10 uM HS-PEG (NANOCS), and
1 uM HS-PEG-COOH (NANOCS) were first prepared. The heterofunctional thiolated and
carboxylated PEG linker (HS-PEG-COOH) was added at a ratio of 3,000 molecules per
AuNP to the previously Raman dye-labeled 46 nm AuNPs under rapid mixing. Additional

mixing for 15 minutes was done to ensure even distribution of the molecule over the
nanoparticle surface. The gold nanoparticles were subsequently exposed to excess
thiolated PEG in order to saturate the nanoparticle surface, and mixed for 15 min.
Assuming that each thiolated-PEG molecule occupies ~0.35 nm? of nanoparticle surface,
% there should be =16,000 HS-PEG molecules conjugated to each AuNP. The solution
was then adjusted to contain a final 1X PBS concentration and was shaken overnight to
allow complete coverage and stabilization of the molecules on the nanoparticle surface.

(C) Aptamer functionalization: After five rounds of cleaning by centrifugation at 10,000 x

g for 10 min and resuspension in 1X PBS and 0.01% Tween 20, the nanoparticle numbers
were checked by UV-Vis spectroscopy (e=1.2x10'M™cm™). The carboxyl terminus of the
PEG linker on ~10'"° AuNPs was activated for covalent reaction with aminated aptamer
by adding 50 pl of 4mg/ml ethyl dimethylaminopropyl carbodiimide (EDC, Fluka) and 55
pul of 10 mg/ml sulfo-NHS (Sigma-Aldrich) and mixing vigorously. The activated
PEGylated AuNPs was then functionalized by allowing amide bond formation with excess
(~12 nmol) aminated aptamer SA43, shaken for 2 h at room temperature and incubated
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in the dark at 4°C overnight to ensure complete coverage. Excess reagents were removed
through 5 rounds of centrifugation at 10,000 x g for 10 min and resuspension in 1X PBS,
containing 0.01% Tween 20 (Sigma-Aldrich). Prepared and stabilized Apt-PEG-AuNPs
were stored at 4°C.

Cell culturing and quantification. S. aureus (ATCC 12600), Staphylococcus
epidermidis (ATCC 14990), and Enterococcus faecium (ATCC 19434) were cultured in
brain heart infusion agar or broth. Pseudomonas aeruginosa PAO1 (ATCC 47085) and
Escherichia coli K5808 (ATCC 53832) were cultured in trypticase soy agar or broth. All
controls were cultured in 100 mL of their respective broth medium at 37 °C and 165 rpm
to the exponential growth phase (OD600 ~0.5), and then washed via three rounds of
centrifugation and resuspension in 1x PBS. Cell quantification was done microscopically
using a hemocytometer, and was verified by colony forming unit (CFU) counting. For
qualitative analysis, MRSA (ATCC BAA-1556) was cultured at 37 °C in brain heart
infusion (BHI) broth. BL21(DE3) E. coli (Bio-Rad Laboratories, Inc.) was grown in TB/Amp
medium at 37 °C. Individual suspensions with ~2 x 10" S. aureus/mL and ~1 x 10® E.
colilmL were stored at -40 °C prior to use.

Aptamer affinity measurement. The affinity of the Sa43 aptamer toward S. aureus was
validated via an affinity measurement where a series of aptamer concentrations ranging
from 0.5 to 1000 nM were incubated with a fixed number of S. aureus cells (1x108). Prior
to incubation with the bacteria, the aptamers were refolded by denaturing at 95 °C for 5
min and immediately transferring to ice. The aptamer-bacteria mixture was incubated for
1 hr at room temperature in order to allow sufficient interaction time. After this, the
unbound or loosely bound aptamer was washed away via three rounds of centrifugation
(5,000 xg for 10 min) and resuspension in PBS. Following this process, the bound
aptamer was eluted by heating the cell-aptamer complexes to 95 °C for 10 min, and
immediately centrifuging at 13,100 xg for 5 min. The aptamer-containing supernatant was
diluted to 1:10, and quantified via gqPCR using the primers described by Cao et al."” gqPCR
was carried out in triplicate 10-pyL reactions containing 400 nM of each primer, 1x

SsoFast™

Eva Green® Supermix (Bio-Rad), and 1 pyL of 1:10 diluted aptamer. The
temperature cycling program consisted of an initial 2-min enzyme activation step at 98

°C, and 50 cycles of denaturing at 98 °C for 5 s and annealing/extension at 65 °C for 5 s.
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The best-fit values for Kd and Bmax were calculated via GraphPad Prism (Version 6.0a
for Mac) software, by fitting the formula Y = Bmax*X / (Kq + X) to the measured gPCR data.
Sample Preparation. Excess Apt-AuNPs (~2.5x10° Apt-AuNPs) were added to 100 uL
each of 107, 10°, and 10° S. aureus and S. epidermidis cells/ml; 100 pL of 10° E. coli, P.
aeruginosa, and E. faecium cells; or 100 yL of 1x PBS in the absence of bacteria
(background control). All tubes were mixed horizontally at 300 rpom and 37 °C for 45
minutes and concentrated by centrifugation at 5,000 xg for 10 min before discarding all
but 40 pL of the supernatant. The pellet was then resuspended in the remaining
supernatant plus 60 pL glycerol in order to increase the viscosity of the sample. After
thoroughly mixing, 3 yL of the contents from each tube were transferred to one of the
wells of a microscope slide containing 2 etched 13 mm circles (Electron Microscopy
Sciences). A 22 mm No. 1 cover glass (Fisher Scientific) was placed on each sample,
and the edges of the slide were sealed using clear nail polish.

Additional qualitative comparisons between optical and Raman images were made with
the purpose of verifying the specificity of the Apt-AuNPs. For this, 10-uL drops containing
~20,000 S. aureus (ATCC BAA-1556) or E. coli BL21(DE3) cells were dropped onto
SuperStick microscope slide wells (Waterborne Inc.). The solution on each well was
allowed to dry before washing excess unbound Apt-AuNPs with PBS, covering with a
cover slip, and sealing with clear nail polish. Optical and Raman images were obtained
within the same location of each sample in order to compare the position of the cells
relative to the Raman signal.

Raman Measurements. Confocal Raman microscopy was performed using a WiTec
Alpha 500R (Ulm, Germany) at room temperature. Samples were mounted on a
piezoelectric scanning stage. An edge filter placed in the path of the signal effectively
cuts off the excitation radiation. The signal was dispersed using a 300-groove/mm grating
and collected by a Peltier cooled charge coupled device (CCD). A 785-nm TOPTICA
diode laser associated with a Nikon Fluor (100%, NA=1.25) oil immersion objective was
used to collect Raman spectra from the samples fixed between a coverslip and a
SuperStick microscope slide. A 2-D array of Raman spectra was recorded using 0.5-um
steps and 100-ms integration time. A 10x Olympus objective (NA=0.3) with laser
excitation at 633 nm was used to rapidly monitor Raman signals from sandwiched
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samples between a coverslip and a Teflon-printed 2-well glass slide. Large area image
scans from 1-25 mm? were collected using 0.667-um steps and 10-ms acquisition times.
Raman images were generated by integrating the characteristic MGITC Raman peak at
1172 cm™" from the region of 1075 cm™ to 1250 cm™ and rendering the integrated intensity

as brightness at each pixel location.
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Figure 3.2. AuNP and Apt-AuNP characterization. A) TEM image and B) size distribution
of synthesized AuNP with an average diameter of 46.0 nm. Insert: size distribution derived
from TEM measurement. C) Absorption spectra of MGITC and Apt-AuNP solutions. The
excitation wavelengths used in this paper are indicated. D) Single Raman spectra of
particles of HOOC-AuNP and Apt-AuNP under 785 nm excitation and 20 s accumulation
time.
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RESULTS AND DISCUSSION

Apt-AuNP Design and Stability. Using a subtractive complex target SELEX process,
Cao and colleagues isolated and reported sequences and secondary structures for five
different ssDNA aptamers specific to S. aureus."” Each of the isolated aptamers exhibited
similar selectivity and through the use of a competition assay it was determined that each
aptamer binds to a particular epitope expressed on the S. aureus cell surface. Importantly,
the aptamers either when used alone or when used collectively were highly specific and
did not adhere to S. epidermidis, Streptococcus, or E. coli.'” For this effort, we chose to
use the aptamer SA43 isolated and described by Cao et al.," because this aptamer
qualitatively appeared to be slightly more sensitive (with the highest EC50 value) than the
other aptamers. The high affinity of this aptamer toward S. aureus (Kd ~156 nM) was

verified via a binding assay (Figure 3.3).
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Figure 3.3. Sa43 aptamer affinity for S. aureus cells. A range of aptamer concentrations
(0.5 to 1000 nM) was incubated with 1x10® S. aureus cells. The bound aptamers were
eluted and quantified via gPCR. The best-fit values for Kd and Bmax were calculated via
GraphPad Prism (Version 6.0a for Mac) software, by fitting the formula Y = Bnax™X/ (Kg +
X) to the measured qPCR data. Error bars represent standard deviation of analytical
replicates.

The size of a gold nanoparticle affects the spectral location of its localized surface
plasmon band resonance (LSPR) with larger nanoparticles exhibiting a red-shifted LSPR
relative to smaller nanoparticles.?” 2 To optimize SERRS it is important that the LSPR
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band falls within the optical range such that the band has some overlap with the excitation
laser wavelength. Previous studies by our laboratory and others®**" have shown that gold
nanoparticles with average diameters <50 nm are more spherical in shape and elicit more
highly reproducible SERRS enhancements than larger particles. For this reason, our Apt-
AuNP probe for S. aureus was produced by functionalizing 46-nm citrate-stabilized
AuNPs with a MGITC Raman-active reporter. Both the absorption band of MGITC and
the LSPR band of Apt-AuNP show sufficient overlap with 633-nm laser excitation to
facilitate SERRS detection (Figure 3.2B). When using 785-nm laser excitation there is
less resonance enhancement, but the potential for laser induced sample damage is
decreased. As documented herein, it is possible to use either 633- or 785-nm excitation
for S. aureus detection. Figure 3.2C shows that the SERS spectra for Apt-AuNP and
HOOC-AuUNP using 785-nm excitation are identical, thus indicating that the presence of
the aptamer does not alter the SERRS signal.

In order to increase their stability, the Apt-AuNPs were coated with a polyethylene glycol
(PEG) layer that was then further functionalized with the SA43 aptamer. As documented
in Figure 3.4, Apt-AuNPs produced for this effort are stable for extended periods of time
and in a variety of different solution media. Each of these characteristics facilitates the

long-term storage and use of these functionalized nanomaterials.
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Figure 3.4. SERS reproducibility and stability of synthesized Apt-AuNPs. Raman spectra
were collected in a 2 mm flow cell for (A) fresh prepared solution (blue line) and stock
solution after 1 month (red line), (B) Apt-AuNPs suspended in different solvents exhibit
consistent spectra. Experimental parameters: 633 nm laser, 10x objective, 10 s
acquisition times and laser power at samples was normalized by Si Raman intensity at
520 cm™.
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Apt-AuNP Specificity and S. aureus detection. Following purification and
characterization, an excess of prepared Apt-AuNP was incubated with S. aureus and
negative controls in PBS solution at 37 °C to enable aptamer-cell interaction. Excess
unbound Apt-AuNPs were not removed. As shown in Figure 3.5A, a SERRS XY-image
based upon the integrated intensity of the MGITC Raman band at 1172 cm™ correlates
exceptionally well with a light microscopy image obtained simultaneously. This result
shows that the aptamer-functionalized particles adhere to S. aureus and provide a readily
detectable and quantifiable signal over a 25 um x 25 um area with minimal sample
preparation and analysis. Control experiments using probes produced without the
aptamer biorecognition agent (HOOC-AuNPs) did not adhere to S. aureus and in these
control samples no MGITC signal was detected under the same experimental conditions
(Figure 3.5B). Importantly, in experiments using E. coli as a negative control, no SERRS
signal from Apt-AuNP was detected in the vicinity of the E. coli cells (Figure 3.5C). The
latter result indicates the specificity of the particles is sufficient to readily differentiate
these two bacterial species. As shown in Figure 3.5C; however, there is a background
signal that resulted due to the agglomeration of Apt-AuNP. This background signal
reflects Apt-AuNP that clustered during production and is negligible relative to the signal
observed when bound to S. aureus.

The average Raman enhancement factors are around 10® — 10° for individual gold
nanoparticles?” and thus the SERRS signals of MGITC are not detectable for non-
aggregated Apt-AuNPs (i.e., the areas without a signal in Figures 3.5A and 1C) or isolated
HOOC-AuNPs (Figure 3.5B) incubated with either S. aureus or E. coli. Only when
sufficient numbers of Apt-AuNP agglomerate on an individual S. aureus cell is a
substantial signal observable (Figure 3.5A). It is well established that SERRS “hotspots”
with large signal enhancements occur when individual gold nanoparticles come into close
contact with one another.*? As shown in Figure 3.5, the high surface density of Apt-AuNP

on each S. aureus cell results in such signal amplification.
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Figure 3.5. Optical and Raman images of bacterial detection. Light microscope images
(top) and Raman images with inset indicating the average Raman spectra within the
selected area (bottom) of S. aureus treated with either (A) Apt-AuNPs or (B) HOOC-
AuNPs. (C) E. coli treated with Apt-AuNPs. All samples were prepared using a SuperStick
microscope slide. The optical images indicate the location of organisms focused within
the depth of field of the microscope. Additional ‘shadow’ organisms were either above or
below the depth of field and were not detected via SERRS. The Raman images are based
on the integrated intensity of the MGITC spectrum from 1075 to 1250 cm™ using a
consistent intensity scale from 0-850 CCD counts. Total scan range: 25 um x 25 um, 50
x 50 pixels, 2500 spectra with 0.1 s per spectrum; 785 nm diode laser with 100x oil
immersion objective. The negative bright spot in the Raman image of C is the result of
clustering of Apt-AuNPs. Its location is also marked in the optical image and clearly shows
there are no E. coli cells present in that region.

S. aureus quantification. Additional results suggest that Apt-AuNP enable the simple
and standard-free SERRS-based estimation of S. aureus cell numbers (Figures 3.6 and
2.7). Samples for this purpose were prepared by suspending nanoparticle-treated
bacteria in 60% glycerol/40% PBS solution. This solution was then sandwiched in a
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PTFE-printed 2-well microscope slide and covered with a coverslip. When the 3-pL
sample chamber was completely filled, the thickness of the liquid layer was 22 ym, which
is less than the focal depth of 50 um for the 633-nm laser and the 10x objective (NA=0.25)
employed. Figure 3.6 summarizes the Raman based quantification of 3,000 cell- and 300
cell-containing samples as well as controls. The 46-nm AuNP used in this assay exhibit
a LSPR band (Amax = 533 nm) that is extremely sensitive to 633-nm excitation. Because
of the enhanced resonance effect from MGITC, a scan of a 5 mm x 5 mm area can be
performed within 2 hours. Using a step size of 0.67 ym, all SERRS signals can be
detected in the scan area. Hotspots indicative of cells were counted using NIH ImageJ
software and the total number of cells was calculated based upon extrapolation from the
scan area to the entire surface area of the well. Compared to the expected cell numbers,
scanning of a larger area results in decreased error relative to smaller scan areas. Error
in the measurements may be the result of cell clumping and overlap and/or of variability
in nanoparticle-cell interactions.

Herein we presented replicated experiments illustrating the viability of aptamer based
nanoparticle probes for S. aureus detection. We note, however, that there are often
challenges associated with aptamer functionalization of the nanoparticle surface.
Numerous times throughout the course of this study we produced probes that lacked
specificity or extensively aggregated in the absence of the target. These challenges may
reflect improper aptamer production by the manufacturer, issues with oligonucleotide
stability during storage, improper surface functionalization, water chemistry effects, or any
combination of these and other challenges. Our assay requires AUNP agglomeration on
the S. aureus surface for the development of SERS hotspots and the production of a
quantifiable signal,®* 3* thus stable monomeric nanosensors that bind on the cell surface
at high densities are required. We are currently evaluating possible ways to overcome
these limitations. The results, nonetheless, illustrate the great potential of aptamers for

biological detection.
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Figure 3.6. SERRS determined counts of S. aureus, and comparison with negative
controls, in samples containing 3,000 cells (inset: 30,000 and 300 cells/sample). A
solution of Apt-NPs in 60/40% glycerol/PBS in the absence of cells, but treated in the
same way was used as a control. Raman images were recorded in large area scans up
to 25 mm? under 633 nm excitation using a 10x objective. 0.01 s of integration time was
used for each single Raman spectrum. The data are reported as mean + standard
deviation for three randomly chosen locations in the scan area with 1 mm?.
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Figure 3.7. SERRS determined numbers of S. aureus in samples containing either 3,000
cells or 300 cells (based upon gPCR and serial dilution of stock suspensions). A solution
of Apt-NPs in 60/40% glycerol/PBS was used as a control. Raman images were recorded
in three different locations under 633 nm excitation using a 10x objective. 0.01 s of
integration time was used for each single Raman spectrum. The data are reported as
mean = standard deviation.

CONCLUSIONS

The technology presented here represents a novel alternative to existing pathogen
detection methods that require additional time and preparation. For example, PCR-based
technologies have been preferred due to their high specificity, high sensitivity, and rapid
application. However, a variety of steps including DNA extraction, standard preparation,
and reaction setup, render PCR a more labor intensive method, especially when applied
to multiple targets simultaneously. Here we present a technology that promises minimal
preparation and sample disturbance, while providing comparable specificity and
sensitivity under optimal conditions, as well as the potential for portability. Furthermore,
the potential for multiplex detection of a variety of pathogens of concern is possible with
minimal sample preparation. Although we have initially focused on the detection of S.
aureus, the rapidly growing number of aptamers being reported in the literature for the
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detection of whole cells, as well as the evolving ease of aptamer isolation, highlight the
potential for the detection of a number of pathogens of great environmental, food safety,
and medical concern. Thus, we envision this technology evolving in simplicity of use as
well as expanding in fields of application. Additional experiments to validate these probes
under a variety of experimental conditions are required to fully determine their ultimate
range of application; however, as demonstrated herein, aptamer-based probes for
pathogenic organisms are viable alternatives to antibody-based sensors.
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ABSTRACT

We evaluated the capacity for a variety of commonly used, low and high-molecular weight
blocking agents to prevent nonspecific binding of Staphylococcus aureus and S.
intermedius to impedimetric gold electrodes. The blocking agents tested here were
mercaptoundecanol (MCU), polyethylene glycol (PEG, MW= 1kDa or 5 kDa), bovine
serum albumin (BSA), and chicken serum albumin (CSA). The surfactant Tween 20 was
applied additionally in some conditions. BSA and MCU in combination with Tween 20
were found to yield the greatest blocking capacities, whereas S5kPEG was found to
actually enhance S. intermedius attachment. Although genetically and physiologically
similar, S. infermedius and S. aureus differed significantly in their capacity to attach to the
gold substrate. Monitoring of gold functionalization kinetics in real-time via impedance
spectroscopy indicated that surface functionalization occurred within a few minutes of
gold exposure to a given blocking agent. Higher impedance changes were observed with
lower molecular weight blocking agents, likely due to denser molecular packing on the
gold substrate. Careful optimization of blocking agent with respect to chemical properties,

molecular size and potential interactions is recommended.

INTRODUCTION

In the midst of an era of emerging pathogens and a rise in antibiotic resistance, fast,
sensitive and specific detection of target microbes is urgently needed. Traditional
approaches for detection of pathogenic bacteria include methods such as culturing,
antibody-based methods, and polymerase chain reaction (PCR). These methods can be
both time and energy intensive, and also require skilled personnel. Although generally
offering high specificity, PCR-based techniques may require long processing and
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purification steps and are subject to the action of enzyme inhibitors such as organic matter
and chelators, which are common in environmental samples.

The detection of pathogenic microorganisms via electrochemical methods is a promising
approach because it offers the potential for fast, sensitive, user-friendly, and specific
detection. Electrochemical impedance spectroscopy, specifically, is a versatile approach
that has been successfully applied in the detection and quantification of a variety of
biomolecules such as enzymes, antibodies, antigens, and DNA;" as well as for the
detection of viruses, pathogenic bacteria, and eukaryotic cells.*” Impedance-based
detection methods rely upon the measurement of electrical impedance across an
electrode that has been functionalized with a target-specific molecule, which is then
exposed to a sample containing the target analyte. Here, the electrode acts as an
electrical transducer that translates changes in electrical impedance at the analyte-
electrode interface thus reflecting the presence or absence of the target. This signal can
also be related to analyte concentration, thereby enabling quantification. Gold is a
common electrode material because of its electrochemical properties, biocompatibility,
and well-known surface chemistry, which allows controlled binding of biomolecules and
other surface coatings.®'" The advantages of electrochemical impedance over existing
methods include label-free detection, direct non-invasive, fast or real-time response,
potential for miniaturization and integration into microfabricated systems, ease of use,
and potential for low cost and mass production.® '?

Low detection limits of a few colony-forming units (CFUs) have been reported using
recently developed impedimetric immunosensors.> "*'°  Although the best known and
most widely applied pathogen detection systems are based on antigen-antibody
interactions (i.e., immunosensors), other recognition elements such as aptamers are
quickly gaining ground due to their high stability, comparable selectivity, and ease of
synthesis, among other reasons.'® These molecules are characterized by their smaller
size and molecular weight relative to protein antibodies, and may require optimized
experimental conditions for their successful application. In this regard, a suitable blocking
agent may be required to prevent nonspecific binding while not interfering with the
capacity of the recognition element to interact with its target. In addition to limiting
nonspecific binding, these materials may be employed simultaneously for multiple
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purposes such as spacers, as linkers with functional moieties, or to minimize nonspecific
binding of the target molecule to the gold surface, thereby increasing its ability to interact
with the target analyte. '® The minimization of nonspecific binding to the gold electrode
is critical because subsequent measurements depend on changes induced by total
interactions between the electrode and the analyte. Furthermore, contaminants and other
matrix components can contribute to the changes measured, thereby skewing the results.
The blocking agents tested here were mercaptoundecanol (MCU), polyethylene glycol
(PEG, 1 kDa or 5 kDa), bovine serum albumin (BSA), and chicken serum albumin (CSA).
The surfactant Tween 20 was used in combination with some of the mentioned blocking
agents. MCU is a hydroxyl-terminated long-chain alkane thiol that produces highly packed
self-assembled monolayers (SAMs)."”® PEG is a non-ionic, water-soluble polymer
commonly used to form protein-resistant SAMs.?> 2 PEG molecules in SAMs are
surrounded by an ordered shell of water molecules that render the monolayer hydrophilic

and thus resistant to protein attachment.?’

Shorter length PEG chains are known to form
more densely packed monolayers than longer length chains, likely due to the bending of
the longer chains.?’ Serum albumin (e.g., BSA and CSA), casein, and other milk proteins
are often used as blocking agents in enzyme-linked immunosorbent assay (ELISA),
Western Blotting, and other enzyme-based assays.?* ?* These proteins are well known
for their capacity to prevent nonspecific binding of cells to surfaces, especially in the
presence of Tween 20.% Staphylococcus aureus and S. intermedius were applied as
model organisms here, both because they are closely related species of the same genus,
and because they are pathogens of significant concern to human health. Specifically, S.
aureus is the leading cause of skin and soft tissue infections and can also cause more
invasive and life threatening diseases.?* ?° S. intermedius is a closely related genus to S.
aureus.®® S. intermedius is generally associated with wound infections that have been
either caused by or exposed to animals.?” 28

The objective of this research was to compare the aforementioned low and high-
molecular weight blocking agents with respect to their capacity to prevent nonspecific
bacterial binding to impedimetric gold electrodes. We hypothesized that smaller and more
hydrophilic molecules would have a higher blocking capacity for two reasons: (1) It is well

known that the capacity of a surface-coating agent to block nonspecific binding of proteins
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or whole cells is related to the agent’s hydrophilicity;?* *° and (2) smaller molecules form
more compact SAMs that more thoroughly cover modified surfaces. Thus, blocking
agents represent a limiting aspect of the sensitivity and selectivity of impedance-based
biosensors, and critical examination is necessary in a manner to optimize their

performance.

MATERIALS AND METHODS

Solutions. All buffers and solutions were produced using autoclaved nanopure (>18
MQ-cm) water. PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Naz;HPO4, 1.76 mM KH,PO,4 pH
7.4) was prepared as a stock 10x solution using molecular biology grade reagents,
autoclaving, and diluting as necessary. Molecular biology grade ethanol (200 Proof) was
purchased from Fisher Scientific. A list of blocking agents, their molecular weights, and
their manufacturers is given in Table 4.1. Thiol-modified PEG (HS-PEG) was used for
covalent PEG attachment to the gold substrate. Further descriptions of blocking agent
concentrations and preparation procedures are given in Table 4.2.

Table 4.1. List of blocking agents and their molecular weights.

Name Abbreviation Molecular weight (Da) Manufacturer
11-Mercapto 1-undecanol MCU 204.37 Aldrich
HS-PEG (1 kDa) 1kPEG 1,000 NANOCS
HS-PEG (5 kDa) 5kPEG 5,000 NANOCS
Bovine serum albumin BSA 66,500 Sigma
Chicken serum albumin CSA ~66,000 Sigma
Tween® 20 T 1,227.54 Promega

Device and imaging-chip fabrication. The impedance measurement device consisted
of a 6 x 6 array of electrode circuits as shown in Figure 4.1. Thus, 36 different sensors
could be used within the same device to test different conditions. A PDMS mold separated
each circuit and allowed for analysis of different aqueous samples thus minimizing the

potential for cross-contamination.
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The chip fabrication process is shown in Figure 4.1. An initial Si wafer substrate was
thermally oxidized to obtain a =0.5 pym layer of SiO,. The wafer was then coated with
photoresist (Shipley 1827) using a binder (HMDS) by spin coating and soft baking. The
photoresist was patterned and developed using a mask that contained the electrode
design, and a gold layer ~0.1 ym thick was deposited by electron-beam evaporation. The
wafer was then acetone washed for 20 min to remove the photoresist. Prior to PDMS
bonding, the device was cleaned by oxygen plasma for 10 minutes (Harrick Plasma
Cleaner).3" 2,

For SEM imaging, gold-coated SiO- chips were used. A Si wafer was thermally oxidized
to form a SiO; layer. A gold layer was then deposited by electron-beam evaporation.
Finally, a layer of photoresist was applied as a passivation layer prior to cutting the wafer
into small squares of ~4 x 4 mm?. Before use, the photoresist layer was washed off using
acetone and the chip was cleaned with oxygen plasma.*?

Bacteria strains and culture. S. aureus (ATCC 12600) and S. intermedius (ATCC
29663) were cultured in 100 mL of brain heart infusion media (Bactrius Limited, Houston
TX) at 37 °C and 165 rpm to the late exponential growth phase (OD600 ~ 0.8). Cells
were then transferred to two sterile 50 mL centrifuge tubes, and subjected to two washes
by centrifugation (5000 xg for 10 min) and re-suspension in 1x PBS. A calibration curve
relating OD600 to microscopic cell counts was created and used to quantify the washed
bacteria via spectrophotometry thereafter. Cell quantification was done via microscope
using a counting chamber, and was verified by colony forming unit (CFU) counts.
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Figure 4.1. Impedance biosensor setup and fabrication. A) 6x6 electrode circuit array. B)
Single electrode circuit. C) Picture of fabricated electrode bound to PDMS mold with
sample wells. D) Schematic of impedance device fabrication process.

Experimental setup and impedance measurements. An impedance analyzer (Agilent
HP4192A) was used to make impedance measurements from each electrode with a log-
spaced frequency sweep (30 points in the range 1 kHz—1 MHz). Measurements included
both the impedance magnitude (|Z|) and phase («Z) values for each electrode.? Initial
baseline impedance measurements were defined in PBS only. Next, each electrode was
exposed to 50 yL of blocking agent solution and measurements were made continuously

for 1 h at 37 °C. After washing 3 times with PBS, a second (post-wash) measurement
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was collected in PBS for comparison to the initial baseline. After this step, 50 pL of
bacteria (2x10%/mL) was introduced into each well, and impedance measurements were
made for 2 h at 37 °C. Again, all wells were washed 3x with PBS, and a final measurement
was collected in PBS for comparison with the baseline.

For SEM imaging and contact angle measurements, square gold-coated SiO, chips were
affixed to the bottom of a 24-well plate using silicone grease. The chips were then
exposed to 1 mL of blocking agent for 1 h at 37 °C. After 1 h, all pieces were washed 3
times with PBS. Chips used for contact angle measurements were washed with
autoclaved nanopure water and allowed to dry before being placed in a vacuum
desiccator overnight. Functionalized chips used for SEM imaging were exposed to 1 mL
of bacteria (2x10%/mL), and incubated for 2 h at 37 °C. After 2 h, the chips were washed
3 times with PBS, fixed with 500 pL of 3% glutaraldehyde in PBS for 30 min, and
dehydrated with sequential exposures to increased ethanol concentrations (25, 50, 75,
and 100%) for 5 min each. After exposure, the ethanol was allowed to completely
evaporate and the chips were prepared for SEM imaging.

SEM and image analysis. The chips were fixed on SEM stubs using double-sided copper
tape, coated with gold/palladium using a Cressington 208HR high-resolution sputter-
coater, and then imaged using a Leo 1550 Field Emission Scanning Electron Microscope
(SEM; Carl Zeiss Nano Technology systems, International). Each chip was imaged five
times: once near each corner, about half way between the edge and the center, and once
near the center. The bacterial numbers on each image were determined using ImageJ
(NIH) software.

Contact Angle measurements. After functionalization and washing, chips used for
contact angle measurements were allowed to dry and stored in a vacuum desiccator
overnight. Contact angle measurements were then carried out using a First Ten
Angstroms contact angle analyzer, Model FTA 125. A droplet of ~7.5 (£ 0.6) yL was
deposited on the surface of the functionalized chips, and then imaged and analyzed using
FTA 32 Video 2.0 Software.

Statistical analysis. Statistical analyses were performed in R (Version 3.2.1). For

comparison of the blocking capacity of different blocking agents, ANOVA and pairwise t-
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test were applied. A t-test was applied for analyzing differences between S. aureus and

S. intermedius attachment.

RESULTS AND DISCUSSION

Impedimetric characterization of blocking agent attachment kinetics. The kinetics of
blocking agent attachment were characterized via impedance spectroscopy (Figure
4.2A). For all blocking agents, most blocking agent-electrode interactions occurred during
the first 5 min of incubation, while the maximum impedance was steadily approached
between 30 min and 1 h of incubation. This result is in agreement with a previous study,
which reported more than 90% surface coverage of an alkanethiol similar to MCU,
specifically hexadecyl mercaptan (5 mM), within the first 1 to 5 min of exposure; followed
by slower monolayer formation that resulted in an electronically insulating SAM on gold,
within about an hour.®® It was observed that smaller molecular weight materials induced
a higher impedance change than larger molecular weight materials. This is likely a result
of more dense packing of smaller molecules than larger ones, thereby forming an ordered
packed monolayer that blocks electrochemical interactions at the gold-buffer interface.®*
% Although smaller molecules interacted with the gold electrode very quickly after
exposure, a steady increase in impedance continued to be observed during the 1 h
incubation time. This steady increase was likely due to slower monolayer ordering as
packing density increased, and eventually reached a plateau. Campuzano, et al.*
showed that areas of imperfect alkanethiol adsorption to the electrode surface, called
pinholes, are often present; however, some of these pinholes can be filled by extended
(up to 20 h) alkanethiol exposure. This is also in agreement with a previous study by
Boubour and Lennox® who found that extended (40 h) exposure to thiol solution is
required to achieve an ideal dielectric SAM. It should be noted that blocking agent
exposure time may require optimization in order to prevent displacement of the
recognition element. Lee et al."”® optimized exposure time of an alkylthiol onto an
oligonucleotide functionalized surface and found that a 30 min exposure was ideal and
that longer times may lead to undesirable oligonucleotide displacement. Thus, a balance
is required in order to maximize blocking agent coverage while minimizing displacement

of recognition elements.
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Figure 4.2. Impedance-based measurements of blocking agent attachment. A) Real-time
monitored kinetics of BA attachment. B) PBS baseline (plain bars) and post-wash (striped
bars) impedance measurements. Gold electrodes were exposed to 50 uL of each blocking
agent in four replicates and immediately placed in the impedance instrument.
Measurements for two separate devices were collected for 1 h at 37 °C. A baseline
measurement and a post-wash measurement (after washing excess blocking agent) were
collected before and after treatment with blocking agent, respectively. Control is bare
(unfunctionalized) gold exposed to DI water during the incubation time.

Impedimetric and contact angle characterization of functionalized gold electrodes.
A washing step was applied to remove excess and loosely adsorbed blocking agents and
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a post-wash impedance measurement was then collected. Upon comparison of baseline
and post-wash measurements, the relationship between the measured impedance and
the blocking agent size was apparent (Figure 4.2B). Consistent with their higher molecular
weight, and thus likely looser surface packing, the impedance change was lowest for BSA
and CSA. Next, the 5kPEG- and 1kPEG-induced impedance change was intermediate,
in agreement with their relatively intermediate molecular weights. Finally, the lowest
molecular weight blocking agent, MCU, induced the highest impedance change. Again,
this was likely due to the denser molecular packing on the gold surface, which
consequentially resembles an ideal dielectric material.®’

Water contact angles were determined to quantify and compare the hydrophobicity of
each functionalization scheme (Table 4.2). Although most contact angles were in the
hydrophilic range (<90°), three blocking agents stood out in terms of their lower contact
angles: BSA-T (79°), 1 mM 5kPEG (PEG MW=5 kDa, 73°) and MCU-T (62°). Compared
to the bare gold surface (94°), these three functionalities were more hydrophilic, and
therefore should be expected to block bacterial attachment more effectively. Past studies
have shown that hydrophilic surface coatings are more effective at blocking protein and

bacterial attachment to surfaces.?® *°

Table 4.2. Contact angle of blocking agent-functionalized and unfunctionalized gold

chips.
Surface
Functionalization Concentration Contact angle Stdev
None (Control) 94 4
BSA? 5% 82 1
BSA-T" 5% BSA, 0.05% T 79 1
CSA® 5% 90 1
CSA-T® 5% CSA, 0.05% T 86 2
MCU 1 mM 86 2
MCU-T 1 mM MCU, 0.05% T 62 2
MCU-EtOH 1 mM MCU, 75% EtOH 86 10
1kPEG 1 mM 85 2
5kPEG 1 mM 73 1

@ BSA and CSA solutions were prepared by dissolving in 1x PBS
® BSA-T and CSA-T were prepared by dissolving in 1x PBS + Tween®20 solution
All other functionalizations were prepared by dissolving in H,O (or EtOH where noted).
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Contact angles reported in the literature are highly variable and range from about 61°
to 78° degrees for bare gold,***' from 31° to 63° for PEG monolayers,* ®*? from 13° to
37° for MCU monolayers,**** and ~53° (pH dependent) for BSA.*"" > Although our
measured contact angles are consistently above these ranges, the functionalized
substrates invariably displayed increased hydrophilicity relative to the unfunctionalized
gold substrate. Taken together with the impedance and bacterial attachment results, the
contact angle measurements suggest that blocking agent functionalization occurred
successfully.

Comparison of S. aureus and S. intermedius attachment to gold electrodes. The
model organisms employed in this optimization study were two closely related
Staphylococcal species, both of which are opportunistic human and animal pathogens of
concern. Although S. aureus and S. intermedius are closely related, there are some
established differences in their biochemical properties, as well as in the composition of
their cell wall polysaccharides and peptidoglycan structures.®® For example, S.
intermedius cells have a higher serine content in their peptidoglycan and contain glycerol
teichoic acid in their cell walls, rather than ribitol teichoic acid.*® It is interesting to note
that the capacities of S. aureus and S. intermedius to attach to bare gold surface were
significantly different (t-test: p<0.005; Figure 4.3). When an unfunctionalized gold chip
was exposed to a suspension of either type of bacterial cell (both at the same
concentration), ~77,000/mm? S. intermedius cells attached to the gold surface, whereas
only ~6000/mm? S. aureus cells attached under the same conditions. Nearly 13x more S.
intermedius cells attached to the gold than did S. aureus cells. This is an interesting
observation that highlights the difference in behavior in closely related organisms, and
therefore the importance of assay optimization for each new target species. Further, this
study indicates that the potential for nonspecific attachment likely varies among microbes.
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Figure 4.3. Average bacterial counts per mm? in blocking agent-functionalized gold chips.
Error bars represent standard deviation of 4-6 SEM images. Functionalized gold chips
were immersed in 1 mL of 2x108 bacteria/mL for 1 h at 37 °C. Unbound and loosely bound
bacteria were removed via three rounds of washing using PBS. Bacteria were fixed in 3%
glutaraldehyde, dehydrated via increasing ethanol exposures, and allowed to completely

dry before gold-palladium coating and SEM imaging.
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Characterization of blocking agent capacity to minimize nonspecific bacterial
attachment onto gold electrodes. Based on the water contact angle measurements,
the three most hydrophilic functionalities were BSA-T, 5kPEG, and MCU-T (Table 4.2).
Interestingly, only two of these widely used materials (BSA-T and MCU-T) were observed
to have high blocking capacities, whereas SkPEG was actually observed to enhance S.
intermedius attachment (Figure 4.3). In comparison to the unfunctionalized control (via
pairwise t-test), significantly fewer bacteria attached to surfaces that were functionalized
with BSA-T, CSA-T (5% CSA, 0.05% Tween 20), MCU, and MCU-T (p<0.001). However,
significantly more bacteria attached to SkPEG-functionalized gold (p<0.001). Here, we
excluded MCU-EtOH (1 mM MCU, 75% ethanol) and 1kPEG (PEG, MW=1 kDa) from the
t-test, as their bacterial counts were highly variable and did not meet the normality
assumption.

Although the capacity for PEG to inhibit protein attachment has been widely assumed to
be associated with resistance to cell attachment, several studies have pointed out that
this may not always be the case.*”*° This result is because adhesion behavior is not only
dependent on the substrate chemistry, but also on the cell surface composition and on
the interaction medium. Specifically, in a study by Park et al.*® the grafting of 1kPEG onto
polyurethane surfaces did not contribute to the repellence of Staphylococcus epidermidis.
In fact, 1kPEG-modified surfaces actually showed a slight increase in bacterial adhesion
compared to the unmodified hydrophobic polyurethane control. In the same study,
bacterial adhesion was shown to be highly dependent on suspension medium.*® In a
different study, Muller et al. * observed substantial adhesion of eukaryotic cells to a PEG-
modified silicon substrate. In another study by Wei et al.,** PEG was shown to prevent
protein adsorption onto a stainless steel surface, but made no difference in the adsorption
of Gram-negative Pseudomonas spp. or Gram-positive Listeria monocytogenes.

It is possible that the high affinity of S. intermedius towards PEG may be enhanced by a
temperature effect, given that our experiments were performed at 37 °C. Prime and
Whitesides *° reported a decrease in protein blocking capacity of a PEG SAM at 37 °C in
comparison to 25 or 4 °C. This observation was explained as the result both of the
tendency of ethylene oxide chains to have lower solubility limits at higher temperatures
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as well as a tendency of the hydrophobic effect to increase at higher temperatures.®® *’

Ogi, et al. *

reported nonspecific binding capacities of BSA and PEG for human
immunoglobulin G (HIgG) and Staphylococcus protein A (SPA). The authors concluded
that although both blocking agents show high blocking capacity, the number of binding
sites of PEG toward HIgG is significantly larger than that of BSA.>?

SEM image counts are shown in Figure 4.3B, along with representative SEM images
(Figure 4.3A). In contrast to the unexpected affinity of S. intermedius for PEG, it can be
observed that MCU-T, BSA-T, and CSA-T blocked nonspecific bacterial binding
effectively. A previous experiment revealed that BSA or CSA alone are not as effective at
blocking nonspecific bacterial binding than BSA or CSA in combination with Tween 20
(Figure S4.1). In addition, Tween 20 alone was found to be ineffective at blocking S.
intermedius at the concentration tested (Figure 4.4B inset). These results are in
agreement with a previous study that quantified the individual and combined blocking
effects of BSA and Tween 20 in ELISA microwells.?® This prior study revealed that
although both blocking agents can offer satisfactory results, there was an enhanced effect
when they were applied in combination.® The same study also advised about the
potential interferences that one or the other blocking agents may have, depending on the
type of receptor used.”?

Of the blocking agents tested, MCU-T had the highest capacity for blocking nonspecific
bacterial binding (Figure 4.3). For this reason, the blocking capacity of MCU-T at different
concentrations was examined further (Figure 4.4). We found that, on average, >85% of
S. intermedius attachment was blocked at 100 yM MCU-T concentration, >90%
attachment was blocked at 1 mM MCU-T concentration, and >99% attachment was
blocked at 10 mM MCU-T concentration (Figure 4.4A). The slight but gradual increase in
S. intermedius attachment at these higher concentrations is likely a combined effect
between: (1) the high affinity of S. intermedius toward the gold substrate and (2) an
increasing frequency of defects (pinholes) in the MCU monolayer with a decrease in MCU
concentration. The latter effect is dependent on MCU functionalization time and
monolayer defects are expected to decrease with increasing MCU incubation time (e.g.,
longer than one day).
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At concentrations 1 yM and below, the images were not quantifiable, as bacterial
attachment occurred irregularly (Figure 4.4A), thus suggesting incomplete surface
functionalization. We note that the blocking agent concentrations applied in these
experiments were expected to saturate the bare gold chips. Lower blocking agent
concentrations may be required if the electrode surface has already been functionalized
with a receptor molecule such as an oligomer or an antibody. For example, Lee, Gong,
Harbers, Grainger, Castner and Gamble '® found that an optimum MCU concentration
required to block an oligomer-functionalized surface was =10 yM.

The impedance values measured from the gold electrodes are expected to rise after
bacterial attachment. This is due to the bacterial film forming an effective barrier to the
passage of electric current. The functionalized electrodes did not appear to show any
significant change in the impedance measurements after exposure to bacteria (Figure
S4.2). However, an increase in impedance was observed on electrodes that were not
functionalized. It should be noted that these electrodes were originally designed for

analyses and detection of mammalian cells,®" 3% %3

and thus electrode geometries may
benefit from specific optimization for bacterial cells, which are 10-100X smaller.

It should be noted that careful choice of blocking agent may be required based on the
molecular size of the recognition element being applied and the potential unwanted
interactions or inhibitions that the blocking agent may impart. For example, if an
oligonucleotide or an aptamer is employed as the recognition element, using BSA or a
long chain molecule as blocking agent may also block specific recognition element-target
interactions. This case is highlighted in a aptamer-based plant virus detection study by

Lautner, et al. %

who found that although long chain PEGs effectively blocked nonspecific
interactions, they also sterically hindered aptamer-target interactions; whereas a short
tetraethylene glycol chain allowed excellent specific binding while still minimizing
nonspecific interactions. In the case of oligonucleotide targeting molecules, alkylthiols are
generally attractive as they not only are successful at preventing nonspecific binding, but
also increase the availability of the active oligonucleotide site by preventing nonspecific

interactions between the nucleobases and the gold substrate.'® *°
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Figure 4.4. Average bacterial counts per mm? in MUC-T functionalized gold chips at a
range of concentrations. Error bars represent standard deviation of 4-6 SEM images.
Functionalized gold chips were immersed in 1 mL of 2x10® bacteria/mL for 1 h at 37 °C.
Unbound and loosely bound bacteria were removed via three rounds of washing using
PBS. Bacteria were fixed in 3% glutaraldehyde, dehydrated via increasing ethanol
exposures, and allowed to completely dry before gold-palladium coating and SEM
imaging.
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CONCLUSIONS

Several low and high molecular weight blocking agents were compared with respect to
their capacity to prevent nonspecific bacterial binding to impedimetric gold electrodes.
Hydrophilic BSA-T and MCU-T were found to have the highest blocking capacity.
Interestingly, and contrary to our expectations, S5kPEG actually encouraged S.
intermedius attachment to the functionalized gold substrate. Furthermore, closely related
Staphylococcus species (S. intermedius > S. aureus) were found to have significantly
different attachment affinities toward the gold substrate, highlighting the need for blocking
agent testing and optimization prior to application. Gold functionalization kinetics were
also monitored real-time via impedance spectroscopy and found to occur rapidly within a
few minutes of gold exposure to blocking agent. Notably, a higher impedance change
was observed with lower molecular weight blocking agents, likely due to higher molecular
packing on the gold substrate. Careful optimization of blocking agent with respect to

molecular size and potential interactions is recommended.
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SUPPLEMENTAL FIGURES:

5% BSA + S. intermedius 5% CSA + S. intermedius

WD = 4.4 mm EHT = 5.00 kV Signal A = SE2 WD = 43mm EHT = 5.00 kV Signal A = SE2
Photo No. = 8312 Mag= 100 KX Date :9 Jan 2015 Photo No. = 8326 Mag= 100 KX Date :9 Jan 2015

5% BSA-T + S. intermedius 5% CSA-T + S. intermedius

10 pm WD = 43 mm EHT = 5.00 kV/ Signal A = SE2 10 pm WD = 4.3mm EHT = 5.00 kV Signal A = SE2
BSA-T CSA-T
Photo No. = 8320 Mag = 1.00 KX Date :9 Jan 2015 Photo No, = 8333 Mag= 100 KX Date :9 Jan 2015

Figure S4.1. Sample SEM images showing difference between BSA Vs. BSA-T AND
CSA and CSA-T
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Figure S4.2. Impedance measurements on gold electrodes in PBS before
functionalization, after functionalization, and after incubation with bacteria for 2 h.
Functionalized gold electrodes were exposed to 50 uL of 2x10® S. aureus or S.
intermedius for 2 h at 37 °C.
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CHAPTER 5. Gold nanosensor enabled detection of antibiotic resistance genes for
environmental monitoring

Maria V. Riquelme, Weinan Leng, Marcos Carzolio, Amy Pruden, Peter Vikesland.

ABSTRACT

Global strategies for monitoring and mitigating the spread of antibiotic resistance are
urgently needed. Here we demonstrate the stability, selectivity and applicability of a gold
nanosensor for antibiotic resistance gene (ARG) detection in ARG-spiked effluent from
four wastewater treatment plants (WWTPs). The mecA ARG was targeted as a model
due to its presence in clinically-relevant pathogens and emergence as an environmental
contaminant. The mecA-specific nanosensors showed stability in environmental
conditions and in high ionic strength ([MgCI2] < 50 mM), and selectivity against
mismatched targets. Target detection was reproducible with an LOD of 70 pM (=4x107
genes/uL), even in the presence of interferences associated with non-target genomic
DNA and complex WWTP effluent. Future work is expected to provide lower LODs via
integration with target concentration steps and Surface Enhanced Raman Spectroscopy
(SERS)-mediated signal amplification. This provides proof-of-concept for a new line of
cost-effective, field-deployable tools needed to support wide-scale ARG monitoring.

INTRODUCTION

Antibiotic resistance is a complex and pervasive public health threat that demands
immediate and coordinated global attention. ? Methicillin resistant Staphylococcus
aureus (MRSA) is a notorious antibiotic resistant pathogen with the ability to infect
multiple tissues and produce toxins. Multidrug resistant MRSA and highly virulent strains,
such as USA300, are widespread;* * while S. aureus strains resistant to the antibiotic of
last resort, vancomycin, have been reported.> mecA is the most common ARG detected
in MRSA and confers resistance to methicillin and other B-lactam antibiotics.®” S. aureus
strains that express this gene are resistant to most, if not all, B-lactam antibiotics.
Furthermore, MRSA is commonly known to harbor a broad range of ARGs corresponding

to various antibiotic classes.® °
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ARGs can be disseminated from reservoirs of non-pathogenic bacterial hosts and even
from naked DNA,'® which advocates for direct monitoring — particularly in environments
that are likely nodes for transfer and amplification (e.g., surface, waste, potable, and
reclaimed waters; crop soil; hospitals; and human and animal hosts).""'* Wastewater
treatment plants (WWTPs) are of special importance as they not only represent a point
of ARG convergence, transfer and amplification, but they are also relied upon for
inactivation or removal of these contaminants prior to returning treated waters to the
environment.” '* Of critical concern is the potential for WWTPs to serve as hot-spots for
ARG proliferation.’ '® Monitoring WWTPs and their effluents for ARGs can aid in
elucidation of their fluxes into the environment and help identify promising treatment
technologies. To this end, simple, stable, reliable, fast, efficient and cost-effective ARG
monitoring technologies are required.

Gold nanoparticles (AuNPs) are a promising sensing substrate due to their ideal optical
properties, stability, and ease of functionalization. Localized surface plasmons (LSPs), or
collective oscillations of conduction electrons on the nanoparticle surface, are an
important property inherent to metallic nanoparticles. Due to interactions between LSPs
and incident light, these particles exhibit extinction cross-sections that are higher than
expected based on their size alone. LSP frequency is highly dependent on nanoparticle
size and aggregation state and this property can be exploited in aggregation-based
detection schemes by monitoring the wavelength of the LSP resonance band (ALspr).
Furthermore, functionalization of AuNPs with thiol-functionalized oligonucleotides has
been previously described and optimized,"” '® thereby facilitating their application as
gene-specific biosensors.

Here, we applied a sequence-specific target-nanoprobe hybridization assay (Figure 5.1),
and demonstrated the applicability of the functionalized nanoprobes for the detection of
ARGs in four different treated wastewater effluents. We use mecA as a model ARG given
its environmental and public health significance. This assay requires minimal sample
preparation, does not rely on enzymatic gene amplification, has multiplex application

potential, and presents an adaptable platform for environmental monitoring.
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(A) Head to tail configuration of target-nanoprobe hybridization:

3’- ACCACTTCAACATTAGACCTT-GAACAACTCGTCTCCAAGAAA
Probe mecA1 Probe mecA2

% Nanoprobe mecA1

Nanoprobe mecA2

T20 Spacer

e

+ Target mecA gene
(£ WWTP effluent)

% o
(C) %% ———
pecific DNA
(£ WWTP effluent) JJJ %ﬁl

Figure 5.1. Schematic of nanoprobe-DNA interactions. (A) Nanoprobe structure and
head-to-tail configuration of nanoprobe-target hybridization. (B) In the presence of target
mecA gene, nanoprobe-target hybridization induces nanoprobe aggregation, even in the
presence of WWTP effluent (C) In the absence of a target gene or in the presence of
nonspecific DNA, the nanoprobes remain stably dispersed in solution, even in the
presence of WWTP effluent.

MATERIALS AND METHODS

Solutions. All buffers and solutions were prepared using autoclaved nanopure (>18
MQ-cm) water and molecular biology grade reagents. Phosphate buffered saline (PBS;
137 mM NacCl, 2.7 mM KCI, 10 mM NazHPO4, 1.76 mM KH,PO4, pH 7.4) was prepared

as a stock solution and autoclaved and diluted as necessary. Chloroauric acid
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(HAuCl4-3H20) and sodium citrate dehydrate (99+%) were purchased from Sigma-
Aldrich. Citrate buffer (250 mM, pH 3) was prepared by dissolving sodium citrate in water
and adjusting the pH using HCI. 5x stock hybridization buffer consisted of 25%
formamide, 20% dextran sulfate, and 5 mM MgCly."® ?°

Probe, target and control sequences. mecA-specific probe, single-stranded mecA
target oligonucleotide and nonspecific control oligonucleotide sequences were reported
by Storhoff et al.?° Purified and/or thiolated oligonucleotides were purchased from IDT
and are described in Table 5.2. Thiolated probes were activated by incubation in 500 mM
DTT in TE buffer.

AuNP synthesis, functionalization and characterization. AUNPs of 42+4 nm diameter
(ALspr = 532 nm) were prepared via seed-mediated growth.?" %> MGITC-AuNPs were
prepared by adding diluted MGITC (=1.5 x 10”7 M) at a ratio of 300 MGITC molecules per
AuNP under rapid mixing.? MGITC addition enables ARG detection via surface enhanced
Raman spectroscopy (SERS); however, SERS-based detection requires optimization and
was not evaluated herein. DTT-activated mecA-specific probes were subjected to two
NAP-10 column purification steps, quantified using the Qbit fluorometer ssDNA
quantification kit, and added to MGITC-AuNPs at a ratio of 10,000 probes per AuNP in
2 mL Eppendorf tubes (Part # 22363352; Note that other tubes potentially cause AuNP
aggregation). The probe-AuNP mixture was vortexed lightly and incubated at room
temperature for 30 min. Solution pH was adjusted by addition of citrate buffer (=25 pL
increments every 5 min) up to a 20 mM final concentration.” After room temperature
incubation for 1 h, the NaCl concentration was adjusted to 300 mM by addition of ~20 uL
aliquots of 5 M NaCl. Note that the citrate buffer and NaCl were added to the inside of the
tube lid, then the tubes were closed and vortexed. This process was used to minimize
localized high buffer concentrations that may induce AuNP aggregation. After a 30 min
room temperature incubation excess 1k-PEG was added as a blocker (at a ratio of
~50,000 molecules per AuNP) and the PBS-Tween20 concentration adjusted to 1x-
0.01%. After 1 h, the particles were washed 3x by centrifugation at 3,000 xg for 15 min,
and resuspended in 1x-0.01% PBS-Tween20. The particles were characterized with an
Agilent Cary 5000 UV-Vis-NIR spectrometer and by dynamic light scattering (DLS) with a
Malvern Nano-ZS Zetasizer. Characterization by a JEOL 100 CX-Il transmission electron
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microscope (TEM) was carried out after nanoparticle functionalization. Nanoprobe
characteristics are summarized in Figure 5.2.

Sample collection. Local WWTP effluent samples were collected on the day of each
experiment in 50 mL tubes, and transported in a cooler (not in ice) to the lab were they
were immediately used within 1 hour of collection. In India, the WWTP effluent sample
was collected in a 20-gallon container and transported to the lab at around noon. The
assay was prepared in the evening at around 9 PM.

Target detection assay. mecA gene segments were spiked into four different WWTP
effluents to test how potential interferences affect the stability of the assay. A similar
approach was reported by Storhoff et al. under controlled conditions;®*® however, we
sought to test probe stability and applicability under complex environmental conditions.
The characteristics of the WWTP effluents are shown in Table 5.1. Negative controls
included unspiked WWTP effluent or effluent containing a nonspecific control
oligonucleotide (described in Table 5.2). Nanopure water control samples without
wastewater were analyzed for comparison. All reactions contained 10 pM of each
nanoprobe, 1x hybridization buffer (5% formamide, 4% dextran sulfate, 1 mM MgCly),
target (T) or nonspecific (NS) oligonucleotides (based on dilutions prepared from
concentrated purified oligonucleotide purchased from IDT, Coralville, 1A), and 50%
WWTP effluent where applicable. After mixing, the samples were denatured for 5 min at
~98°C and then room temperature-hybridized. An additional test was carried out using
genomic MRSA DNA (containing the mecA gene) as target, while the probe and buffer
concentrations remained constant. A schematic of nanoprobe-target configuration and
expected interactions is shown in Figure 5.1.

Table 5.1. WWTP effluent characteristics

Capacity BOD
WWTP (MGD) TSS (mg/L) (mg/L) DO (mg/L) pH
A2 6 3.1 4.0 7.3 7.0
B? 9 1.6 2.5° 8.3 7.6
ce 6 4.0 2.0 8.2 7.3
India® 14 - - 5.3 7.9

2 Daily averages obtained from WWTP
® Values not available for day of sampling and substituted by next day average
¢ Actual sample values measured on day of sampling
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Target probe-hybridization kinetics. Hybridization kinetics were monitored using an
Agilent Cary 5000 UV-Vis-NIR spectrometer and Scanning Kinetics software. After
denaturing, the 200-uL samples were transferred to the ultra-microcuvettes used for
analysis. UV-Vis spectra between 350-800 nm were acquired every 15 min for the first
two hours and every hour thereafter.

Melting temperature (T,) analysis. First derivative T, analyses at A=535 nm were
carried out using the UV-Vis-NIR spectrometer and a temperature controller. UV-Vis
spectra were collected between 25-75°C at 1°C intervals with 1 min/degree incubation.
Limit of detection (LOD) determination. Data fitting and LOD determination were
carried out in R Version 3.2.1 using the Ime4 package version 1.1-12 and a Bootstrap
function. A linear mixed effects model was applied to compare A_spr values at zero target
concentration in the presence and absence of WWTP effluent. This model was applied
by considering potential correlations within nanoprobe batches or within experimental
runs as random effects and the different media (i.e., WWTP effluent from different plants
or control nanopure water) as fixed effects. Because no significant difference was
observed among A.spr Vvalues at zero target concentration, these were grouped and
averaged for LOD determination. A cubic polynomial curve was fitted to the log-
transformed A.spr data corresponding to the non-zero target concentration; then, a
bootstrap function was applied in order to determine 95% confidence intervals to the fitted
curve (Figure 5.11). Bootstrapping results suggested a lower LOD range between 13 and
23 pM, where the non-zero concentration A spr values were significantly higher than the
zero concentration A_spr values with 95% confidence. Employing a safety factor of 3x the
highest value of this range, a conservative LOD of 70 pM is reported herein. An upper
LOD of about 90 nM was also determined.

qPCR quantification of background mecA levels in WWTPs. DNA from WWTP
effluents was extracted from solids retained in a 0.22 ym polycarbonate filter membrane
after filtering a 200 mL volume (Note that the effluent used for these measurements was
collected on a different day than the effluent used in the nanoprobe assays). DNA
extraction was carried out using the MP-BIO Soil Spin Kit. Quantitative polymerase chain
reaction (QPCR) of 1:20 extract dilutions was applied to quantify background 16S, mecA,
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and nuc genes in WWTP effluents using a BioRad CFX96 Touch™ Real-Time PCR
detection system and primers described by Suzuki et al." (16S rRNA), Volkmann et al.? &
Oliveira et al.® (mecA forward and reverse primers, respectively), and Graber et al.* (nuc).
The latter (nuc) gene is specific to S. aureus thermonuclease. The 10 pL reactions
consisted of 40 nM of each primer, 1x SsoFast™ EvaGreen® Supermix (BioRad), 1 uL of

template DNA, and molecular biology grade water.
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Figure 5.2. Characterization of AUNPs and nanoprobes. (A) Size distribution of AUNPs
based on TEM and Imaged analysis of 111 nanoprobes (Average diameter = 42 nm,
StDev = 4). (B) UV-Vis absorption spectra of freshly prepared AuNPs (ALspr = 532 nm)
and mecA1 and mecA2 functionalized nanoprobes (Aispr = 534-535 nm). (C)
Representative melting temperature analysis results of target-nanoprobe hybridized
complexes (T,»= 56.8 £ 0.5 °C, n=4). (D) TEM image of nanoprobes.
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RESULTS AND DISCUSSION

Target-nanoprobe hybridization-based assay. Our detection scheme relies on
sequence-specific nanoprobe-target hybridization. A head-to-tail configuration for target-
nanoprobe hybridization was applied as illustrated in Figure 5.1A. This configuration
maximizes detection response by minimizing inter-particle distance, as compared to a
tail-to-tail configuration, while also minimizing the potential steric hindrance expected for

a head-to-head configuration.*

We functionalized AuNPs with two mecA-specific
oligonucleotide probes. In the presence of the target oligonucleotide, these functionalized
nanoprobes are expected to bind to the gene of interest via sequence-specific
hybridization events (Figures 5.1A&B). These binding events induce nanoparticle
aggregation, which causes a redshift in the LSPR band that can be detected
spectrophotometrically. Our nanoprobes exhibited a A spr=535 nm in the dispersed state.
Upon aggregation, a redshift occurs, resulting in change in a change in suspension color
indicative of target detection (Figure 5.3). A redshift was observable even in the presence
of interferences characteristic of WWTP effluents, including variable ionic strength and
natural organic matter content.

Nanoprobe selectivity and stability. Target-specific interaction was confirmed by T,
analyses using both nanopure and WWTP effluent as diluents. Here, the probes were
incubated with either a 100% matching DNA sequence, a variety of mismatched targets
(containing 1, 3, 5, and 10 base mismatches per binding site; Table 5.2), or in the absence
of added DNA for three to four hours. Hybridization and corresponding melting
temperatures were observed only in the presence of targets with zero and one mismatch
as evidenced by a sharp change in absorbance due to the blueshift caused by the release
of hybridization-aggregated particles back into a dispersed state. No hybridization was
observed in the presence of targets with three or more mismatched bases (Figure 5.4).
In the presence of targets with zero and one mismatch, the Tm were found to be 56.8 °C
(£ 0.5 °C, n=4) and 47.7 °C (x 0.6 °C, n=3) in nanopure water, respectively; and 59 °C
and 48.35 °C, respectively, in the presence of WWTPA effluent. In each case, the Tm
difference was nearly 10 °C, suggesting that the probes are highly specific above ~50 °C.
Important to note, due to codon degeneracy, one mismatch may still translate into an
identical and functional protein. For a subset of samples prepared with a 100% matching
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target and nanopure water as diluent, an initial T, analysis was done four hours after

denaturing. Thereafter, the samples were allowed to rehybridize with the target and the

T measurement was repeated once again (twice for one sample), yielding a slight (up to

one degree) increase in T, each consecutive cycle. The reproducibility of the T,, results

after repeated denaturing and hybridization provides further evidence that the

nanoprobes are stable and suggests they may be reusable after a simple denaturing and

separation step.

Table 5.2. Probe, target and control oligonucleotide sequences and specifications

Sequence nts  Functionalization  Purification
5.
Target mecA TGGTGAAGTTGTAATCTGGAACTTGTTGAG  ge N/A PAGE
segment? CAGAGGTTCTTTTTTATCTTGGGTTAATTTA
TTATATTCTTCGTTACTCATGCCAT-3'
Nonspecific ATGGCATGAGTAACGAAGAATATAATAAA 36 N/A PAGE
control® TTAACCCAAGATAAAAAAGAACCTCTGCTCA
ACAAGTTCCAGATTACAACTTCACCA-3'
. 5"
1 mismatch TGGTGAAGTGGTAATCTGGAACTTGTTGAG  ge N/A PAGE
bindi ite CACAGGTTCTTTTTTATCTTGGGTTAATTTA
per binding site
TTATATTCTTCGTTACTCATGCCAT-3'
. 5'-
3 mismatches  TGGTTAAGTTCTAATCTGAAACTTGTTTAGC 86 N/A PAGE
bindi ite ACAGGTTCCTTTTTATCTTGGGTTAATTTAT
per binding site
TATATTCTTCGTTACTCATGCCAT-3'
. 5'-
5 mismatches  TGGTTACGTTCTAATCTCAAACTTCTTTAGC 86 N/A PAGE
bindi ite ACAGGATCCTTTTTATCTTGGGTTAATTTAT
per binding site
TATATTCTTCGTTACTCATGCCAT-3'
. 5'-
10 mismatches TCGTTTCGGTCCAAGCTCAAACTACTTTGG 36 N/A PAGE
bindi ite TACATGATCCGTTTTATCTTGGGTTAATTTA
per binding site
TTATATTCTTCGTTACTCATGCCAT-3'
ab 5'-Thi0|-T20- .
Probe1® . 21 5ThioMC6-D HPLC
TTCCAGATTACAACTTCACCA-3
ab 5'-Thi0|-T20- .
Probe2* 21 5ThioMC6-D HPLC

AAAGAACCTCTGCTCAACAAG-3'

2 Sequences were reported by Storhoff et al.”
® Each probe contained a spacer of 20 thymine bases denoted as Tyo.
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Figure 5.3. Monitoring and characterization of hybridization-induced nanoprobe
aggregation: (A) Typical sample scanning kinetics results in presence and absence of
WWTP effluent and/or target mecA gene (Arrows indicate spectral evolution with
increasing time. Normalized spectra are shown); and (B) TEM and solution images in the
presence or absence of target-induced nanoprobe aggregation.
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Figure 5.4. Melt curve analyses of nanoprobe-target hybrids in the presence of targets
with a range of sequence mismatches. Targets with 0, 1, 3, 5 and 10 mismatches per
nanoprobe binding site (T-0 Mis to T-10 Mis) were analyzed in the absence (top; control
assay in nanopure) and presence (center) of WWTP effluent from WWTP A. The Tm in
the nanopure control were found to be 56.8 °C (£ 0.5 °C, n=4) and 47.7 °C (£ 0.6 °C, n=3)
for T-0 Mis and T-1 Mis, respectively. In WWTP effluent, the Tm were 59 °C and 48.35
°C for T-0 Mis and T-1 Mis, respectively. No hybridization was observed in the presence
of targets with 3 or more mismatches. A picture of the assay product in WWTP effluent is
shown on the bottom.
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Figure 5.5. Nanoprobe stability in MgCl,. Nanoprobes were pelleted at 3000 xg for 5 min,
and then resuspended in the specified MgCl, concentration after removing the
supernatant. UV-Vis absorption spectra were collected after 15 min (top) and after 20 h
(center). The Aspr values were plotted against MgCl, concentration (bottom left). An
image of the nanoparticle solution was collected after 20 h (bottom right).

The stability of oligonucleotide-functionalized AuNPs in monovalent and divalent cation
solutions has been previously described."” '8 2° |n general, oligo-AuNPs are known to be
stable in up to 1 M NaCl. However, stability is generally dependent upon oligonucleotide

|.25

size, composition, and base-pairing potential.”> Here we further assessed our nanoprobe
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stability by pelleting and resuspending over a range of MgCl, concentrations (Figure 5.5).
Our results suggest that the nanoprobes are highly stable in [MgCl,] < 50 mM. Nanoprobe
stability was further assessed by UV-Vis and DLS analyses over 20 h in environmentally-
relevant EPA moderately hard water. No A spr redshift was observed after 20 h (Figure
5.6), suggesting that the particles remained stable in the presence of monovalent and
divalent cations. A gradual decrease in nanoprobe size (3.7 and 5.5 nm after 20 h for
probes mecA1 and mecA2, respectively) was observed via DLS (Figure 5.6). This
decrease in hydrodynamic diameter is likely the effect of inter- and/or intra-oligonucleotide
charge shielding induced by the added divalent cations, which resulted in more tightly
packed oligonucleotide secondary structures. The nanoprobe Zeta potential was also
measured in PBS-T at -20.2 and -24.0 mV for probes mecA1 and mecA2, respectively.
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Figure 5.6. UV-Vis Absorbance (left) and DLS size measurements (right) of nanoprobes
in EPA moderately hard water over 20 h. The Absorbance spectra for nanoprobe mecA2
are not shown, but are almost identical to the spectra shown for nanoprobe mecA1 on the
left.

mecA detection in WWTP effluent. The mecA detection assay was tested in the
presence of WWTP effluents from four WWTPs, including one from a large metropolitan
city in India, in order to quantify the functionality in the presence of potential interferences.
The nanoprobes were consistently stable and performed comparably in WWTP effluent
relative to nanopure water. This suggests that potential interferences by varying ionic

strength, complex organic matter, chelators, and other unknown constituents may not
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post the kind of barrier that they do for enzyme-based detection assays, such as

polymerase chain reaction (PCR).%°
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Figure 5.7. DLS monitoring of particle size changes due to hybridization-induced
aggregate formation. Target (T) and nonspecific (NS) oligo concentrations were 50 nM.
Important Note: Aggregate size values measured via DLS represent estimates for relative
comparison between aggregated and nonaggregated samples rather than actual
accurate particle size measurements. This limitation is because the accuracy of the
measurements is affected by particle size polydispersity, which is high in aggregated
samples; thus, as particles aggregate, the data becomes increasingly inaccurate.

The target detection assays were repeatable both in the presence and absence of WWTP
effluent. Figure 5.3A provides a comparison of typical scanning kinetics results under
different test conditions. A clear redshift of the LSPR band is observed in the presence of
mecA, whereas no LSPR shift was observed in the absence of target or in the presence
of a nonspecific control oligonucleotide. A clear difference can be observed visually as a
result of target-induced nanoprobe aggregation (Figure 5.3B). Aggregation was further
confirmed by TEM images of aggregates formed in the presence and absence of mecA
gene segments (Figure 5.3B) and by DLS monitoring (Figure 5.7). Although small
aggregates associated with the edge of visible droplets were observed in TEM images of
samples prepared in the absence of the target, these small aggregates are thought to be
the result of sample drying during grid preparation rather than the product of interactions
between the particles within the sample. Conversely, the larger aggregates observed in
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the target samples were consistently larger matrices that occurred in lower frequency and
were not associated with the edges of the dry droplets.

Hybridization and nanoprobe aggregation kinetics were monitored for 16-24 h after the
initial denaturing step. Nanoprobe aggregation occurred quickly during the first 3-5 h, and
then more gradually up to about 10 h (Figures 5.8 and 5.9). Thereafter, a plateau was
reached where the A spr either remained constant (for most samples) or increased slightly
(for some samples). Boxplots compare the A_spr values between t= 10 h and t=16 h
(Figure 5.10). Narrower boxes reflect a relatively steady A_spr, Whereas wider boxes
indicate a higher rate of A spr increase. An LOD of 70 pM (=4x10" genes/uL) was
determined as described in the Supporting Information. Although this LOD is high in its
present form, this study provides proof-of-concept to support future optimization. For
example, a significant LOD decrease may be attained after integrating target
concentration and SERS-mediated signal amplification into the assay.

An upper limit to the detection range was also observed. The upper and lower detection
limits likely are constrained by different factors. At low mecA concentrations, there is
insufficient target to induce an observable hybridization-induced LSPR redshift.
Conversely, at high mecA concentrations, nanoprobe binding sites become saturated,
thereby minimizing or preventing aggregate formation. Our data suggest that the optimum
nanoprobe-to-target ratio should be between 1:7 to 1:9000. However, these ratios may
change depending on the target concentration and on the method of detection. For
instance, SERS should theoretically detect one molecule in the presence of two probes,
granted that they are located within the same sample.
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Figure 5.8. A.spr shift during real-time scan of hybridization kinetics in WWTP samples
for a range of target mecA gene concentrations.
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Figure 5.9. LSPR shift during real-time scan of hybridization kinetics in nanopure control
samples for a range of target mecA gene concentrations.
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Figure 5.10. Target mecA detection in presence (top) and absence (bottom) of WWTP
effluents. Boxplots represent maximum absorbance wavelengths observed between t=10
h and t=16 h. A single point at t=18 h is shown for samples tested in presence of effluent
from a WWTP in India. Higher absorbance indicates redshift due to hybridization-induced
nanoprobe aggregation, and thus indicates positive detection. Different colors represent
different nanoprobe batches. Arrows indicate decreasing target mecA gene
concentrations. The results of an experiment performed using 3-month old nanoprobes
(stored at 4 °C) are shown for comparison as an indicator of the stability of reagents with
time. All experiments in presence of WWTP effluents were done in presence of a positive
control in nanopure water (data not shown). A nonspecific control was also tested in
nanopure water, and in WWTP A and Indian WWTP effluents, and showed no interaction
(results not shown).
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Figure 5.11. Data fitting and Limit of Detection (LOD) determination. The black curves
represent the Bootstrap-generated 95% confidence intervals for a cubic polynomial fit to
the log-transformed non-zero concentration A spr data. The upper and lower horizontal
red lines represent two-times the standard error of the averaged A spr data at zero target
concentration. Application of a linear mixed effects model confirmed that the type of
medium (i.e., presence or absence of WWTP effluent) had no significant effect on the
ALspr Values at nonzero target concentration. Bootstrapping results suggested a lower
detection range between 13 and 23 pM target concentration where the non-zero
concentration A spr values were significantly larger than the zero concentration A spr
values. However, a conservative LOD of 3x the highest value in that range, or 70 pM
(=4x10" genes/uL), is reported.

Detection of mecA associated with genomic and non-target environmental DNA. In
addition to a single-stranded mecA gene segment, we also tested the performance of the
nanoprobes for detecting mecA present in genomic DNA extracted from MRSA. A sample
containing DNA extracted from MRSA-negative digested sludge served as a negative
control. These results (Figure 5.12) illustrate that the assay is suitable for detection of the

mecA gene within complex genomic DNA.
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Figure 5.12. mecA gene detection from a genomic MRSA DNA extract (MRSA 1, MRSA
2) and from a MRSA-negative digested sludge DNA extract (DS1, DS2), compared to
positive control (Control(+)- 5 nM target in single stranded form) and blank (nanoprobes
only, with no added DNA). MRSA and DS assays were carried out in duplicates. Boxplots
represent maximum absorbance wavelengths observed between t=10 h and t=16 h.
Higher absorbance indicates redshift due to hybridization-induced nanoprobe
aggregation, and thus indicates positive detection.

Effluent gene concentrations and future work. Now that nanoprobe chemical and
thermal stability has been established, future work will focus on developing and optimizing
assays with lower LODs. Environmental ARG concentrations are generally low. Herein,
both the S. aureus-specific nuc gene and the methicillin resistance-specific mecA ARG
were detected in at least one effluent sample from the WWTPs applied in this study
(Figure 5.13); however, their concentrations were below the standard concentration range
and thus unquantifiable. Others have detected mecA in WWTP effluents via quantitative
PCR.?"*? It is well-known that ARGs can be detected at higher concentrations in samples
from highly impacted environments, such as hospital wastewater and agricultural

ff,'>27.2% and that some WWTP processes can influence the proliferation of ARGs."

runo
'® Still, low levels of ARGs may also have environmental relevance, which we envision
could be addressed in part through incorporating a DNA extraction and concentration
step. Further, coupling of this nanosensor technology with target concentration
nanocomposites may enable simultaneous SERS detection of multiple ARGs in addition

to significantly lowering the LOD. Thus, the nanosensors examined herein show great
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potential due to their stability and selectivity in complex media and are a promising means
for rapid ARG detection and monitoring.
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Figure 5.13. qPCR quantification of 16S rRNA, nuc and mecA genes from WWTP
effluents. Triplicate DNA extractions were carried out from filter membranes after filtering
200 mL of final effluent sample (Secondary effluent for India WWTP). There was no blank
gPCR-amplification for either nuc or mecA genes; however, gene concentrations were below
standard quantification range. Red and green bars represent lowest standard that amplified
for nuc and mecA genes, respectively.
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CHAPTER 6. Conclusions

CONCLUSIONS AND FUTURE WORK

Contamination of water resources is one of the greatest challenges facing global human
and environmental health today. Traditional wastewater treatment is designed to treat a
limited number of contaminants, while emerging contaminants of chemical and biological
origin are largely ignored." Antibiotic resistance genes (ARGs), however, behave unlike
typical contaminants because they can become amplified, shared and mobilized within
the environment.? High-biomass and selective environments, such as activated sludge
basins in wastewater treatment plants (WWTPs), potentially represent ideal breeding
grounds for emergence, proliferation and dissemination of antibiotic resistance.* * This
highlights the need for rapid, efficient, low-cost detection strategies that can be applied
for biocontaminant monitoring and characterization, in order to ultimately guide mitigation
at such points of interest. The ideal aim would be to power a paradigm shift whereby
strategies are implemented for minimizing emerging contaminant amplification,
accumulation and dissemination via key hotspots in a manner that is harmonized with
other goals, such as water sustainability.” The work described in this dissertation was
aimed at highlighting promising areas of research that can move us towards more efficient
and effective biocontaminant detection and monitoring strategies, which could ultimately
aid in informing a paradigm shift in how wastewater is treated. The results reported
advance the knowledge of nano(bio)sensing techniques but also highlight some
associated limitations.

Chapter 2 described the characterization of ARG distributions in two WWTPs and their
effluent-receiving water bodies in a highly-populated city in eastern India. The results
reported thus far suggest distinct differences between antibiotic resistance loads in the
tested wastewaters and those reported in the literature. This may be a reflection of the
country’s developing economy but lagging public sanitation infrastructure, in addition to
being the number one antibiotic consumer in the world.® Future metagenomics analyses
are expected to provide higher-resolution antibiotic resistance gene distribution
fingerprints that may help understand relative impacts of wastewater sources. Overall, it
is hoped that Chapter 2 provides insight about local impacts contributing to global
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dissemination of antibiotic resistance, especially after comparisons with similar data from
other countries; and that it highlights the magnitude and global scale of the problem of
antibiotic resistance as well as the need for innovative solutions, such as the sensing
technologies discussed in later chapters.

Chapter 3 described the development of aptamer-functionalized gold nanosensors for
SERS-mediated detection of Staphylococcus aureus, a model pathogen of concern.
Although the technology described has not yet reached full potential, there are clear
advantages to advancing this novel detection system, the most important (and possibly
life-saving) of which is the ability to target and detect live pathogens of concern within
minutes to few hours, with little sample handling or preparation. Other advantages related
to sustainable applications of novel technologies are highlighted. For example, aptamers
that confer specificity are easier and cheaper to synthesize than antibodies. Sensitivity
can then be achieved via surface enhanced Raman spectroscopy (SERS), which employs
the surface enhancement potential of gold nanoparticle substrates. Gold nanoparticles
have shown little toxicity and, due to their size, their use would involve minimal material
applications and waste products. Furthermore, nanosensor reuse strategies based on
aptamer denaturing (for target release) and separation (possibly via centrifugation or
filtration) could be implemented in order to further extend nanosensor life.

The research described in Chapter 4 began as an alternative way of testing aptamer
affinity towards S. aureus using impedimetric biosensors. Although these experiments
yielded little insight about aptamer-target interactions, some unexpected observations
were made regarding tested blocking agents with respect to bacterial attachment onto
impedimetric biosensors. These observations were considered of value for general
biosensor development and optimization as they highlighted important aspects and
limitations associated with minimization of nonspecific interactions in biosensing systems.
Interestingly, we observed that closely related Staphylococcus species (S. aureus and S.
intermedius) behaved differently in terms of their attachment affinities onto functionalized
(blocked) gold electrodes. These results, in addition to blocking agent-specific
observations and recommendations for optimizations, are published and expected to
provide insight for improvement of electrochemical detection systems by maximizing

specificity and minimizing interferences.
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Finally, Chapter 5 described the development of oligonucleotide-functionalized gold
nanosensors for the detection of antibiotic resistance genes. The nanosensors reported
here were demonstrated to be highly stable and selective under environmentally relevant
conditions. The nanosensors were tested in spiked effluents of four wastewater treatment
plants, including a wastewater treatment plant in a densely populated Indian city.
Although detection limits were high due to the detection mechanism, future improvements
can be made by incorporating a concentration substrate that also enables SERS-based
detection. This would dramatically decrease detection limits and potentially support the
multiplex detection of ARGs of interest with little sample preparation and minimal
inhibition from organic sources. Other advantages related to sustainability, similar to
those reported for Chapter 3, also apply for this detection system; including the potential
for nanosensor reuse after a denaturing and separation process.

Overall, the results discussed in this dissertation provide insight on potential areas of
promise and limitation associated with the novel (nano)biosensing technologies reported.
These technologies are a promising alternative as faster ways to detect, screen and
monitor pathogens and ARGs in the environment. The results described in Chapter 2
highlight the magnitude of the antibiotic resistance problem, and support the need for
improved technologies. Future work is expected to focus on optimization of the described
technologies, as well as further characterization of global ARG emergence and

dissemination patterns.
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