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Abstract

Estrogen hormones are well-established environmental micropollutants which have been linked
to endocrine disruption in aquatic organisms in wastewater discharge sites. Biological degrada-
tion is the primary wastewater treatment mechanism for estrogen removal. However, treatment
efficacy is highly variable and difficult to engineer due to the “black box™ nature of biologi-
cal treatment. Microbial strain selection is a critical impediment towards engineering estrogen
biodegradation, since isolating endogenous strains with specific metabolic traits requires lengthy
enrichment cultures and is limited to culturable organisms. Furthermore, the highly sensitive
and selective chemical trace analysis techniques used to measure estrogen removal are relatively
expensive and inefficient.

In this thesis, we developed rapid, high-throughput spectroscopic methods designed to mon-
itor estrogen biodegradation. The spectroscopic methods include a fluorometric assay based on
the uptake of a fluorescently-labelled estrogen and a colorimetric biosensor using gold nanopar-
ticles (AuNPs) and an aptamer bioreceptor. A synthetic microbial community comprised of
characterised estrogen-degrading reference strains was used to evaluate the fitness for purpose
of the developed methods.

A trace analysis method using conventional chromatography was developed to validate the
use of the fluorescent probes with the synthetic microbial community. The biochemical fate and
distribution of the BODIPY-estrogen in the estrogen-degrading bacteria — specifically, the bio-
transformation of BODIPY-estradiol to BODIPY-estrone by Caenibius tardaugens — was used to
inform the design of the fluorometric assay. The fluorometric assay utilises a cell impermeable
halide quencher to suppress the extracellular fluorescence, and thus, the obtained fluorescence
response was attributed to the selective internalisation of BODIPY-estrogen by C. tardaugens.

While the fluorometric assay was developed to screen for estrogen-degrading bacteria, the
colorimetric aptasensor, which was adapted from published AuNP biosensors and aptamers for
this application, was developed to quantify 173-estradiol (E2) in buffered culture media. The
developed aptasensor was evaluated against industry guidelines for ligand-binding assays. While
the analytical performance of the aptasensor satisfied the majority of the guidelines’ acceptance
criteria, the method suffered from biological interferences by the estrogen-degrading bacteria.

The work in this thesis contributes towards expanding the available bioanalytical methods in

environmental biotechnology.
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Chapter 1
Introduction

Despite the first evidence of water treatment dating back to 4000 BC, widespread access to safe
drinking water remains a global challenge today [1]. Recently, UNESCO included the "avail-
ability and sustainable management of water and sanitation" as Goal No. 6 of the Sustainable
Development Goals in the 2030 Agenda for Sustainable Development [2]. One of the challenges
in meeting this goal is the release of hazardous chemicals into the environment. Estrogen hor-
mones are a class of chemical pollutants which have been detected in environmental waters and
sediments at levels causing adverse effects [3]. Despite their natural origins, the elevated lev-
els of estrogen in the environment are directly linked to human activity, particularly intensive
animal husbandry practices [3].

There are many approaches for the treatment and removal of estrogen micropollutants (i.e.,
pollutants present at trace-level concentrations), such as physical sequestration and chemical
treatment [4]. However, biological treatment — i.e., the use of microbes to enzymatically trans-
form or metabolise contaminants — is the most cost-effective approach towards removing mi-
cropollutants which can be readily incorporated into a range of existing treatment systems [5].
Despite these advantages, engineering a biological treatment system for enhanced estrogen re-
moval has significant challenges. One approach for enhancing pollutant removal is bioaugmen-
tation, which is the addition of microbes with desirable metabolic traits to a biological treatment
system [5]. Yet, isolating microbes with the ability to degrade micropollutants is a challenge in
itself. In addition, identifying the specific treatment facility operating parameters and conditions
which enhance removal requires multiple varied experiments.

Chemical trace analysis plays an instrumental role in biotechnology. Analytical methods
provide the tools to characterise and quantify biomolecules (DNA, proteins, lipids, and metabo-
lites). However, many bioanalytical methods are optimised and designed for biomedical appli-
cations, where the cells, tissues, and compounds of interest are relatively consistent between

sources. Thus, bioanalytical methods must be optimised and developed specifically for environ-
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mental samples. Currently, the trace analysis techniques used in research concerning estrogen
micropollutant biodegradation are based on the chromatography and mass spectrometry methods
used for environmental monitoring [6]. In this thesis, the role trace analysis plays in engineering
biodegradation was revisited.

As previously mentioned, there are a number of challenges in engineering biodegradation of
estrogens. We have identified the detection of estrogen-degrading bacteria within a community
as well as estrogen quantification as the main tasks which would benefit from the availability of
high-throughput — i.e., rapid and scalable — analytical techniques. While the current trace analy-
sis methods used for these tasks are effective, instrumental chromatography is a relatively expen-
sive and low-throughput technique. Conversely, spectroscopic techniques — such as absorbance
and fluorescence — are simpler, inexpensive, and potentially high-throughput. However, spectro-
scopic methods for monitoring micropollutant biodegradation via microbial activity and quanti-
tative chemical analysis had not yet been explored, due to the limited selectivity and sensitivity
of standalone techniques. Development and validation of spectroscopic methods which are fit
for the purpose of measuring estrogens in microbial cultures is a necessary step towards their
application in service of engineering enhanced biological removal of estrogen micropollutants.
The spectroscopic methods developed in this thesis — which were evaluated against established
guidelines for suitability — contribute towards advancing the role of bioanalytical methods in

environmental science.

1.1 Thesis Aim and Objectives

The aim of this thesis was to develop high-throughput fluorometric and colorimetric trace anal-
ysis methods for monitoring biodegradation of estrogens in microbial communities. To achieve

the aim of this thesis, the following objectives were set:

Objective 1 Develop an analytical method based on gold standard chromatographic methods
to be used as the benchmark to compare the spectroscopic methods against for

characterising estrogen biodegradation.

Objective 2 Characterise the degradation and fate of natural estrogen compared to a fluorescently-

labelled estrogen by a synthetic community of estrogen-degrading bacteria.

Objective 3 Develop and evaluate a fluorometric method based on the fluorescently-labelled

estrogen which can be used to monitor biodegradation.

Objective 4 Develop and evaluate a colorimetric method based on available colorimetric biosen-
sors for environmental samples which has been adapted for measuring estrogen in

bacteria cultures.
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1.2 Thesis Outline

The thesis consists of 7 chapters which detail the rationale and approach towards the develop-

ment of the fluorometric and colorimetric methods for monitoring biodegradation of estrogens.

» Chapter 2 presents a comprehensive review of the literature concerning biological degra-
dation and trace analysis of estrogen micropollutants. The specific methodological gaps in
engineering biological treatment for enhanced estrogen removal are identified. This chap-
ter also establishes the rationale —i.e., the advantages in method simplicity and throughput

— behind the spectroscopic techniques selected to address the methodological gaps.

* Chapter 3 presents the development and validation of a traditional analytical workflow
based on liquid-liquid extraction and chromatographic analysis of natural estrogens and

fluorescently labelled estrogen derivatives.

» Chapter 4 presents the characterisation of the biochemical fate and distribution of natural
and fluorescently labelled estradiol by reference strains of estrogen-degrading bacteria,

both individually and as a consortium.

* Chapter 5 presents the development and evaluation of a fluorometric assay based on the

fluorescently labelled estradiol which detects estrogen-degrading bacteria.

» Chapter 6 presents the development and evaluation of a colorimetric gold nanoparticle-
based biosensor for detecting estrogen in cultures with estrogen-degrading bacteria. The
colorimetric method was adapted for bacteria cultures from available methods in the liter-

ature which were originally designed for environmental matrices.

» Chapter 7 summarises the key results of the research herein in relation to the individual
objectives and overall aim of the thesis. This chapter concludes by highlighting recom-

mendations for future work.



Chapter 2

Literature Review

2.1 Introduction

Estrogens are a chemical class of hormones, which are the signalling molecules that regulate bio-
logical functions of multicellular organisms [7]. 173-Estradiol (E2) is the predominant and most
potent estrogen produced in premenopausal women [7]. Estrone (E1) and estriol (E3), which
have less biological activity compared to E2, are produced primarily in postmenopausal and
pregnant women, respectively [7]. Synthetic estrogens, such as estrogen-analogue contracep-
tive 17o-ethinylestradiol (EE2), are manufactured as therapeutics to manage female hormonal
activity and dysregulation [7].

Endogenous estrogens are produced through the steroid biosynthesis pathway from choles-
terol and several androgenic precursors [8]. Steroid molecules are characterised by a tetracyclic
carbon backbone which vary in their substituents, configuration, and bond order. Estrogens are
18-carbon steroid derivatives with a methyl group at C13 and an aromatised A-ring (Figure 2.1).
Estrogen production is a terminal point in steroid biosynthesis, following the creation of an aro-
matic system at the A-ring and a ketone reduction at C17 (Figure 2.2) [7, 8]. From this stage,
173-estradiol may be converted into a less potent form by transformation back to estrone or ox-
idation at C2, C4, or C16 [9]. The hydroxylated estrogen metabolites can then be conjugated
with sulphate or glucuronide for further inactivity and greater hydrosolubility [9, 10].

Figure 2.1: Estrogen carbon backbone with enumerated carbons and rings.



Chapter 2. Literature Review 5

o o
P4SOSCC/CKS£§ 3BHSD2Qi§E/g
— —

Cholesterol Pregnenolone Progesterone E1 Metabolism
lP450c17
° o o o o
[ OH
P450c17/Ct5:E> SBHSDZQ:EFb P450aro/©i§E> P4503A/4©<?:§----0H
— — — —
HO’ HO’ [} HO' HO’
17a-Hydroxy- Dehydroepiandrosterone Androst-4-ene Estrone (E1) 16a-Hydroxyestrone
pregnenolone (DHEA) 3,17-dione

17BHSD1  17pHSD2*! 17BHSD3 17BHSD2Tl17BHSD1 17BHSD2T117BHSD1
v v

- -

Androst-5-ene Testosterone 17B-Estradiol (E2) Estriol (E3)
3B,17B-diol

E2 Metabolism

Figure 2.2: Estrogen biosynthesis pathway. The major synthesis steps are indicated with black
solid arrows, and the minor synthesis steps are indicated with red dashed arrows. Figure
adapted from [8] and [9].

Despite their natural origin, estrogen hormones are widely recognised as environmental mi-
cropollutants by environmental regulatory authorities, including in the UK [11-13]. Micropol-
lutants are defined as compounds which are present at or below parts-per-billion (ppb)-levels in
the environment and are capable of causing adverse effects at these low concentrations [14]. Es-
trogens have been detected at concentrations above their toxicity limits in environmental waters
around the world [6]. The elevated levels of estrogens in surface waters and groundwater have
been directly attributed to human activity — specifically, the inadequate removal of estrogens
from the collected sewage from municipalities and agricultural practices prior to release into
the environment [3, 15]. The excess estrogen in the receiving waters has been further linked to
ecological disturbances by disrupting normal endocrine functions in aquatic organisms [3].

Estrogen micropollutants originate from human and animal excretions. It has been previ-
ously estimated that the global human population discharges 30,000 kg of endogenous estrogen
per year, plus an additional 700 kg yr~! of synthetic estrogens used in contraceptives [3]. How-
ever, a more recent estimate predicted this amount to be ten times greater (300 tonnes in 2015)
[16]. In addition, livestock waste discharges an even greater amount of hormones [3, 16]. In the
UK, it has been estimated that up to 83% of estrogens discharged (2,145 kg yr—!) comes from
farm animals [17]. Globally, it was estimated that livestock contributed 98% of the estrogens
excreted in 2015, with most steroid emissions coming from Asia (34.5% animal origin, 39.6%
total) [16].

Exposure to exogenous estrogens, which are inherently bioactive compounds, can have se-
rious effects on aquatic organisms, especially fish and amphibians [18]. The primary effect is

reproductive disruption in male organisms, such as decreased sperm abundance, decreased gona-
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dosomatic index, and increased vitellogenin — a protein associated with egg production in female
organisms [19-21]. Female aquatic organisms exposed to exogenous estrogens may have im-
paired ovary development [19, 21]. In addition, population distributions may be disrupted, with
higher rates of intersex organisms and female-biased sex ratios [19].

Studies have confirmed these endocrine-disrupting effects by exposing aquatic species to es-
trogens and estrogen-contaminated effluents in vitro [20]. However, there are many real-world
examples of ecological disruption by estrogen micropollutants, where the biota of estrogen-
contaminated field sites were compared against control sites (Figure 2.3). Since WWTPs re-
lease a wide variety of organic micropollutants, including other EDCs such as alkylphenols and
phthalates, the estrogenicity of the effluent or receiving water is commonly reported as the E2-
equivalent value (EEQ, ng E2 L1 [22]. The EEQ measures the combined activity of a chemical
mixture on ER proteins relative to a given amount of E2, which has the highest activity of natural
estrogens for ER. The long-term effects of estrogen micropollutants on the environment remain
uncertain, however, there is evidence that the adverse effects on affected fish in receiving waters

may be reversed by upgrading WWTP treatment processes [20, 23].

6. Bahe River, China [27]
2016-17; 27 ng E2/L
Hemiculter leucisculus

3. Grand River, Canada [23]
2007-15; 18 ng E2/L
Etheostoma caeruleum

4. Ponds in New Haven, US || 5. Rivers Across UK
N/A; <1 ng E2/L [25]|| 2002-03; <27 ng E2/L
Rana clamitans Rutilus rutilus

2. Lake 260, Canada [24]|
2001-03; 5 ng/L EE2

Rana septentrionalis &
Rapa clamitans

1. Lake 260, Canada [21]

1999-2003; 5 ng/L EE2 [
Pimephales promelas
Population Collapse

7. Nagasaki Port & Tokyo Bay, Japan
2012-14; 2 ng E2/L [28]
Acanthogobius flavimanus

8. Lake Apopka, US [29]
1992; N/A
Alligator mississippiensis

9. Boulder Creek, US [19]
2003-04; 31 ng E2/L
Catostomus commersoni

KEY
B> Fish
Reproductive Disruption Female-Biased Sex Ratio
& Frog
. Increased Intersex Decreased Hatching Success
@ Alligator

Figure 2.3: Ecological disturbances linked to estrogen pollution reported in the literature. The
following are noted for each study: sampling location and time, observed adverse effects, af-
fected species, and EEQ measured in the surface water (except for 1 and 2, which contained
specifically 5 ng L~' EE2) [19, 21, 23-29].
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2.2 Biological Degradation of Estrogens

2.2.1 Emission Routes and Occurrence

The routes for estrogen hormones from human and animal excreta to enter the environment orig-
inate from both point and nonpoint sources (Figure 2.4) [16]. Point sources of estrogen pollution
—1.e., specific, identifiable points of pollutant discharge, such as a pipe or ditch — include munic-
ipal and livestock wastewater treatment facility or plant (WWTF or WWTP) discharges, as well
as domestic septic system discharges [15, 30]. Animal feeding operations (AFOs) which release
raw, untreated sewage are particularly deleterious point sources of estrogen pollution [31]. Sur-
face runoff from applied biosolids — sewage sludge which has been digested, dehydrated, and
treated primarily for pathogen removal — is recognised as a nonpoint (i.e., non-specific, diffuse)

source of estrogen pollution [30].
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Figure 2.4: Pathways for estrogens to enter the environment. Estrogens in domestic and munic-
ipal wastewater are discharged following incomplete removal during treatment at a centralised
WWTP or decentralised septic tank system. Estrogens in agricultural waste may be discharged
directly without treatment or collected in a manure pit or holding pond. The collected livestock
waste may then be discharged or undergo treatment prior to being discharged into surface wa-
ters or recycled onto land for soil enrichment.

Wastewater treatment facilities are designed to decontaminate wastewater to established
quality standards before returning the final effluent to the local water system [32]. Current
wastewater treatment quality standards require the removal of nutrients (e.g., organic matter, ni-
trogen species, and phosphates), suspended solids, dissolved gases, pathogenic microorganisms,
and some heavy metals [32]. Wastewater treatment processes are categorised by three treatment
stages: primary, secondary, and tertiary (Figure 2.5). Before primary treatment, larger debris

(>1 mm) is physically screened out of the raw influent, and dense grit is removed by sedimen-
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tation [33]. In primary treatment, suspended solids, which are less dense than grit and have
more organic content, sediment slowly in large settling tanks and are removed from the liquid

as primary sludge.

Preliminary Primary -?-f::tr:,:::‘{ Tertiary
Treatment Treatment Treatment
Wastewater Organic Treated
Influent Screening & Suspended material Disinfection & Effluent
grit removal solids adsorption & polishing
sedimentation biological
degradation
v
Bulk Waste Primary Humus or
and Grit Sludge Activated Sludge

Figure 2.5: Wastewater treatment facility generalised flowsheet.

Secondary treatment is the principal wastewater treatment stage and primarily relies on bio-
logical processes. A wide variety of processes are used as secondary treatment, such as trickling
filters, sand filters, activated sludge, sequencing batch reactors, membrane bioreactors, con-
structed wetlands, and aerated lagoons [33]. Secondary treatment is commonly aerobic since
biological treatment occurs much faster in oxic environments, however, anaerobic processes are
also employed [33]. Treatment is mediated by the microorganisms present in the sewage which
form biofilms on suspended flocks or fixed surfaces, depending on the process used. The mi-
crobes degrade up to 95% of the organic matter from the primary treatment effluent and produce
humus (i.e., the biomass which accumulates on filters) or excess activated sludge (i.e., the sus-
pended solids which contain a high proportion of microorganisms) as waste products [33]. The
humus and sludge can then be removed from the liquid for disposal or, in activated sludge sys-
tems, recycled back through the treatment process to maintain the microbial density. The treated
secondary effluent is clarified in settling tanks prior to being discharged to receiving waters, if
no further treatment is required to meet the quality standards [33].

Tertiary treatment is, broadly, any additional treatment applied after secondary treatment.
Additional treatment is less common, since it is mainly utilised when the wastewater contam-
inant load is high or when the treated effluent is being discharged into ecologically sensitive
receiving waters [34]. Tertiary treatment may be chemical (e.g., advanced oxidation, chlori-
nation, UV radiation), physical (e.g., micro- or nanofiltration, activated carbon adsorption), or
biological (e.g., constructed wetlands) in nature [33].

The incomplete removal of estrogen by WWTPs prior to effluent discharge into receiving
surface waters has been extensively documented (Table 2.1). An in-depth review by Liu et al.
(2015) on the fate of estrogens in WWTPs noted that estrogen removal rates are influenced
by operational parameters and, therefore, are highly variable [35]. Indeed, there are examples

of good removal of estrogens by WWTPs. Studies by Braga et al. (2005) and Andersen et al.
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(2003) reported that municipal WWTPs with advanced treatment processes successfully reduced
El, E2, and EE2 in the effluent below detection limits of 0.1 ng L™ or 1 ng L™!, respectively
[36, 37]. However, Braga et al. also reported negligible estrogen removal from the influent
(7% of 58 ng L~ E1 and 0% of 14 ng L~! E2) at a facility without advanced treatment [36].
Moreover, a study by Gabet-Giraud et al. (2010) reported large variations in estrogen effluent
levels across 14 different WWTPs (0.1-58 ng L~! El and 0.5-11.9 ng L~! E2), and Baronti
et al. (2000) observed temporal variations in effluent estrogens over 5 months in 6 different
WWTPs [38, 39].

Table 2.1: Estrogen concentrations in wastewater treatment effluents reported in the literature.

Effluent Concentration (ng L™')

Ref Location Type No. WWTP  No. Samples El E2 E3 EE2
[39] Italy Municipal 6 30 9.34 0.94 - 0.45¢
[40] UK Municipal 7 21 9.47 6.3% - <0.2¢
[38] France Municipal 14 31 6.8° 3.9 246> 26"
[41] Korea Municipal 5 10 6P <2.7b <6b -
[42] Argentina Municipal 3 6 <16° 308" - 111°
[43] New Zealand  Municipal 3 - <3-84.7¢  <3-14.8 <6® <10
[43] New Zealand  Livestock 8 - 796" 96> <6b  <10b
[44] Us Livestock 1 5 117 1.6 3.8° -

4Concentration reported as median of the total number of samples. ?Concentration is the mean of the total number
of samples. “Concentration range (minimum — maximum) measured, where overall mean or median could not be
estimated due to values below detection limit.

During specific treatment processes, estrogens may become sequestered to the sludge com-
ponent in the sewage. A study by Muller ez al. (2008) measured an average of 5 ng g~ ! El,
3ng g~! E2, and 5.5 ng g~ ! EE2 in the excess sludge of a domestic wastewater treatment fa-
cility [22]. In comparison to the treated effluent, which contained 3.5 ng L~! EI and 2 ng L™
E2, the estrogen mass fraction (i.e., ppb) was 1000 times greater in the sludge, and the overall
estrogen mass flux from the influent was twice as high in the sludge compared to the treated ef-
fluent (4% versus 2%) [22]. Estrogens are moderately hydrophobic — with logP values between
2.5 and 4.0 — and, thus, favour adsorbing to the richly organic sludge [3]. In livestock facili-
ties, the dry waste (excreta and bedding) has been reported to have very high estrogen content.
In two swine farrowing (i.e., birthing) facilities in the US, the dry waste contained an average
54 ng g~ ' El and 41 ng g~! E2 [45]. In another study from the US, a dairy farm measured
an average 697 ng ¢~! El and 37 ng g~! E2 in the collected dry waste [46]. In both of these
studies, the farms reportedly used the livestock dry waste as soil amendment [45, 46].

As a result of their inconsistent removal by treatment processes, estrogens have been de-

9
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tected in surface waters, sediments, and groundwater above their recommended limits (Ta-
ble 2.2). Currently, EU regulators advise the following average annual quality standards (AA-
QS): 0.18 ng L~! E2 and 0.0032 ng L~! EE2 for fresh water; and 0.009 ng L~! E2 and
0.0016 ng L~ EE2 for saltwater [47]. Baronti et al. (2000) noted that while environmental
estrogen levels were not detectable downstream of a WWTP discharge site, all three major nat-
ural estrogens and EE2 were detected downstream of untreated municipal sewage discharge
sites [39]. In this study, only EE2 was present at concentrations above the AA-QS [39]. How-
ever, Cargouét et al. (2004) measured high estrogen concentrations — exceeding the AA-QS for
E2 and EE2 —downstream of four WWTPs in France [48]. A recent review by Cislak et al.
(2023) compiled the concentrations of estrogens in the environment across Europe reported in
the literature [15]. Cislak et al. found that most cases reported estrogen levels in surface and
groundwater above European quality standards and highlighted high-density populations and
animal husbandry practices as major risk factors [15]. In summary, the environmentally relevant
concentrations of estrogens are approximately 0.001-30 ng L™!, based on the EU AA-QS and
the detected concentrations in WWTP effluents and discharge sites.

Table 2.2: Estrogen concentrations in the environment reported in the literature.

Environmental Concentration (ng L™ orng g~ ')

Ref Location Discharge Type Discharge Site  Sampling Site El E2 E3 EE2
(39] Ital Municipal WWTP Effluent River River, Downstream <0.008 <0.02 <0.02 <0.03
taly

Municipal Untreated Effluent ~ River River, Downstream 1.5 0.11 0.33 0.04

Municipal WWTP Effluent River River, Downstream 2.7 3 2.5 1.8

Domestic WWTP Effluent River River, Downstream 1.4 1.7 2.2 1.3
(48] France

Municipal WWTP Effluent River River, Downstream 2.2 32 2.1 23

Domestic WWTP Effluent River River, Downstream 3 3 2.5 29
[19] UsS Municipal WWTP Effluent River River, Discharge Site 36 1.6 - 0.7
[49] UK Domestic WWTP Effluent River Sediment, Downstream 0.4-3.3¢ <0.03-1.2¢ - <0.04

Livestock Slurry Runoff Land Applied River, Downstream 0.37 0.03 0.18

Livestock Slurry Runoff Land Applied River, Downstream 0.55 0.06 0.26
[50]  Switzerland  Livestock Slurry Runoff Land Applied  River, Downstream 0.27 0.06 0.27

Livestock Slurry Runoff Land Applied River, Downstream 0.28 0.02 0.21

Livestock Slurry Runoff Land Applied River, Downstream 0.18 0.03 0.13
(51] Isracl Livestock Lagoon Leachate Lagoon Groundwater, Discharge Site - <0.5-2.5"

srae
Livestock Lagoon Leachate Lagoon Sediment, Discharge Site - <0.05-0.2°
. Municipal Runoff River + Coast River, Downstream 0.3-3.6% <0.2 - 0.7

[52] China

Municipal Runoff River + Coast Coast, Downstream 0.2-1.0¢ <0.2 - 0.4-0.6“

Concentrations are the mean value, except where noted otherwise. “Concentration range (minimum — maximum)
measured, where the mean could not be estimated due to values below detection limit or only the range was
reported. *?Concentrations were conservatively estimated from graphical data.
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2.2.2 Estrogen Removal in WWTPs

The incomplete removal of estrogens by wastewater treatment facilities and the associated en-
vironmental impacts have led researchers to further investigate removal mechanisms. WWTPs
use several sequential processes to treat wastewater before returning the treated effluent back
into the environment [53]. In conventional treatment facilities, the processes associated with
biological treatment are the primary mechanisms for removing estrogen from the waste stream
[53]. While physical adsorption is partly responsible for their removal, enzymatic degradation of
estrogens (and other organic micropollutants) by endogenous microorganisms fully eliminates
the hazardous compounds from wastewater.

A selection of publications from the literature reporting the fractional removal of estrogens
from the influent in each treatment stage are provided in Table 2.3, and the fractional removal
rates are presented graphically in Figure 2.6. Estrogens are primarily removed from wastew-
ater during secondary treatment (Figure 2.6a) [53]. In studies investigating estrogen removal
during secondary treatment in WWTPs, activated sludge (AS) was the most commonly used
process and had better removal of natural estrogens E1 and E2 than the pharmaceutical EE2
(Figure 2.6b). During AS treatment, estrogens are initially removed by adsorbing to the sludge
before biodegradation. The solids or sludge retention time (SRT) is a key parameter in AS treat-
ment, where longer SRTs (e.g., 10-15 days) increase estrogen removal [54]. Enhanced removal
is particularly evident in nitrification treatment (i.e., the biological oxidation of ammonia), which
generally requires longer SRTs due to the slow growth of nitrifying bacteria [54, 55].

(a) (b)
E1 E2 EE2 E1l E2 EE2
1.0 1.0 -
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© & ! =1 . 8]
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Figure 2.6: Fractional removal of estrogens from WWTP reported in the literature by (a) treat-
ment stage or (b) secondary treatment process. Points are the values in Table 2.3; boxes rep-
resent the 25%, 50% and 75% quartiles; whiskers are 1.5 times the interquartile range (IQR).
Treatment processes: AS - activated sludge; TF - trickling filter; MBR - membrane bioreactor;
L - lagoon; BNR - biological nutrient removal.

Trickling filters (TF) were the next most frequently used treatment process but had the poor-

est removal rates — a characteristic which has been repeatedly noted in the literature [53, 61, 62].
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Table 2.3: Fractional removal of estrogens from wastewater treatment reported in the literature.

Primary Treatment Secondary Treatment Tertiary Treatment
Fractional Removal Fractional Removal Fractional Removal
Ref. Location WWTP ID El E2 E3 EE2 ‘ Process Nitrification El E2 E3 EE2 Process El E2 E3 EE2
1 0.61 0.07 - -0.44 TF Yes 0.24 0.78 - 0.07 FST -0.51 0.76 - -0.44
2 0.23 0.24 - 0.1 TF No 0.31 0.78 - -0.02 GP &L 0.97 0.99 - 0.81
3 -0.13 -0.2 - 0.05 TF Yes 0.62 0.94 - 0.04 Clarifiers 0.39 0.88 - 0.12
4 0.39 0.36 - 0.2 TF Yes 0.31 0.83 - -0.5 FST 0.95 0.98 - 0.44
5 0 -0.02 - -0.97 TF No 0.73 0.82 - 0.76 FST 0.53 0.77 - 0.7
6 -0.3 0.07 - 0.14 TF Yes 0.39 0.78 - 0.15 FST 0.21 0.8 - 0.27
7 -0.2 0.05 0.2 TF Yes 0.22 0.59 - 0.53 BAFF 0.57 0.88 - 0.64
(561 UK 8 0.01 0.05 - -0.16 AS Yes 0.91 0.97 - 0.51 FST 0.91 0.97 - 0.43
9 0.18 0.13 - -0.08 AS Yes 0.97 0.98 - 0.6 SF 0.99 0.99 - 0.71
10 -0.1 0.22 - 0.08 AS - 0.94 0.98 - 0.74 FST 0.94 0.98 - 0.76
11 0.06 0.31 - 0.25 AS Yes 0.9 0.91 - 0.53 FST 0.9 0.94 - 0.64
12 -0.19 -0.1 - -0.49 AS Yes 0.38 0.63 - 0.46 uv 0.97 0.98 - 0.32
13 -0.08  -0.27 - 0.19 AS - 0.73 0.95 - 0.3 FST 0.71 0.93 - 0.43
14 -0.28  -0.25 - 0.16 AS No -0.02 082 - 0.73 FST -0.21 0.7 - 0.7
15 - - - - MBR - 0.96 0.99 - 0.88 FST 0.96 0.99 - 0.88
16 - - - - BNR - -0.48 052 - -2.62 uv 0.7 0.76 - -2.03
[37] Germany 1 1.14 0.69 0.63 AS Yes 0.98 0.98 - 0.98 - - -
1 - - - - AS - 0.94 089  0.79 0.86 - - - - -
2 - - - - AS - 0.98 0.88 080  0.94 - - - - -
3] Traly 3 - - - - AS - 0.99 084 075 0.18 - - - -
4 - - - - AS - 0.84 076 0.79 0.09 - - - -
5 - - - - AS - 0.99 092  0.82 0.84 - - - - -
6 - - - - AS - 0.97 092 084 0.64 - - - - -
[36] Australia 1 ‘ - - ‘ AS - 0.85 0.96 - - ‘ MF & RO 1.00 1.00 - -
[57] New Zealand 1 ‘ - - - - ‘ AS Yes 0.89 0.74 - - ‘ - - - - -
[22] France 1 ‘ 0.18 0.14 -0.04 023 ‘ AS - 0.96 0.92 - 0.86 ‘ - - - - -
1 - - - - SF Yes - - - - SF 0.667  0.829 - -
2 - - - - AS Partial 0.73 0.97 - - - - - -
3 - - - - AS No -0.55 0.40 - - - - - - -
4 - - - - AS Partial 0.77 0.93 - - - - - - -
5 - - AS Partial 0.85 0.98 - - - - -
6 - - - - AS Partial -046 076 - - - - - - -
7 - - - - SF Yes - - - - SF 0.965  0.933 - -
8 - - - - GF Yes - - - - GF 0978  0.988 - -
(58] Canada 9 - - - - AS Yes 0.95 0.98 - - - - - -
10 - - - - L No 0.93 0.98 - - - - - - -
11 - - - - SF No - - - - SF 0.464  0.805 - -
12 - - - - L No 0.95 0.96 - - - - - -
13 - - - - L No 0.96 0.98 - - - - - - -
14 - - - - BNR Yes 0.82 0.95 - - - - - - -
15 - - AS No 0.81 0.96 - - - - -
16 - - - - AS No 0.95 0.97 - - - - - - -
17 - - - - TF No -0.62  -0.19 - - - - - - -
18 -0.29  -0.01 - - - - - - - - - - - -
591 Germany 1 - - - - - - - - - - Clarifiers 0.68 - -
Brazil 2 - - - - TF - 0.67 0.92 - 0.64 - - - - -
1 - - - - AS & MBR - 0.58 0.91 0.75 0.18 Clarifiers - 0.68 - -
[60] Switzerland 2 - - - - - - - - Ozone 0.9 0.61 - -
3 - - - - - - - - - - PAC & UF 0.92 0.61 - -

Treatment processes: TF - trickling filter; AS - activated sludge; MBR - membrane bioreactor; BNR - biological
nutrient removal; SF - sand filtration; GF - granular anthracite filtration; L - lagoon; FST - final settlement tank;

GP - grass plots; BAFF - biological aerated flood filter; UV - ultraviolet radiation; MF - microfiltration; RO -

reverse osmosis; PAC - powdered activated carbon; UF - ultrafiltration.
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The lower removal by trickling filters has been attributed to lower hydraulic retention times
(HRT) compared to activated sludge treatment (4—14 h in AS versus <1 h in TF), allowing less
time for the wastewater to interact with the microbiota [53]. In comparison, the studies which in-
vestigated estrogen removal by membrane bioreactors, biological nutrient removal, and lagoons
showed high rates of removal [56, 58, 60].

The importance of secondary treatment in estrogen removal has also been demonstrated by
studies within the UK. Desbrow et al. (1998) measured estrogens in effluents from 7 municipal
wastewater treatment facilities at ranges from 1-76 ng L' E1 and 3-48 ng L~! E2, where the
facility which utilised only primary settlement had higher estrogen effluent levels than five other
WWTPs [40]. The only treatment facility with higher estrogen levels used biological filtration
but had a remarkably low daily flow per capita: 0.05 m> compared to 0.22 (£ 0.03) m> for
the other six facilities [40]. A more recent study of 16 UK wastewater treatment facilities by
Gardner et al. (2013) found that E2 was well removed during secondary (~80%) and tertiary
treatments (~90%) [56], while E1 and EE2 were only removed approximately 60% and 50%
after tertiary treatment, respectively [56].

Similar to municipal WWTPs, the removal of estrogens by wastewater treatment in AFOs
improves with sequential treatment processes. The manure pits or holding ponds where bovine
and swine waste is first collected often contains the highest concentration of estrogens [44,
45]. A study by Shappell et al. (2007) evaluated the estrogen loads across a swine farrowing
facility which included anaerobic lagoons and constructed wetlands [44]. The manure pit was
determined to have 0.2 ug L™' E2, 2 uyg L~! E1, and 0.4 pg L~! E3 (original values in pM), and
the first lagoon reduced the combined estrogen load by 96% [44].

2.2.3 Microorganisms Associated with Biodegradation

Aerobic bacteria are the primary agents of estrogen biodegradation [63]. Over the past 20
years, a number of bacteria strains capable of utilising estrogens as a carbon or energy source
(i.e., catabolic metabolism or catabolism) have been independently isolated by researchers from
activated sludge or sediments (Table 2.4) [63]. Estrogen-catabolising bacteria strains are iso-
lated from samples of the built and natural environment by enrichment culture — i.e., the use of
chemically-defined culture medium which contains a specific carbon and energy source (such
as estrogen) to selectively favour the growth of specific bacteria from the microbial commu-
nity [64]. Isolated estrogen-catabolising bacteria have been primarily of the genera Rhodococ-
cus, Sphingomonas, and Pseudomonas. In recent years, however, many more new estrogen-
degrading bacteria have been isolated, including Ochrobactrum sp., Lysinibacillus sphaericus,
and Stenotrophomonas maltophilia [65-67].

Furthermore, numerous studies have shown that bacteria associated with nitrification — the
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process of oxidising ammonia (NH3) to nitrite (NO, ) and nitrate (NO3') — are able to degrade a
variety of organic micropollutants, including estrogens [68—70]. A study by Vader et al. (2000)
was among the first to report oxidation of EE2 by nitrifying microorganisms in activated sludge
[71]. The findings by Vader et al. were followed by further studies linking nitrifying bacteria
and, specifically, ammonia monooxygenase enzyme to the oxidation of EE2 and natural estro-
gens E1, E2 and E3 [69, 72, 73]. An investigation by Shi ef al. (2004) confirmed that nitrifying
bacteria Nitrosomonas europaea was capable of degrading all three natural estrogens and EE2
[72].

Most nitrifying bacteria, including Nitrosomonas, are chemolithoautotrophic — i.e., they
utilise inorganic nitrogen (NH3, NO,) as an electron source and assimilate inorganic carbon
(COy) by the Calvin-Benson-Bassham cycle [74]. Thus, contrary to catabolic metabolism, the
organic estrogen molecule provides no apparent growth advantage to the bacteria and is sim-
ply transformed by non-selective enzymes. This form of non-growth-related biodegradation is
referred to as "cometabolism" [63]. While cometabolism is readily discernible by chemolithoau-
totrophic bacteria, very few heterotrophic organisms which require an organic growth substrate
to cometabolise estrogens have been identified. One notable example is a study by Pauwels et al.
(2008) which isolated six heterotrophic bacteria (two Pseudomonas sp., two Acinetobacter sp.,
Ralstonia pickettii, and Phyllobacterium myrsinacearum) which could catabolise E1, E2, and
E3 and yet only cometabolise EE2 [75].

Over the past two decades, there has been significant progress in understanding bacterial
degradation of estrogens, particularly through studying the many estrogen-degrading isolates.
However, current cultivation techniques are incapable of culturing the vast majority of the ~10'2
microbial species across the biosphere [76]. Thus, there are likely many more bacteria involved
in estrogen biodegradation which have yet to be discovered due to the limitations of culture-
dependent methods. A recent study by Zhang et al. (2021) investigated E2 biodegradation in
Taihu Lake sediments and surface waters using stable isotope probing — a culture-independent
technique to study incorporation of '3C from isotope-labelled estrogen by bacteria [77]. Zhang
et al. found that genera relating to many known isolates (including Novosphingobium, Ralsto-
nia, Pseudomonas, Sphingomonas, Nitrosomonas, and Alcaligenes) had assimilated the labelled
estrogen, as well as taxa not yet known to be associated with estrogen biodegradation, such as

Desulfurellaceae [77].
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Table 2.4: Estrogen degrading bacteria reported in the literature, including their source and enrichment procedure.

Ref Source Enrichment Procedure Class Species Strain Degradation Type
Aminobacter sp. KC6 Partial E1, E2 degradation
[78] Activated sludge Bioreactors, 3 mg/L E1, E2, Ambient, 6 months Alphaproteobacteria Aminobacter aminovorans KC7 Partial E1, E2 degradation
Sphingomonas sp. KC8 El, E2 catabolism
[79] Activated sludge Not specified Alphaproteobacteria Novosphingobium sp. JEM-1 El, E2, EE2 degradation
[80] Activated sludge Batch culture, 1000 mg/L E2 Alphaproteobacteria Novosphingobium tardaugens ARI-1 El, E2, E3 catabolism
Alphaproteobacteria Phyllobacterium myrsinacearum ~ BP1 El, E2, E3 catabolism; EE2 cometabolism
Betaproteobacteria Ralstonia pickettii BP2 El, E2, E3 catabolism; EE2 cometabolism
[75] Compost Batch culture, 50 mg/L EE2, 28°C, 1 month Gammaproteobacteria  Acinetobacter sp. BPS, BP10 El, E2, E3 catabolism; EE2 cometabolism
Pseudomonas aeruginosa BP3 El, E2, E3 catabolism; EE2 cometabolism
Pseudomonas sp. BP7 El, E2, E3 catabolism; EE2 cometabolism
ifici Actinobacteria Agromyces sp. LHJ3 E3 degradation
(811 Artificial sandy Batch culture, | mg/L El, E2, E3, EE2, 30°C sromyces Sp e
aquifer Alphaproteobacteria Sphingomonas sp. CYH El, E2 degradation
. X Actinobacteria Rhodococcus sp. ED6, ED7, ED10 El, E2 catabolism
[82] Agricultural soil Batch culture, 200 mg/L E2, 25°C
Alphaproteobacteria Sphingomonas sp. EDS8, ED9 El, E2 catabolism
s n " Achromobacter sp. NA El, E2, E3 degradation
[83] Activated membrane Batch culture, 0.1-5.5 mg/L E2, 20°C Betaproteobacteria P &
sludge Ralstonia sp. NA El, E2, E3 degradation
[84] Soil Batch culture, 1000 mg/L E2, 30°C Betaproteobacteria Alcaligenes sp. NA E2 catabolism
[72] Reference strain Reference strain Betaproteobacteria Nitrosomonas europaea NCIMB11850 El, E2, E3, EE2 cometabolism
[85] Reference strain Reference strain Betaproteobacteria Nitrosomonas europaea ATCC19718 E2, EE2 cometabolism
[86] Seawater Agar plates, 1 mM testosterone, 27°C Gammaproteobacteria  Buttiauxella sp. S19-1 E2 catabolism
[87] Activated sludge Batch culture, 20 mg/L E2, 30°C, 7 days Gammaproteobacteria  Pseudomonas aeruginosa TJ1 E2 catabolism
X X Betaproteobacteria Leptotrhix discophora LMG8142 EE2 cometabolism
[88] Reference strain Reference strain
Gammaproteobacteria  Pseudomonas putida LMG2321, -2322, -2323 EE2 cometabolism
[89] Seawater Agar plates, | mM testosterone, 27°C Gammaproteobacteria Vibrio sp. H5 E2 catabolism
. . Actinobacteria Rhodococcus equi Y50155, Y50156, Y50157 El, E2, E3, EE3 degradation
[90] Activated sludge Bioreactor, 1 mg/L E2, 10 weeks
Actinobacteria Rhodococcus zopfii Y50158 El, E2, E3, EE3 degradation
X X . X Rhodococcus equi ATCC12557 EE2 cometabolism
[91] Reference strain Reference strain Actinobacteria
Rhodococcus erythropolis ATCC4277 EE2 cometabolism
[92] Activated sludge Batch culture, 10 mg/L EE2, 30°C, 1 week Bacteroidetes Sphingobacterium sp. JCRS El, E2, E3, EE2 catabolism
[93] Activated sludge Batch culture, 0.1-1mg/L E2, 28°C, 5 months Firmicutes Bacillus sp. E2Y1, E2Y4 El, E2 degradation
[65] Activated sludge Batch culture, 10 mg/L E2, 200 rpm, 30°C, 1 month Alphaproteobacteria Ochrobactrum sp. FJ1 E2 catabolism
) Actinobacteria Rhodococcus equi DSSKP-R-001 El, E2, E3 catabolism
[94, 95] Soil Batch culture, 5-100 mg/L E2, 120 rpm, 30°C, 1 week
Gammaproteobacteria  Acinetobacter sp. DSSKY-A-001 El, E2, EE2 catabolism
[96] Activated sludge Batch culture, 10mg/L E2, 180 rpm, 30°C, 1 month Gammaproteobacteria Pseudomonas putida STIE-1 El, E2, E3 catabolism
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2.2.4 Estrogen Biodegradation Pathways

Presently, the aerobic biodegradation pathways of estrogen have been only partially elucidated
[63, 97]. Biodegradation of E2 often begins with conversion to E1 by 3(3,173-hydroxysteroid de-
hydrogenase enzyme; the gene for this enzyme (0ecA) has been identified in estrogen-degrading
bacteria Spingomonas sp. KC8 and Caenibius tardaugens 16702 (formerly Novosophingob-
ium tardaugens ARI-1) [98, 99]. The most well-characterised biodegradation pathway is the
4,5-seco pathway (I. in Figure 2.7), which begins with estrone 4-hydroxylase (oecB) introducing
a hydroxyl group at C4 [100]. Next, 4-hydroxyestrone 4,5-dioxygenase (oecC) mediates meta-
cleavage of the A-ring, after which a few different transformations may occur [100]. The ring-
cleavage product may form pyridinestrone (a terminal product) abiotically or form a thioester
with coenzyme A (CoA) and undergo subsequent degradation [99, 100].
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— Nocardia sp. E110 (Coombe et al. 1966 [101]) — Caenibius tardaugens NBRC 16725/DSM 16702 (Ibero et al. 2020 [99])

— Sphingomonas sp. ED8 (Kurisu et al. 2010 [82]) Sewage bacteria (Lee and Liu 2002 [102])

— Sphingomonas sp. KC8 (Yu et al. 2007 [78], — Nitrosomonas europaea NCIMB 11850 (Nakai et al. 2011 [103])

Chen et al. 2017 [98])

Figure 2.7: Estrogen biodegradation pathways published in the literature grouped into four
initiation mechanisms, adapted from [97]. 1. Hydroxylation at C4 on the A-ring and formation
of 4-hydroxyestrone (4-OH-E1); 1I. lactone formation on the D-ring; Ill. hydroxylation on the
B-, C-, or D-rings; and IV. dehydration of C17 on the D-ring [78, 82, 98, 99, 101-103].
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Several other biodegradation pathways of natural estrogens have been observed, however,
the structures of most of the proposed metabolites have not yet been confirmed [97]. A study by
Lee and Liu (2002) on the aerobic biodegradation of E2 by a sample of activated sludge found
degradation began with the formation of lactone on the D-ring (II. in Figure 2.7) [102]. Interest-
ingly, Kurisu et al. (2010) found that Sphingomonas sp. EDS8 utilised two separate pathways to
degrade E2: the 4,5-seco pathway, which occurs primarily via the A-ring, and another pathway
that hydroxylates one of the other saturated rings (IIl. in Figure 2.7) [82]. Very little is known
about the cometabolic biotransformation of natural estrogen by N. europaea (IV. in Figure 2.7).
Currently, only the transformation to estratetraenol (EO) has been confirmed, however, this de-
hydration does not fit the expected action of ammonia monooxygenase enzyme [103]. Although
the biochemical characterisation of estrogen biodegradation is currently incomplete, it is clear
that environmental bacteria are highly diverse in their approach towards metabolising estrogen

micropollutants.

2.3 [Engineering Biodegradation of Estrogens

The majority of biological treatment facilities in the UK are based on trickling filters, which
have been shown to be one of the least effective secondary treatment processes for removing es-
trogens and other organic micropollutants [102]. However, the WWTP operational parameters
which enhance estrogen biodegradation, such as longer SRT and HRT, are not always feasible to
implement. Thus, engineering the microbial communities in wastewater treatment has become
an attractive strategy for improving biodegradation of organic micropollutants, including estro-
gens. Current approaches towards engineering microbial communities for enhanced estrogen
removal include bioaugmentation and biostimulation [79, 104, 105]. In addition, in silico meth-
ods, including those based on machine learning, are currently being applied towards enhancing
biodegradation of environmental contaminants [106]. Through the perspectives of synthetic de-
sign and practical implementation, we identify the specific methodological gaps in engineering

biodegradation which can be improved through trace analysis.

2.3.1 Bioaugmentation Process

Bioaugmentation is the addition of selected microorganisms to enhance remediation of a con-
taminated ecosystem (e.g., wastewater, environmental waters, and sediments) [107, 108]. Bioaug-
mentation typically involves the selection and cultivation of bacteria or fungi that possess desir-
able traits, such as the capability to metabolise or transform specific micropollutants. These mi-
croorganisms can be naturally occurring or genetically modified to possess the desired metabolic

capabilities.
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A review by Herrero and Stuckey (2015) outlined the following key factors for successful
bioaugmentation [109]:

* Basic knowledge of the microbial ecology common to the target treatment system;
» Selection of suitable microbial strains or consortium;

* Continuous and repeated application of bioaugmentation to the treatment system;
* Monitoring techniques which supervise the survival and activity of the inoculum;
* Immobilisation techniques, particularly with membrane bioreactors;

* Horizontal gene transfer techniques which introduce catabolic genes to indigenous micro-

bial community instead of introducing selected strains.

Microbial ecology characterisation is important for understanding the important metabolic pro-
cesses in a given treatment setting [109]. Dejonghe ef al. (2001) suggested that microbial di-
versity can be viewed under the framework of the Pareto principle, where 20% of the microbial
species are responsible for 80% of the total energy flux [109, 110]. Therefore, the organisms in-
troduced to a given treatment system should be able to participate in the main catabolic processes
to ensure viability and activity [110].

Microbial strain selection is one of the most widely reviewed aspects of bioaugmentation
[108, 111]. A single strain or a consortium of organisms with desirable metabolic capabilities
may be applied to the contaminated environment. The selected microbes are usually enriched
directly from the target contaminated ecosystem ("autochthonous") or an environment with sim-
ilar conditions ("allochthonous") [112, 113]. While pure and mixed cultures for bioremediation
are commercially available, microbes endogenous to the contaminated environment are more
likely to thrive post-inoculation [113]. However, this is not always practicable, as the enrich-
ment of metabolically competent organisms requires weeks to months of culturing (Table 2.4).
Furthermore, the enrichment conditions are usually very different to the realities of treatment
system. Therefore, the cultivation bias for metabolic competence in the laboratory does not
always translate to the target ecosystem.

Various strategies have been proposed for improving microbial strain selection. Singer et al.
(2005) proposed three strategies as alternatives to traditional enrichment cultures [111]. The first
method makes use of "heirloom" strains — highly competent microorganisms previously isolated
and maintained in culture collections. The second method cultivates degrading microorganisms
on plant roots and is primarily applicable for soil bioremediation. The third method involves
"priming" a sample of the microbial community with repeated exposure to the target contam-

inant. Priming is a form of biostimulation, i.e., altering physical conditions to encourage the
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indigenous microbial community to increase specific metabolic activities [111]. Bioaugmenta-
tion with primed microorganisms has the distinct advantage of including microorganisms which
are otherwise unculturable [111]. Genetically modified microorganisms (GMMs) and horizontal
gene transfer techniques have also been explored in bioaugmentation, however, most examples
are confined to lab-scale experiments due to the general concern around the fate of GMMs in
the environment [109].

The introduction of the selected microorganisms into the target environment is the main
process of bioaugmentation. It is well understood that the augmented microorganisms decline
in abundance after inoculation, and therefore, significant attention has been devoted to under-
standing how to ensure the viability and activity of the bacteria post-inoculation [109, 112]. In
particular, the effects of inoculum dosing size and frequency have been evaluated. A study by
Schwartz and Scow (2001) evaluated both of these parameters in Arthrobacter mineralisation
of the polyaromatic hydrocarbon (PAH) phenanthrene in contaminated soil [114]. Schwartz and
Scow reported greater mineralisation (i.e., oxidation of an organic substrate to inorganic CO,)
of phenanthrene with increasingly higher inoculum doses. However, over several months, there
was a loss of bio-mineralisation activity following the initial application compared to uninoc-
ulated soil, and the bio-mineralisation activity recovered upon re-inoculation of the soil [114].
In addition to continuous or repeated inoculation, cell immobilisation has been noted as a use-
ful inoculation strategy, since it generates protective barriers around the microbes and increases
their metabolic activity [109, 115].

This emerging biotechnology has been successfully implemented in the field to remediate
recalcitrant industrial pollutants. Examples of such applications include remediation of chlo-
rinated ethenes in sandy aquifers augmented with Dehalococcoides [116], methyl tert-butyl
ether in groundwater aquifers augmented with Methylibium petroleiphilum [117], and partial
remediation of petroleum hydrocarbons in soil augmented with microbial consortia containing
Rhodococcus, Acinetobacter, and Pseudomonas [118]. More recently, there has been growing
interest in applying bioaugmentation for the targeted removal of non-industrial micropollutants
[119].

2.3.2 Bioaugmentation for Estrogen Removal

Bioaugmentation has been applied towards enhanced estrogen removal in lab-scale treatment
systems with moderate success. One example of successful bioaugmentation is a study by
Peng et al. (2023), which applied Pseudomonas citronellolis SJTE-3 to pig manure spiked with
1 mg L=! EE2 and achieved 70% removal compared to 15% removal in un-augmented ma-
nure [105]. In another example, primary effluent in bench-scale batch reactors augmented with

Novosphingobium sp. JEM-1 only partially removed estrogens — 60% E1 and 65% E2 compared
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to the un-augmented control systems [79]. Partial removal of estrogen was also achieved in
bioaugmented wetland gravel biofilms [104]. In addition, Haig ef al. (2016) showed that the
bioaugmentation of estrogen-degrading bacteria to lab-scale slow sand filters not only enhanced
estrogen removal from the influent (79% E1 and 35% E2, compared to 2% E1 and -67% E2
in the control systems), but the decreased estrogenic potency of the treated water changed the
microbial community in the filter and improved coliform removal [120].

A study by Roh et al. (2011) is one example where bioaugmentation was shown to be only
a minor contributor to estrogen biodegradation. The authors spiked Sphingomonas sp. KC8
into sequencing batch reactors containing nitrifying activated sludge with different SRTs (5, 10,
and 20 days) [121]. The applied estrogen (1 mg L~! E2) was fully removed in the two longer
SRTs while complete removal was inconsistent in the 5-d SRT. However, the abundance of
the augmenting organism KC8 had decreased and stabilised after three mixed liquor exchanges
corresponding with the SRTs, and the authors suggest that "unknown slow-growing" degraders
are responsible for biodegradation of estrogens [121].

Notably, in each of the estrogen bioaugmentation studies presented here, the inoculating
organisms were isolated de novo by the research groups. As previously indicated, strain se-
lection is an important design parameter in successful bioaugmentation, and endogenous or
allochthonous bacteria have a greater potential to thrive post-inoculation. However, the enrich-
ment and isolation process to cultivate metabolically competent bacteria is extremely slow (Ta-
ble 2.4), with enrichment cultures ranging from a minimum of a week up to several months
[87, 92, 120]. Furthermore, studies often screen multiple environments — e.g., sludge and
wastewater from WWTPs, soils, sediments, surface water, compost, and faeces — to isolate
estrogen-degrading strains [75, 80, 90, 122]. In one notable example, Shi et al. (2002) screened
"hundreds" of soil and manure samples to isolate Fusarium proliferatum HNS-1 [122]. Thus,
the literature around bioaugmentation for estrogen removal is limited. Potential gaps in under-
standing estrogen removal by bioaugmentation include the application of consortium communi-
ties, directly comparing bioaugmentation with different strains, the use of more environmentally
relevant estrogen concentrations, the use of immobilisation techniques, and performing bioaug-

mentation in large-scale systems or field sites.

2.3.3 In silico Methods in Biodegradation

Computational methods have the potential to be particularly useful for environmental microbi-
ology due to the practical limitations around culturing environmental organisms in vitro [123].
Following advances in computational methods, novel in silico approaches are being explored to
engineer microbial communities for enhanced biodegradation of micropollutants [106]. Through

computational techniques, like machine learning algorithms, the operational treatment parame-
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ters which enhance micropollutant removal rates and efficiencies can be identified [124—-126].

Some of the machine learning techniques employed in enhancing biodegradation include
evolutionary or genetic algorithms (GA), which treat biodegradation as a parameter optimisation
problem, and artificial neural networks (ANN), which identify variable patterns that correlate
with enhanced biodegradation [123, 127]. GA can be employed for optimising parameters (e.g.,
temperature, pump rates, contaminant concentration, etc.) for a single objective (e.g., "max-
imise contaminant removal") or multiple objectives (e.g., "maximise contaminant removal and
minimise operational costs") [128]. GA may also be used in conjunction with other optimisation
techniques, such as gradient-based methodology [129, 130]. For example, an investigation by
Zafar et al. (2010) combined GA and response surface methodology to identify media compo-
nents which enhance bioremediation of naphthalene by Pseudomonas putida in batch cultures
[129].

Alternatively, ANN is used to predict how the variables of different input parameters will
affect different output variables. One study which utilised ANN for understanding operational
parameters on biodegradation was conducted by Nourouzi et al. (2012), where ANN was used to
show that pH and contaminant concentration affected glyphosate degradation efficiency in batch
cultures, while the inoculum size affected degradation rate [124]. However, an important limi-
tation of ANN is the large quantity of data required to train the model. In some cases, the model
is trained by GA or other algorithms, but where experimental data is used, usually hundreds of
data points are required [124—126]. While GA does not require training data, the fitness values
must be informed by calculation, simulation, or experimental results [106]. A recent study by
Mohammadi et al. (2023) collected a total of 90 samples over 17 experiments for using ANN
to model the optimal conditions for efficient removal of estrogens in a lab-scale moving-bed
biofilm bioreactor containing synthetic wastewater [131]. The estrogen concentrations were de-
termined by a gas chromatography-mass spectrometry method with an analysis time of 29 min
per sample [131].

Thus, while in silico methods have significant benefits over physical experiments, includ-
ing scalability and being unaffected by the limitations of available laboratory techniques, some
experimental data is still required to inform, train, and validate the models. Currently, the liter-
ature around modelling estrogen biodegradation is limited. Mohammadi et al. (2023) proposed
testing additional treatment technologies from WWTPs (e.g., AS and TF) and longer monitor-
ing periods to enhance the applicability of their model and to evaluate the model’s robustness
[131]. Since advanced computational methods may require large quantities of data — specifi-
cally, the contaminant removal rates and efficiency (i.e., fractional removal) — there is a crucial
need for chemical analysis methods which can efficiently measure estrogen concentrations in

biodegradation experiments at scale.
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2.3.4 Methodological Gaps

Here, we identify two significant bottleneck points in engineering biodegradation for enhanced
removal of estrogen micropollutants: 1) strain selection for bioaugmentation and 2) trace analy-

sis of estrogens to determine removal rates and efficiency.

1. Currently, individual strain selection relies heavily on lengthy enrichment cultures. Fur-
thermore, the enrichment culture process is biased towards catabolising organisms which
grow well under the enrichment culture conditions that do not accurately reflect the con-

ditions where bioremediation will occur.

2. The current methodologies used to measure estrogen concentrations (which are explored
in detail in the next chapter) are highly effective but low-throughput. This presents a con-
flict for using computational methods to optimise or predict the parameters which enhance
biodegradation, as they require significant quantities of data — specifically, micropollutant

removal efficiencies and rates — to generate the models.

There have been major advances in understanding microbial ecology in biodegradation, par-
ticularly due to the availability of advanced and high-throughput molecular biology techniques,
such as gene abundance, transcript abundance, and metagenomics [109]. However, the processes
of strain selection and estrogen trace analysis currently rely on inefficient and, in the case of the
former, inelegant solutions.

Therefore, we propose that these two methodological gaps may be addressed with new chem-
ical trace analysis methods. In strain selection, we propose that the ability to selectively measure
the uptake of estrogen by bacteria in a mixed community can be used to screen for metaboli-
cally competent organisms. In chemical trace analysis, we propose the use of estrogen-targeted
biological sensors, a relatively new but scalable technology which does not rely on traditional
analytical workflows. Since time- and cost-efficiency are the parameters we aim to improve,
we propose the use of spectroscopic analytical techniques. Spectroscopic detection is rapid and,
with the use of multi-well microplates, scalable (i.e., high-throughput). In addition, the instru-
mentation for spectroscopy is relatively simple and widely available in most microbiological

laboratories.

2.4 'Trace Analysis of Estrogens

Analysing estrogen micropollutants in the environment is a critical step towards determining
their impact. In order to establish how their presence may affect the local ecosystem, it is

necessary to know the concentrations of estrogens and the characteristics of their degradation
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products. However, detection of estrogens at environmentally relevant concentrations in com-
plex matrices requires highly sensitive and selective analytical methods. Chemical trace anal-
ysis — the selective detection or quantification of the chemical constituents in a sample in very
small quantities, 1.e., 100 parts-per-million (ppm) or less — is performed using advanced sam-
ple preparation procedures and sensitive instruments which use a variety of modalities to detect
compounds of interest [132]. The most common analytical workflows for trace analysis of estro-

gen micropollutants combined an extraction method with a chromatographic method (Table 2.5).

Table 2.5: Analytical methods for environmental estrogens reported in the literature.

Ref Sample Type (Volume)  Analytical Workflow SPE Column  Detection Metbod Quarit.
Limit (ng L™")
El = 0.008-0.2
Influent (0.15 L) E2= 8 8(2)8006
[39] Effluent (0.4 L) SPE-LC-ESI-MSMS GCB Cl8 QqQ - SRM B ~ 0'02_0'6
River water (4 L) EE2 =0.03-0.9
El1=0.4-1.
Influent (0.1 L) E2 = 8 6-1 g
[133]  Effluent (0.25 L) SPE-LC-ESI-MS/MS HLB CI8 QqQ - SRM B3 ~ 0‘8_2’6
River water (0.25 L) EE2=1.2-3.0
El =48
(427 ~ Effluent 0.41L) SPE-LC-ESI-MSMS CI8  PFP QqQ-SRM  E2=66
Surface water (0.4 L) EE2 = 45

Pure water (0.01 L)
[134]  Tap water (0.1 L) SPE-LC-UV MIP CI8 280 nm El =9.3¢

Surface water (0.1 L)

[135]  Surface water (0.5 L) SPE - LC - ESI -MS/MS HLB CI8 QqQ - SRM E2=0.06
EE2 =0.02
Pure water (2 L) E1=0.5-1
[136) ~Influent(1L) SPE-D-GC-MsMs ~ HLB °Fl o gpogpm  E2=122
Effluent (1 L) or BP-5 E3=1.5-3
River water (2 L) EE2 =1.5-3
E1=0.2
[40] Tap water (20 L) SPE-LC-UV-LLE - C18 Ci8 210 nm E2=0.2
Effluent (20 L) GC -MS [GC-N IT - SIM E3=0.2
EE2=0.2
Groundwater (1 L) El=1
[59] Influent (1 L) SPE - D - GC - MS/MS Ci18 XTI-5 IT - SRM E2=1
Effluent (1 L) EE2 =1

“ - Method detection limit (ng L™"). SPE - solid phase extraction; LLE - liquid-liquid extraction; D -
derivatisation; LC - liquid chromatography; GC - gas chromatography; ESI - electrospray ionisation; UV -
ultraviolet detector; MS - mass spectrometry; MS/MS - tandem MS. GCB - graphitised carbon black; HLB -
hydrophobic-lipophilic balance; MIP - molecularly imprinted polymer; C18 - octadecylsilyl; PFP -
pentafluorophenyl. QqQ - triple quadrupole MS; IT - ion trap MS; SIM - selected ion monitoring; SRM - selected
reaction monitoring.
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As previously noted, the environmentally relevant concentrations for estrogens in water were
found to be around 0.001-30 ng L~!. In addition, the EU maximum acceptable method detec-
tion limit (i.e., the lowest detectable concentration by an analytical method) is 0.4 ng L~ for
El and E2 and 0.035 ng L™! for EE2 [12]. Therefore, highly sensitive analytical methods are
required to detect these concentrations. This is primarily achieved by concentrating large sample
volumes (e.g., >100 mL) into a smaller extract volume. Most workflows include solid phase ex-
traction (SPE), which can process large sample volumes and concentrate the analytes by orders
of magnitude. For example, the SPE method used by Quintana et al. (2004) extracted estrogens
from 2 L of river water into 100 pL of ethyl acetate [136]. The most common SPE sorbent
materials were hydrophobic-lipophilic balance (HLB) and octadecylsilyl (C18) which are suited
to extract to non-polar estrogens [3]. Other SPE sorbent materials, including graphitised carbon
black (GCB) and molecularly imprinted polymers (MIP), have also been employed to extract
estrogens [39, 134].

The estrogens extracted from environmental samples were then analysed using liquid chro-
matography (LC) or gas chromatography (GC). When GC analysis was used, the estrogens were
usually derivatised prior to analysis with a silylation reagent, such as N-trimethylsilyl-N-methyl
trifluoroacetamide (MSTFA) [59, 136]. Chromatographic separation was often coupled with
mass spectrometry (MS) or tandem mass spectrometry (MS/MS). Tandem MS/MS, in particu-
lar, was performed with triple quadrupole (QqQ) or ion trap (IT) mass spectrometers. Detection
with UV is less common for environmental samples since it has less selectivity and sensitivity
than MS. For example, Wang et al. (2008) analysed tap water, river water, and lake water spiked
with 10 ug L~! E1 using LC-UV [134]. In contrast, Miége et al. (2009) developed an analytical
method using LC coupled with a triple quadrupole mass spectrometer which achieved method
quantitation limits as low as 1 ng L™' E1 and 1.4 ng L~! E2 in an identical volume (100 mL) of
WWTP influent — a much dirtier sample matrix [133].

Trace analysis is also used to quantify and characterise estrogen micropollutants in con-
trolled biodegradation experiments (Table 2.6). Analysis of estrogen biodegradation in labo-
ratory cultures or lab-scale treatment systems was often done with much higher working con-
centrations than those observed in the environment — up to five orders of magnitude (mg L™1).
Therefore, while laboratory biodegradation studies also used chromatographic methods, there
was more diversity in the extraction and detection methods used. The sample volumes are much
smaller, and therefore, liquid-liquid extraction (LLE) or simple filtration was more commonly
used in sample preparation. When filtration was used, the sample was injected directly into the
LC or mixed with an organic solvent, such as methanol, to solubilise the hydrophobic estrogens
[75, 82, 83].

Since the working concentrations were much higher, detectors which are less sensitive or

selective than MS were used, including UV, photodiode array (PDA), fluorescence (FLD), elec-
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Table 2.6: Analytical methods for laboratory estrogen biodegradation reported in the literature.

Ref Sample Type Analytical Workflow Column Detection zVorl]jl_nI% Conc.
ug
[79;  Bench-scale SPE - LC - ESI - MS/MS Cis QqQ - SRM El'=0.045
AS system E2=0.02
[97] Batch cultures  LLE or SPE - LC - ESI- MS/MS  C18 Q-TOF-FS El=2.7x%10°
[97] Batch cultures SPE - LC - PDA C18 200-450 nm El =2.7x 107
[92] Batch cultures LLE-LC-UV C18 280 nm EE2 =30 x 103
_ S
[99]  Batch cultures  LC - PDA - ESI - MS C18 240 nm E2=5x10
IT - SRM E3=5x%x10°
_ 5
[83] BE.ltCh cultures Filt - LC - PDA or FL.D C18 210 nm E2=1.5x% 105
with AS 220 nm/315nm  EE2=3x 10
El=1x103
— 3
(72] B‘fltch cultures Filt - LC - ECD C18 ) E2=1x 103
with AS E3=1x10
EE2=1x 103
Batch cultures El=5x 103
: _ 3
[75] Wit AS, Filt - LC - UV or FLD ci8 205 nm E2=5x10°
compost, 230 nm/290 nm E3=5x10
or faeces EE2=1x 103
Lab-scal El =0.05
[120] S;‘F'Scate SPE - D - GC - MS HP-5SMS  Q-SIM E2=0012
system E3 = 0.039
_ 5
[82] Batch cultures  Filt - GC - FID HP-1 - El=2x 105
E2=2x10
_ 5
[82] Batch cultures LLE -D - GC - MS DB-5H Q-FS El=2x10
E2=2x10°
_ 3
[78] Batch cultures LLE -D - GC - MS DB-5MS Q-SIM El=3x10
E2=3x10°

AS — activated sludge; SSF — slow sand filtration. SPE - solid phase extraction; LLE - liquid-liquid extraction; Filt
- filtration; D - derivatisation; LC - liquid chromatography; GC - gas chromatography; PDA - photodiode array
detector; UV - ultraviolet detector; FLD - fluorescence detector; MS - mass spectrometry; MS/MS - tandem MS;
ECD - electrochemical detector; FID - flame ionisation detector. Q - quadrupole MS; QqQ - triple quadrupole MS;
TOF - time-of-flight MS; IT - ion trap MS; SIM - selected ion monitoring; SRM - selected reaction monitoring; FS
- full scan.

trochemical (ECD) and flame ionisation detectors (FID). These detectors were used for quanti-
tative analysis to establish removal rates or efficiencies [72, 75, 82, 92, 97]. However, MS and
MS/MS was be used for quantifying in vitro estrogen biodegradation at more environmentally
relevant concentrations [78, 79, 120]. In addition, mass spectrometry was used for qualitative
analysis of degradation products [97, 99]. A study by Chen et al. (2018) used high-resolution
MS/MS with a quadrupole-time-of-flight (Q-TOF) tandem mass spectrometer to evaluate the
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metabolites generated from biodegradation of estrone [97].

Chromatography with MS detection has been described as the "gold standard" technique
for organic micropollutant trace analysis [137]. Since LC does not require derivatisation, LC-
MS/MS is the preferred platform for estrogen micropollutant detection [137, 138]. Although
these methods are fit for purpose in analysing trace chemicals in a complex mixture, chromato-
graphic techniques are low-throughput, capable of analysing only one sample at a time. Anal-
ysis times vary from 15 to 30 minutes by LC and 30 to 45 minutes by GC [39, 82, 133, 136].
In addition, sample preparation and derivatisation further prolong the turnaround time. The
methodological gaps identified previously demonstrated there was a need for more efficient,
high-throughput methods to measure estrogen concentrations and to detect estrogen-degrading
bacteria. The remainder of this chapter will discuss the theory behind trace analysis methods
in detail, beginning with gold standard chromatographic techniques. This will be followed by
the proposed methods to address the methodological gaps, which includes fundamental spectro-

scopic techniques and colorimetric biosensors.

2.5 Analytical Figures of Merit

Both qualitative and quantitative analytical methods are described by the following performance
characteristics: throughput, selectivity, specificity, and sensitivity. Method throughput is the
number of samples which can be analysed over a period of time, and it is improved by increasing
the method speed or the number of samples analysed (e.g., parallel versus sequential processing)
[139]. Selectivity and specificity are both used to describe the extent to which other substances
interfere with analyte detection [140]. According to the International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH), selectivity is "the ability
of an analytical method to differentiate and measure the analyte in the presence of potential in-
terfering substances" [140]. Selectivity is commonly described in relation to matrix interference,
where other components within a sample can interfere with detecting the target analyte of inter-
est by increasing or decreasing the response [140]. Additionally, selectivity describes the ability
of a method to detect multiple target analytes independently and concurrently [141]. Speci-
ficity is the ability to "detect and differentiate the analyte from other substances, including its
related substances" according to the ICH [140]. While selectivity should be demonstrated with
experimental validation, specificity can be ensured through the technical parameters of certain
instruments, such as isotope resolution in mass spectrometry [140]. Sensitivity (Equation 2.1)

is the rate of change of the instrument response (y) over the difference in analyte concentration

(x):

A
Sensitivity = A—z 2.1)
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Quantitative trace analysis is achieved by comparing the measured response of a sample to a
calibration equation (Figure 2.8) [140]. The response of the instrument is first calibrated using a
set of calibration standards (i.e., reference materials which contain a known quantity of the target
analytes across the range of concentrations which elicit a response from the instrument). The
calibration equation is then obtained by performing regression analysis on the concentration of
the calibration standards (the dependent variable, x) and the respective instrument response (the
independent variable, y). Thus, the slope of the calibration curve at a given point is equivalent
to the method sensitivity (Equation 2.1). Linear equations are the most common models used to
describe the relationship between analyte concentration and instrument response and are usually

fit by least-squares linear regression (Equations 2.2-2.4) [142, 143]:

;[(Xi —%)(yi — )]
slope =a = Z(Xi gy (2.2)
y-intercept = b =y —ax (2.3)
y=ax+b (2.4)

where y; is the measured response for each individual measurement i, x; is each concentration of
each calibration standard, and ¥ and y are the mean of calibration standard concentrations and
responses, respectively. Other nonlinear equations (exponential, polynomial, and logarithmic
transformations) and weighted least-squares regression are also sometimes used if the linear

equation does not accurately describe the data [143].

2.5.1 Analytical Method Validation

Analytical method validation is one of the core tenets of trace analysis, particularly for quan-
titative analysis [144]. In method validation, the performance characteristics of the method
are systematically tested to establish that it is fit for its intended purpose. The performance
characteristics which are evaluated include selectivity and specificity, linearity, range, limits of

detection and quantitation, precision, accuracy, and robustness [140, 144].

 Selectivity and specificity are evaluated by analysing the target compound(s) in the pres-
ence of anticipated interferences. This can be achieved comparing the response of the
reference standard to chemically related compounds or by spiking the reference standard

into target-free sample matrix [140].

* Linearity is evaluated by how well the linear regression model fits the data and is usually
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Figure 2.8: Example calibration standard curve with linear regression (dashed black line). The
analytical range is noted in the graph, as well as the response of concentrations outside the
analytical range, including the blank. The limits of detection and quantitation (LOD, LOQ) are
included for illustrative purposes, as their true values depend on the response signal-to-noise,
standard deviation of the blank, or error of the regression curve y-intercept.

described by the coefficient of determination (R?, Equation 2.5):

R2P=1— =2t (2.5)

1

where RSS and T'SS are the sum of square residuals and total square residuals, respectively,
and y; is the predicted response for the known concentration (x;) as calculated by the linear
regression equation (Equation 2.4) [142].

* The analytical range is the interval of concentrations measured by the method, bounded
by the upper and lower calibration standard [140].

* The limits of detection and quantitation (LOD, LOQ) are the lowest concentration the
method can reliably detect or quantify to a degree of statistical certainty [144]. There are
several accepted methods to determine LOD and LOQ, including the signal-to-noise of
the response, standard deviation of the blank response, and error of the intercept from the
regression curve. In each case, a factor of 3 or 3.3 is used to estimate LOD, and a factor
of 10 is used to estimate LOQ [140, 142].

* Precision and accuracy are usually determined by repeated measurements of quality
control (QC) samples — i.e., samples with a known quantity of analyte that are distinct

from the calibration standards and are used to monitor the performance of the method.
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— Precision measures the degree of scatter of the response or measured concentration

and is reported as percentage relative standard deviation (% RSD, Equation 2.6):

% RSD = 100% x % (2.6)

where ¢ is standard deviation and u is mean of either the response (y) or mea-
sured concentration (x) of the QC [140, 142]. Precision is described in at least two
levels: "repeatability", which measures the short-term precision; and "intermediate
precision", which measures the precision across a longer period, such as a lengthy

batched run or across different days.

— Accuracy measures the trueness of the measured concentration and is reported as

percentage recovery (Equation 2.7) or error (Equation 2.8):

9% Recovery = 100% x )& (2.7)

1

Xe — X

% Error = 100% x (2.8)

Xi
Here, x. represents the concentration as calculated from the response (y) of the QC

using the calibration equation, and x; represents the true concentration of the quality
control [140, 142].

* Robustness describes how resilient the method is to variations in the method parameters.
Robustness is usually determined by deliberately modifying method parameters (e.g., mo-

bile phase conditions) and evaluating how the figures of merit are affected [144].

Laboratories which perform testing services are regulated by government or industry authori-
ties and must adhere to the published guidelines for analytical method validation [140, 144, 145].
These guidelines specify the assessment methodology and acceptance criteria for each figure of
merit. While there are small variations in rigour and detail, the performance characteristics
outlined in the guidelines are largely identical across sectors. Research facilities are not held
to such standards in analytical method validation, however, the published guidelines serve as a
useful reference tool for evaluating independently developed methods. This systematic assess-
ment process not only ensures the method is fit for purpose, but it also allows researchers to
compare method performance across laboratories, as well as within a laboratory (e.g., across

time, consumable batches, and operators).
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2.6 Chromatographic Techniques

Chromatography is a powerful tool used to physically separate individual compounds in a mix-
ture for analysis [146, 147]. In chromatography, the sample or mixture is dissolved in a liquid or
gas, called the "mobile phase". The mobile phase determines the technique as gas chromatog-
raphy (GC) or liquid chromatography (LC). The mobile phase continuously flows through a
system which contains an immobile material called the "stationary phase". In column chro-
matography, the stationary phase is made of chemical moieties bonded to viscous liquid lining
a capillary tube or silica particles packed into a column. Separation occurs by the different
affinities of the chemical components for the mobile phase versus the stationary phase. Those
analytes which adsorb or partition to the stationary phase with greater affinity will pass through
the column slower. As the analytes elute from the column, a detector measures an electronic
signal in real-time which is proportionate to the amount of analyte. The results are presented as
a chromatogram: a graph of the detector signal versus time (Figure 2.9). The time of elution,
indicated by a peak in the chromatogram, is known as the "retention time" (tg) and is ideally

selective for each individual compound.
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Figure 2.9: Example chromatogram with solvent front or analyte peak retention times (t,, and
tr, respectively) indicated in red, peak widths (W) indicated in blue, and peak widths at half
maximum (W s) indicated in green.

2.6.1 Theory

The basis of chromatography separation is the continuous partitioning of compounds between
the mobile and stationary phases as the mobile phase flows through the system [146]. There are
two main approaches to describe how analytes (A) with different affinities for the mobile and

stationary phase are separated by chromatography. The first approach is "Plate Theory", which
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assumes the analytes are in equilibrium between the two phases (Scheme R2.1). According to
Plate Theory, the partition coefficient (K, Equation 2.9) is the ratio of the concentration of the

analyte ([A]) in stationary (s) to mobile phase (m) [146]:

[Almobile = [A]stationary (R2.1)
[Als

K=-—"—"2=. 2.9

[Aln &2

The partition coefficient is directly related to the adjusted retention time (¢z). The adjusted
retention time (Equation 2.10) is the total time the analyte takes to reach the detector (fg) minus
the time needed for the mobile phase and any nonretained compounds to pass straight through
the system (i.e., the injection port, tubing, and column) to the detector (¢,,) [146]:

th =t —lnm. (2.10)

Fundamentally, the adjusted retention time is the time the analyte spends interacting with the
stationary phase. The capacity factor (k, Equation 2.11) is the proportion of the amount of
time the analyte spends interacting with the stationary phase compared to the mobile phase

[146, 147]:
_time of A in stationary phase 74

= 2.11
time of A in mobile phase - ( )

The relative amount of time an analyte spends in a given phase is directly proportional to the

relative amount of moles of analyte in that phase, thus [146]:

__moles of A in stationary phase  [A]Vs K Vi 2.12)
~ moles of A in mobile phase ~ [Al,Vin = Vi '

Therefore, the capacity factor is a measure of how well a compound is retained by the system. An
optimal k value is be between 2—10, where k<2 indicates the compound is not being sufficiently
retained by the stationary phase, and k>10 indicates the compound affinity for the stationary
phase is too high.

The above terms describe how an individual analyte is retained by the chromatography sys-
tem. Building upon these terms, we can describe how well the compounds in a mixture are
separated from each other. One example is the selectivity factor (o, Equation 2.13) which is
the ratio of capacity factors of two compounds (the compounds being 1 and 2, where 1z > fg1)

[146]:
i _k

= Rz — = 2.13
ek @1

A selectivity factor of at least 1.1 indicates there is good chromatographic separation between
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the compounds. Resolution (Rs, Equations 2.14 and 2.15) differs from the selectivity factor by
taking into account the width of the peaks at the base (W) or at half of the maximum response
(Wo.s) [147]:

IRy —IR1
Ry= —— — 2.14
0.5(W) +Wa) .14
fRo —1
Rs=1.18 x <&) (2.15)
Wos,1 +Wos2

The peak width is the interval of time which an analyte elutes from the column, where a narrower
peak is preferred for good resolution and signal intensity. Two peaks with good resolution have
an Rs greater than 1.5 [147].

Chromatographic efficiency is the overall ability of a chromatography system to separate
compounds. According to Plate Theory, the number of "theoretical plates" () within a col-
umn represents the number of theoretical equilibration points between the stationary and mobile
phase, where a greater number of theoretical plates yields greater chromatographic separation.
The number of theoretical plates (Equations 2.16 and 2.17) can be calculated from retention
time and peak widths [146, 147]:

N=16 <W) (2.16)
IR 2
N =554 (—) . 2.17)
Wo.s

The height equivalent of the theoretical plates (HET P) is another measure of efficiency and
is calculated by L/N, where L is the length of the column [146]. As with resolution, good
efficiency is achieved with longer retention times and narrower peaks. Resolution between two

compounds is related to the chromatographic efficiency by the following equation [146]:

fo= (¢4N> (ao_cl) <kzkil>' 219

The second approach to describe chromatography is "Rate Theory", which assumes there are

non-equilibrium effects in the system [146, 147]. Plate Theory does not account for the effects
of the chromatography operating parameters, such as particle size, flow rate, and temperature,
which are known to influence peak broadening. The van Deemter equation (Equation 2.19)

concisely accounts for the such effects on chromatographic efficiency [147]:
B
HETP=A+—+Cv (2.19)
%

where A represents eddy diffusion, B represents longitudinal diffusion, C represents resistance

to mass transfer, and v is flow rate. Eddy diffusion accounts for the "multiple paths" effect in
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packed columns, where the mobile phase meanders around the particles. A is determined by
the particle shape and size as well as the uniformity of the particle packing within the column.
Longitudinal diffusion is the broadening of the analyte peak as it travels along the column in ac-
cordance with Fick’s Law of Diffusion. The resistance to mass transfer accounts for the time the
analytes require to diffuse between the stationary and mobile phases depending on their affinity
and proximity to a given phase. C is a complex term which is related to the capacity factor of
the analyte. The diffusivity coefficient of the analyte in mobile phase — a temperature-dependent
term — is directly proportional to B and inversely proportional to C. According to Rate Theory,
for a given chromatography system, there is an optimal flow rate for optimal chromatographic
efficiency [147].

2.6.2 Gas Chromatography

Gas chromatography is a common technique used in environmental analyses to separate volatile
components in a sample or extract (Figure 2.10) [148]. In GC analysis, the mobile phase is
referred to as the carrier gas and is usually He, however N, and H, may also be used in certain
applications. GC separation occurs by injecting a small volume (e.g., 1 uL.) of liquid or gaseous
sample into a heated port, instantly volatilising the sample. The evaporated sample is picked up

by the carrier gas and flows through a heated column to the detector.
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Figure 2.10: Diagram of gas chromatography system.

The columns used in GC trace analysis are open tubular capillaries made of fused silica
coated with polyimide to provide mechanical support [148]. Since open tubular columns used
in GC are not packed, there is no multi-path effect —i.e., A = 0 in Equation 2.19. Therefore, GC
has much greater chromatographic efficiency compared to LC. Capillary columns have a narrow
internal diameter (0.1-0.5 um) and are very long (usually 30—60 m) [148]. The inner surface of
the capillary is coated in a thin film of liquid which serves as the stationary phase. The stationary
phase is a chemically inert, thermally stable polymer covalently bonded to the silica surface and
cross-linked to itself. The chemical functional groups of the stationary phase are selected based
on the polarity of the target analytes. Since estrogens and many organic micropollutants are non-

polar to moderately polar (i.e., logP values ~0.5-4.0), (diphenyl),-(dimethyl); _,polysiloxane is
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the most common polymer used for stationary phase for separating such compounds, where x is
the fraction of diphenyl in the polymer (up to 0.65, increasing in polarity) [41, 56].

The primary mechanism for GC separation is the boiling point of the analytes, while inter-
action with the stationary phase serves as a secondary mechanism for separation [148]. Com-
pounds with lower boiling points flow through the column faster and elute first. The retention of
the analytes can be controlled by programming the temperature of the column oven. When the
column is maintained at a constant temperature, it is referred to "isocratic elution" [148]. During
isocratic elution, the analytes with boiling points lower than the column oven temperature may
elute rapidly and very close together, while the analytes with higher boiling points may not elute
at all. Increasing the temperature during separation in a controlled, steady manner allows for
efficient separation of a wider range of boiling points within a single analysis; this is referred to
as "gradient elution".

Since gas chromatography is only feasible with volatile and thermally stable analytes, non-
volatile compounds, such as estrogens, must be chemically derivatised prior to analysis. The
aim of derivatisation for GC analysis is to impart thermal stability to thermolabile functional
groups (OH, COOH, SH, NH, and CONH) and to increase volatility of the compound of interest
[149]. This is achieved with three types of reactions which replace the active (polar) hydrogens:
acylation (Scheme R2.2), alkylation (Scheme R2.3), and silylation (Scheme R2.4) [149].

0—=C_ +Y—H-—0=C_ +X—H (R2.2)
X Y
R—X+Y—H—R—Y+X—H (R2.3)
CH3 C‘H3
H3C*ﬁi*X+Y*H—>H3C*S‘i*Y+X*H (R2.4)
CH; CH;

These derivatisation reactions are nucleophilic substitutions, where the heteroatom on the ana-

lyte of interest serves as the nucleophile (Y) and the derivatisation reagent contains the leaving

group (X).

2.6.3 High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is a form of liquid chromatography com-
monly used in trace analysis of environmental samples (Figure 2.11) [150]. In HPLC analysis,
the liquid mobile phase is pumped through a column uniformly packed with particles, generat-

ing a high back-pressure. The liquid sample is first injected into a 6-port injection valve which
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loads the sample into a loop of tubing at atmospheric pressure and then injects the loaded sample
onto the column along with mobile phase at high pressure [150]. The sample dissolved in the
mobile phase is pumped through the column to the detector, after which the eluate is collected
as solvent waste if the detection method was non-destructive. In certain applications, such as
preparative HPLC, the fraction of eluate containing the purified compound may be collected for

further analysis.
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Figure 2.11: Diagram of high-performance liquid chromatography system.

The HPLC column is much shorter than the GC column (5-30 cm) and has a larger internal
diameter (1-5 mm). The column is constructed of steel and is packed with tiny microporous
(10-50 A pore size) particles usually made of silica [150]. Standard HPLC uses particles of
around 3-5 um in diameter, while ultra high-performance liquid chromatography (UHPLC) uses
particles <2 um. The smaller particles in UHPLC yield greater resolution and chromatographic
efficiency compared to standard HPLC by creating a more uniform flow path for the mobile
phase and requiring less distance for the analyte to diffuse into the particle (i.e., decreased A
and C terms in Equation 2.19) [151]. However, the smaller particles in UHPLC generate much
greater back-pressure than standard HPLC (<15,000 psi versus <6,000 psi); therefore, UHPLC
requires a special pump and valves [151].

The stationary phase for HPLC is covalently bonded to the particles and is available in a
wide range of chemistries for various applications. As with GC, a non-polar stationary phase
is used for separating estrogens and other non-polar to moderately polar organic micropollu-
tants. Octadecylsilyl (C18) is the most commonly used non-polar stationary phase, followed
by octylsilyl (C8) and phenylsilyl. When a non-polar stationary phase is utilised, it is paired
with an organic polar mobile phase, such as methanol or acetonitrile [150]. This type of separa-
tion (i.e., non-polar stationary phase with polar mobile phase) is referred to as "reverse phase"
chromatography (RPLC). When a polar stationary phase (e.g., bare silica or bonded with amino,
cyano, or diol groups) is paired with non-polar mobile phase (e.g., hexane), this is referred to
as "normal phase" chromatography (NPLC) and is used to separate polar analytes [151]. Hy-
drophilic interaction chromatography (HILIC) is a variation of NPLC that is compatible with
the more environmentally-friendly polar organic solvents used in RPLC [151].
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In contrast to GC separation, RPLC separation occurs primarily via the differential hy-
drophobic interactions between the analytes and stationary phase [151]. The analytes which
are more non-polar (i.e., higher logP values) will adsorb to the stationary phase with greater
affinity and elute later than the more polar analytes. The mobile phase competes with analytes
for adsorption sites on the stationary phase. The adsorption energy for a particular solvent on the
stationary phase is referred to as the "elution (or eluotropic) strength" and is a measure of how
easily the solvent displaces analytes from the stationary phase [151]. The elution strength of the
mobile phase in RPLC can be optimised by mixing miscible solvents with different strengths,
such as methanol and water. In HPLC, isocratic elution is when the mobile phase maintains a
constant eluotropic strength, and gradient elution is when the eluotropic strength increases dur-
ing separation. In gradient elution, the eluotropic strength is controlled by the pump, which can

be programmed to mix solvents at different ratios throughout the chromatographic run.

2.6.4 Detectors

While the mobile and stationary phases are important considerations for separating the com-
pounds in a chemical mixture, the detector captures that separation in real-time and generates a
measurable output that analysts can interpret. Two important characteristics in chromatographic
detectors are low noise and high sensitivity [151]. Noise — i.e., the rapid, random variations in
the detector output — is a consequence of the electrical fluctuations in the detector circuitry and
the background chemicals which enter the detector, such as contaminants in the mobile phase,
leached plasticisers from sample handling, and the chemical milieu of the laboratory atmosphere
[151]. The noise is calculated automatically by chromatography software by a variety of algo-
rithms, such as peak-to-peak envelope and root mean square of the baseline [151]. Sensitivity
represents the responsiveness of the detector per unit change in the amount of analyte. Detectors
with low background noise and high sensitivity are thus able to observe lower concentrations of
analytes (i.e., they have a lower detection limit) [151].

The detectors for chromatographic trace analysis can be grouped into two categories based
on their detection mechanism — universal (non-selective) and selective [151]. Under these two
categories, there are a variety of detection modalities which are suited to different chemical
classes. The different modalities are related to the transducer mechanism, or how the detector
converts a physical stimulus into an electrical response. Here, the detectors associated with

analysis of small organic molecules are discussed.

2.6.4.1 Universal (Non-Selective) Detectors

Universal detectors respond (to a degree) to all of the substances that pass through the detec-

tor [151]. They are sometimes referred to as "bulk property detectors”, since they monitor a
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particular physicochemical property of the eluate which changes in the presence of a chemical
compound other than the mobile phase. As bulk property detectors, they are not tunable or se-
lective for sub-classes of analytes beyond those compatible with the associated chromatography
system. As such, there are universal detectors for both GC and LC (Table 2.7).

The universal detectors used for GC analysis include thermal conductivity detection (TCD)
and electron capture detection (ECD). Detection with ECD is much more sensitive than the TCD,
however, the mechanism of ECD is biased towards more electronegative compounds [148, 151].
There are more universal detectors available for reverse phase HPLC analysis of small organic
molecules, including refractive index detection (RID), electrochemical detection (ED), electrical
light scattering detection (ELSD), and charged aerosol detection (CAD) [150, 151]. RID detec-
tion has relatively poor sensitivity, which results in a higher detection limit, and therefore, it is
not commonly used for trace analysis. Furthermore, RID and ED need to operate with isocratic
elution, as the mobile phase composition must be consistent.

In TCD, ECD, ED, and CAD detectors, the electrical signal is generated by the analytes
directly affecting electronics in the detector (e.g., voltage, current, or charge), while optical
RID and ELSD detectors use a photodiode or photomultipler tube (PMT) as a transducer. Pho-
todiodes and photomultiplier tubes convert light (i.e., photons) into an electric current via the
photoelectric effect using a p-n junction semiconductor or a photocathode coupled with electron-
propagating dynodes, respectively [151, 152]. The amplification process endows PMTs with de-

1

tection limits significantly lower than the photodiode (30 photons-s~! versus 6000 photons-s~!).

2.6.4.2 Selective Detectors

Selective chromatographic detectors respond to a particular trait of the chemical compounds in
the eluate [151]. As with universal detectors, there are selective detectors specific for GC and
HPLC systems (Table 2.8). Flame ionisation detetion (FID) is the most common detector for GC
systems, as it detects all volatile hydrocarbon analytes [148]. Other selective GC detectors in-
clude flame photometric detection (FPD) and photoionisation detection (PID), which are further
selective for sulphur- or phosphorus-containing compounds and aromatic or unsaturated com-
pounds, respectively [148]. Ultraviolet (UV) absorbance detection is the most common detector
for HPLC [150, 151]. Absorbance detection across multiple wavelengths can be achieved with
photodiode array detection (PDA). Fluorescence detection (FLD) is another common detector
used with HPLC and achieves the lowest detection limit. Detection by UV-Vis absorbance and
fluorescence is selective for compounds which are chromophoric (i.e., absorb light at a particular
wavelength) and fluorophoric (i.e., absorb light and re-emit the light at a lower energy); these

spectroscopic concepts are discussed in greater detail in Section 2.7 [151].
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Table 2.7: Universal detectors for GC and HPLC analysis [148, 150].

Separation  Detector =~ Mobile Phase Transducer Mechanism Measured Electronic Signal Detection Limits
Thermal conductivity of the eluate affects temperature and Applied voltage to maintain
TCD He ) 10 ng
Ge resistance of a filament constant current or temp.
ECD H; or Eluate attracts 3 particles (e~) emitted by radioactive 63Ni Applied voltage pulse rate to ol
5% CH4 in Ar  which affects standing current generated by the particles maintain constant current - pE
Refractive index of the eluate affects the path of the source
RID Isocratic Only ) ] P Irradiated photodiode array 100-1000 ng
light to photodiode array
. Solid compound particles in nebulised eluate scatter source  Irradiated photodiode or
ELSD Volatile Only . . o o 0.1-1 ng
light path to an offset photodiode or photomultiplier photomultiplier
HPLC
. Eluate is reduced or oxidised on an electrode which affects
ED Isocratic Only . Current flow 0.01-1 ng
the flow of electrons with a counter electrode
. Tonised, solid compound particles in charged and nebulised .
CAD Volatile Only ) Electrical charge 0.1-10 ng
eluate flow into an electrometer filter.
Table 2.8: Selective detectors for GC and HPLC analysis [148, 150].
Separation ~ Detector  Selectivity Transducer Mechanism Measured Electronic Signal ~ Detection Limits
FID Hydrocarbons Ions produced by c?mbusted eluate generate a current Current flow 2 pe
between electrostatic electrodes
Compounds Ions produced by combusted eluate emit light at specific <1 P
GC FPD ) P P y . & o P Irradiated photomultiplier pg (P)
with P, S wavelengths which is captured by photomultiplier <10 pg (S)
Unsaturated Eluate irradiated by high-energy UV is ionised and emits
PID . Current flow 25 pg
compounds electrons which generate a current
UV-Vis/ Chromophoric ~ Absorbance of eluate at specific wavelength(s) captured Irradiated photodiode or 01
.In
HPLC PDA compounds by photodiode or photodiode array photodiode array g
Fluorophoric Fluorescence of eluate at a specific wavelength captured
FLD P P & P Irradiated photomultiplier 0.001 ng

compounds

by photomultiplier
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2.6.5 Mass Spectrometers

Mass spectrometers (MS) are highly sensitive and specific instruments which give information
about the molecular weight of a compound and its relative abundance [153]. Mass spectrometry
can be used as both a universal and a selective detector, making it a powerful tool in trace
analysis. Briefly, MS detection is achieved by ionising the compounds in the eluate [153].
The ions are then accelerated in an electric field under high vacuum which separates the ions
according to their mass-to-charge ratio (m/z). The current of ions is captured by a detector,
and the readout is the "mass spectrum" — i.e., a graph of ion abundance versus m/z. When the
ion carries a single charge (e.g., M**, [M+H] ™", or [M-H] "), the m/z value is equivalent to the

molecular weight of the observed ion, corrected for any mass difference from the adduct.

2.6.5.1 Ion Source

There are three main components to a mass spectrometer: the ion source, the mass analyser, and
the detector [153]. The ion source is where the eluate is ionised before separation in the mass
analyser [154]. In GC- and LC-MS, the chromatography column is connected to the MS system
at the ion source; this connection point is the sample inlet or interface. In GC-MS systems, the
GC eluate flows directly from the column into the ion source via a heated segment of capillary
tubing. Electron ionisation (EI) is the most common ion source for GC-MS (Figure 2.12a); it
uses a heated tungsten or rhenium filament to emit electrons, which are then accelerated towards
an anode (or electron trap) at 70 eV under vacuum [153, 154]. These accelerating electrons
bombard molecules (M in Scheme R2.5) in the eluate as it flows into the source. These high
energy electrons generate radical molecular cations (M** in Schemes R2.5 and R2.6), which are
unstable and break into fragment ions with neutral losses (F and N in Scheme R2.6, respectively)
[154]:

M+e (70eV) — M*" +2¢~ (R2.5)
M — (Fy T+ N*) + (B2 +Na) + ... (R2.6)

The ions are then guided and accelerated into the mass analyser by a charged repeller and
lenses. The intramolecular fragmentation reactions induced by EI are highly reproducible and
unique for different compounds; thus, the EI fragmentation pattern detected by the MS can be
used for compound identification by comparing against reference libraries [153]. However, the
unstable nature of the molecular ion means its abundance is very low, and therefore, "softer"
ionisation techniques which result in less fragmentation are sometimes used to preserve the
original molecule. One example of soft ionisation in GC-MS is chemical ionisation (CI), which

uses a reagent gas (e.g., CHy) to form ion adducts (e.g., [M+H]1) [154].

39



Chapter 2. Literature Review 40

(a) (b)
Sample Sample
Inlet Inlet
Nebulising Gas Drying Gas

Skimmer
Lenses

—>
EZ@ o.o.o.o.o;o.o.o.o.o]

—®

1] U0J123|3
19uge

L

® Focusing ® Analyser
® Lenses \\\
To Mass
Analyser

Figure 2.12: Diagrams of (a) electron ionisation and (b) electrospray ionisation sources.

Electrospray ionisation (ESI) is a soft ionisation technique which is commonly used with
LC-MS analysis (Figure 2.12b) [153, 154]. Prior to MS analysis, the compounds must be in the
gas phase; therefore, the HPLC eluate must be transformed from liquid solvent into a vapour.
ESI achieves this by passing the HPLC eluate through a steel capillary along a coaxial flow of
a sheath gas (N7) which nebuilises the eluate. The eluate is charged by a potential difference
applied to the steel capillary relative to the counter electrode. The charged spray particles form a
Taylor cone, and the repulsive forces between the charged particles break them into increasingly
smaller droplets until the solvent has evaporated and only the ions remain [153]. In contrast
to EI, the ESI source operates at atmospheric pressure, and the pressure is only reduced after
the ions pass through counter electrode and skimmer lenses [154]. However, ESI suffers from
matrix effects, where co-eluting mobile phase constituents enhance or suppress ionisation of the
analyte. While ESI is the most commonly used technique, other soft ionisation methods used in
LC-MS include atmospheric pressure ionisation (APCI), which combines CI with a nebuliser,

and atmospheric pressure photoionisation (APPI), which uses UV radiation [154].

2.6.5.2 Mass Analyser & Detector

There is a wide variety of mass analysers — i.e., the component of the MS where ion separation
occurs under an electrical or magnetic field [155]. One of the most broadly applied techniques
is the use of radio frequency (RF) and/or direct current (DC) voltages to filter or trap ions; this
is the basis for quadrupole mass filters, ion traps, and Orbitraps (Figure 2.13) [155]. Quadrupole
mass filters are one of the most common mass analysers and are compatible with both EI and ESI

sources. Separation in quadrupole mass analysers occurs by applying both a constant DC voltage
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(U) and alternating RF voltage (Vcos(@t)), where V is amplitude, @ is angular frequency, and
t is time) to four parallel metal rods with alternating polarity under vacuum (10~6~107> Torr)
[155]. After exiting the source, ions are focussed into the space between the rods and oscillate
within this electric field; this oscillation motion is described by the Mathieu equation:

PRl
32 = —@lap —2q¢ - cos(27)] (2.20)

where ¢ is the direction, T is 0.5, a is a parameter linked to DC voltage (a > U - (m/z) '), and
g is a parameter linked to RF voltage (g o< V - (m/z)~!) [155]. The quadrupole varies the voltage
intensities by 42U /V, and when a particular m/z is in resonance with the applied DC and RF
potentials, that ion becomes stable and is transmitted through to detector. As the quadrupole
scans from low to high voltages, ions of increasing m/z are transmitted. The chromatogram
of the full scan (FS) acquisition — i.e., the cumulative abundance of all the ions in the defined
mass spectrum range — is the total ion chromatogram (TIC). In addition, the instrument software
can be instructed to apply the voltages which transmit only a specific, user-defined m/z, for
example, that of an analyte of interest. This form of data acquisition is referred to as "selected
1on monitoring" (SIM) [155].
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Figure 2.13: Diagrams of quadrupole mass filter, ion trap, and Orbitrap mass analysers.

Quadrupole ion traps operate in a different fashion to quadrupole mass filters. Linear ion
traps are constructed from four parallel rods with end-cap electrodes at a fixed repelling poten-
tial, and 3D ion traps are constructed from a ring electrode with two end-cap electrodes at ground
potential [155]. The same general scanning principles apply, where increasing the voltage mag-
nitude of the rod or ring electrodes releases ions of increasing m/z, except the ions eject from the
trap when they are unstable rather than stable. One notable distinction between quadrupole mass
filters and ion traps is their abilities to perform tandem mass spectrometry (MS/MS). Tandem
mass spectrometry selectively fragments a precursor ion of a specific m/z to smaller fragment
ions ("product ions"), providing some information about the molecular structure based on the
mass of the neutral loss [155]. MS/MS can be performed by arranging three quadrupole mass
filters in series, called a "triple quadrupole"”. The first and last quadrupoles are used as m/z

filters, and the RF-only middle quadrupole is used as a collision cell with inert gas to fragment
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the precursor ion transmitted from the first quadrupole. The last quadrupole receives all of the
fragment ions generated in the collision cell and either scans all of the fragments ("product ion
scan") or filters for a specific fragment ion ("selected reaction monitoring", SRM). Conversely,
1on traps are not only capable of selecting and fragmenting a precursor ion within a single trap,
but this process can be iterated multiple times (MS") [155].

Quadurpole mass filters and ion traps have low resolving power (<1000 m/Am, where m is
the mass measured and Am is the minimum distance between two well-resolved mass peaks),
such that only the nominal (unit) mass can be obtained from the m/z [155]. The Orbitrap is a
type of ion trap which has very high resolving power (>100,000), allowing separation of m/z
values to the 4th or 5th decimal [155]. In Orbitrap mass analysis, the ions are first accumulated
in an RF-only "C-trap" ion trap and then pulse-injected into the Orbitrap. The Orbitrap traps
accelerating ions in orbit around an inner spindle electrode, while simultaneously oscillating
along their orbital axis. The harmonic axial oscillations of the ions are detected by an outer barrel
electrode as an image current (i.e., the increase in attractive charges on the electrode surface),
where the period of the oscillations is proportional to (m/z)l/ 2 [155]. The image current is
Fourier transformed from the time-domain to the frequency-domain and then converted to a
mass spectrum. Orbitraps may be coupled with either a quadrupole and collision cell or an ion
trap for MS/MS capabilities.

After ion separation in a quadrupole mass filter or ion trap, the ions are directed to a detector
which generates an electronic signal that can be converted to a digital output [156]. Electron
multipliers are a type of detector commonly used in mass spectrometers. Electron multipliers,
like photomultipliers, use a series of cascading dynodes that propagate electrons to amplify the
signal, except a conversion dynode is used instead of a photocathode.

Comparing the sensitivity and instrument detection limits between mass spectrometer sys-
tems is complicated due to the fact each individual component — the ion source, mass analyser,
detector, and data acquisition settings — has an effect on how efficiently an analyte is detected.
While both EI and ESI sources are capable of detecting picomoles of analyte, nano-ESI (i.e.,
ESI performed with ultra-low flow rates <1 uL min~') is even more efficient and is capable
of detecting femtomoles [151]. In mass analysers, greater sensitivity can be achieved through
increased selectivity — for example, by high mass resolving power as well as SIM or SRM scan-
ning in lieu of full spectral acquisition [154]. Generally, triple quadrupoles (particularly when
using SRM) are best-suited for sensitive quantitative analysis as they can achieve very low lim-
its of detection, while high-resolution Orbitraps are more appropriate for non-targeted analysis
(i.e., where analytes of interest are not pre-defined) [154]. However, ion traps are more sensitive
than triple quadrupoles for full spectral acquisition since the trap accumulates more ions [154].

In summary, mass spectrometers used in combination with chromatography provide multi-

dimensional data:
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* the total ion chromatogram, which contains the chromatographic retention time versus the

total ion abundance,

* the mass spectrum for each measurement of total ion abundance, which contains the rela-

tive intensities of each individual m/z,
* and any additional user-defined data acquisition (e.g., SIM, SRM, and product ion scan).

Thus, mass spectrometry coupled with chromatography is an exceptionally effective tool for

selective trace analysis of multiple chemical components.

2.6.6 Sample Preparation

One of the most effective ways to enhance the selectivity and sensitivity of chromatographic
analyses is to separate the analyte of interest from the sample matrix components [146, 147].
Extraction has several advantages, including selective isolation of the target analyte from chem-
ically different compounds; co-extraction of analytes which are chemically similar, such as
degradation products and metabolites; and concentration of the analyte to enhance sensitiv-
ity. Two common forms of sample extraction — liquid-liquid extraction (LLE) and solid phase
extraction (SPE) — are based on partitioning the analyte between different chemical phases.

In liquid-liquid extraction, the analyte partitions between two immiscible solvents (Fig-
ure 2.14a) [147]. Aqueous samples (e.g., environmental waters or liquid culture media) are thus
extracted using an immiscible organic solvent. The sample and extraction solvent are agitated
together, and the two liquid phases separate according to their density. During agitation, the
analyte moves out of the aqueous sample and into the organic solvent, which can be collected,
evaporated, and redissolved in a smaller volume for higher concentration of analyte [147].

The extractability of the analyte in LLE is characterised by two terms: the partition equilib-
rium constant (K, Equation 2.21) which is the proportion of analyte concentration in the organic
phase versus the aqueous phase, and the partition coefficient (logP, Equation 2.22) which is the

logarithm of the proportion of analyte concentration in octanol versus water [147]:

[A]Organic
K = —="" 2.21
d [A]Aqueous ( )
A
logP = log (M) . (2.22)
[A]Water

The logP is a measure of analyte polarity, where a larger logP is less polar and more hydropho-
bic; it is intrinsic to the analyte. The K;, however, can be influenced by the extraction param-

eters, such as choice of organic solvent, charge state of the analyte (e.g., ionic or neutral), and
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Figure 2.14: Generalised workflow of (a) liquid-liquid extraction and (b) solid phase extraction.

ionic strength of the aqueous phase [147]. In addition to optimising these parameters, LLE re-
covery can be improved with larger extraction volumes or by performing sequential extractions.

Solid phase extraction uses a solid resin- or silica-based matrix packed within a cartridge
with a specific chemical property, such as bonded ionic, polar, or non-polar moieties (Fig-
ure 2.14b) [146]. Liquid sample is added to the pre-conditioned solid phase, where analytes and
chemically similar impurities retain by ion exchange or polar/non-polar interactions, while the
rest of the sample (including unretained compounds and liquid media) is removed as a filtrate.
The solid phase is then washed in a low elution-strength solution to remove weakly retaining
compounds. Finally, an elution solvent that disrupts the chemical interaction with the solid phase
is used to elute the retained compounds, which can then be concentrated by evaporation. SPE
has a number of advantages over LLE, including extraction manifolds which process multiple
samples at a time, the ability to extract large sample volumes relatively easily, and less solvent
consumption per sample.

The chosen extraction method should be evaluated for recovery and matrix effects, which
can influence the analytical measurement of the compound [140]. Recovery is determined by
comparing a known quantity of analyte in pre-extracted sample with the same quantity spiked
into a sample post-extraction, and matrix effects are evaluated by comparing the post-extraction

spike sample with an un-extracted reference standard of the same concentration [157].

2.7 Spectroscopic Techniques

Spectroscopic techniques were amongst the earliest trace analysis methods to be developed and

are fundamentally very simple in concept and design [132]. Spectroscopy is simply the study of
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how electromagnetic radiation (light) interacts with matter [158]. While there are spectroscopic
techniques for every part of the electromagnetic (EM) spectrum, trace analysis of micropollu-
tants (i.e., small organic molecules) is primarily associated with near infrared (IR), visible, and
UV light regions.

The instrumentation associated with analysis of these regions — spectrophotometers — consist
of: a light source which emits radiation at the energy of the associated EM region; a dispersive
element (e.g., grating or prism) which separates the source light into a spectrum of its con-
stituent radiation energies; a monochromator which selects for a narrow window of radiation
energy from the dispersed light; an optically transparent cell which contains the sample; and
a photon detector (e.g., photodiode or photomultipler, see Section 2.6.4.1) [152, 159]. Spec-
trophotometers (Figure 2.15) can be used to detect light-matter interactions such as absorption
and emission, and the intensity of the measured response is proportional to the analyte con-
centration [159]. The general theory behind these interactions and the specific responses are

described below.
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Figure 2.15: Diagram of a spectrophotometer.

2.7.1 Theory

Electromagnetic radiation is described in terms of its photonic energy (E) [J], which is directly
proportional to its frequency (V) [s~! or Hz] and inversely proportional to its wavelength (A) [m,
usually expressed as nm or um] [158]. Wavenumber (V) — which is the inverse wavelength (A1)

1

and 1s usually expressed in units cm™ ' — is also sometimes used to describe the energy of light.

This relationship is summarised in Equation 2.23:

:%:hcv

where & is Planck’s constant (6.639x 10734 J s) and c is the velocity of light (3.0 108 m s~!
in vacuum) [158]. The electromagnetic spectrum is the range of these photonic energies, and

E =hv (2.23)
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the EM regions are associated with the type of intramolecular effect that energy level induces
(Table 2.9).

Table 2.9: Regions of the EM spectrum and associated intramolecular processes [159].

Region Wavz:}l\f):ngth Viavv’e:;lil})) e Fr(f;q’ul_elrzl;:y Intramolecular Processes

Far UV 10-200 nm - 106101 Inner shell electron transitions
Near UV 200-400 nm - 1015-7.5x 10 Valence electron transitions
Visible 400-750 nm  25000-13000  7.5x10'%—4.0x10'*  Valence electron transitions

Near IR 0.75-225um 130004000  4.0x10'-1.2x10'*  Molecular vibrations

Mid IR 2.5-50 um 4000-200 1.2x10'%-6.0x10'>  Molecular vibrations

Far IR 50-1000 um 200-10 6.0x10"2-10"! Low lying vibrations and rotations

The intramolecular effects of EM radiation associated with spectrophotometry are primarily
electron energy state transitions and molecular vibrations (Figure 2.16) [158]. Electrons in a
molecule can transition between their lowest energy state (i.e., ground-state, Sp) to a higher
energy state (i.e., excited-state, S7) by absorbing photonic energy that is equivalent to the energy

difference between the ground and excited states:
AE = Eg: — Eg,. (2.24)

The transition with the smallest energy difference (AE) is between highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) [158]. If the electron
promoted to the LUMO has a quantum spin opposite to the other unpaired electron, the molecule
is in a singlet excited-state (S*). Conversely, if the quantum spin is parallel with the unpaired
electron, it is in a triplet excited-state (7*). The transition from ground-state (Sy) to excited-state
is always via §*, while 7% — which has lower energy than $* — occurs via intersystem crossing
(ISC, i.e., the slow, non-radiative relaxation of the singlet excited-state to the triplet excited-
state). If the EM radiation energy is not equal to the AE of the HOMO-LUMO gap, the photonic
energy absorbed by the molecule alters the vibrational state within its energy state [158].

A molecule in the excited-state will return to its ground-state by radiative or non-radiative
relaxation processes — i.€., processes where the energy state transition occurs with or without the
re-emission of a photon, respectively [158]. The first step in the relaxation process is vibrational
relaxation — a non-radiative process where the molecule transfers excess energy kinetically via
intra- or intermolecular interactions. In vibrational relaxation, the molecule decreases in energy
to the lowest vibrational state for a given energy state. Since there are vibrational states for each

energy state, this can occur for a molecule in the excited-state or ground-state.
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Figure 2.16: Jablonski diagram of energy state and vibrational level transitions for radiative
and non-radiative energy.

Once an excited-state molecule is in its lowest vibrational state, there are three possible
outcomes. First, the molecule can undergo non-radiative internal conversion (IC) to Sy, where
the lowest vibrational state of S} is of similar energy to the highest vibrational states of So;
this is then followed by vibrational relaxation [158]. Second, the molecule can undergo non-
radiative intersystem crossing to 7}"; this can then be followed by another ISC to Sy. As with
IC, ISC is more likely to occur if the energy of the vibrational states of 7" overlap with the
lowest vibrational state of S7. Third, the molecule will release the excess energy in the form of a
photon. When this radiative relaxation process occurs from S7, it is referred to as "fluorescence”,
while radiative relaxation from 77" is referred to as "phosphorescence".

Absorption and re-emission of EM radiation by organic molecules are observed by ab-
sorbance and fluorescence spectroscopic techniques, respectively [158]. These methods are
primarily associated with UV-Vis spectroscopy, and thus, detect electron energy state transi-

tions. These spectroscopic methods are discussed in the following sections.

2.7.2 Absorbance & Transmittance
When light is absorbed by a molecule, the irradiance of that light (i.e., the power of the light per

unit of area of the light beam) decreases. This decrease is measured as transmittance (7'),

T=— 2.25
I (2.25)

which is the proportion of irradiance of the source light passed through the sample (/) relative to
the irradiance of the source light passing through a reference (Ip) [158]. The reference includes

the material of the optical cell which holds the sample and the analyte-free solvent. Absorbance
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(A) is the negative logarithm of transmittance [158]:
Iy
A = —logT =log 7)) (2.26)

While irradiance has units of W m~2, absorbance and transmittance are dimensionless. The
absorbance spectrum for a compound can be obtained by measuring A across a range of wave-
lengths of source light. The wavelength of light with the greatest absorbance (Apmax) is related to
the AE energy state transition and, therefore, is related to the molecular structure.

Absorbance is directly proportional to the concentration of the absorbing molecule (c) in the

sample. The concentration can be determined via Beer-Lambert’s Law, which is summarised as:
A=¢lc 2.27)

where [ is the optical path length (1 cm in standard cuvette spectrophotometers) and € is the
molar extinction coefficient in units M~ cm™! [158]. The molar extinction coefficient is a
measure of how much light a compound absorbs and depends on the wavelength of light and
solvent. Thus, there is a linear relationship between A and ¢ as the independent and dependent
variables, respectively, and &/ as the coefficient. For quantitative analysis, A measured at Apax

will generally give the best analytical sensitivity.

2.7.3 Fluorescence & Emission

When light is absorbed by a fluorescent molecule (or fluorophore), it is re-emitted as the fluo-
rophore transitions from excited-state to ground-state [158]. Unlike absorbance, which measures
the logarithmic proportion of un-attenuated to attenuated light, fluorescence simply measures the
intensity of light emitted. Furthermore, the emitted light — which is lower in energy than the ab-
sorbed source light — is measured orthogonal or anti-parallel to the source light beam path [158].
Thus, because fluorescence is not comparing small differences between two responses and the
emission light is distinct from the source light, fluorescence is a much more sensitive technique
than absorbance [158]. The intensity of fluorescence emission (F') [arbitrary intensity units] is
proportional to the fluorophore molecule’s concentration (c), and this relationship is summarised
as:

F = (klp®rel)c (2.28)

where k is a proportionality constant specific to the instrument and @ is the quantum yield (i.e.,
fluorescence efficiency, or photons emitted per photon absorbed) [158]. There is a linear rela-
tionship between F and c, as the rest of the terms are intrinsic to the instrument and compound
of interest [158].

48



Chapter 2. Literature Review 49

In fluorescence spectroscopy, the excitation wavelength ()¢ ) is the energy of the source light
used induce the Sy — S7 transition, and the emission wavelength (Aem) is the energy of the light
emitted as fluorescence. The optimum Aep, is determined by the maximum F in the fluorescence
emission spectra, which is obtained by measuring F across a range of wavelengths with a fixed
hex- The optimum A¢y is closely related, if not identical, to a molecule’s Ayax and can be used
for obtaining the emission spectra [158]. The optimum A is determined by the maximum F
in the fluorescence excitation spectra, which is obtained by measuring F at a fixed Aep across
a range of source light wavelengths. The fluorescence excitation and emission spectra usually
mirror each other [158]. Since energy is lost during vibrational relaxation, Aex is smaller (i.e.,
higher energy) than the A¢p, and the gap between these wavelengths is referred to as the "Stokes
shift" [158].

2.7.4 Spectroscopy of Small Organic Molecules

While absorbance and fluorescence detectors are commonly used with chromatography separa-
tion (see Section 2.6.4.2), the previously discussed spectroscopic techniques are also employed
as standalone methods. Here, the merits and limitations of using spectroscopic methods for trace

analysis of estrogens and other organic micropollutants are discussed.

2.7.4.1 Direct Analysis

UV-Vis absorbance spectroscopy can be performed on organic micropollutants which are chro-
mophoric — i.e., molecules with a Apax in the UV-Vis region [160]. As previously mentioned,
the Amax is related to the structure of the molecule. In organic molecules, sigma (o) and pi ()
bonds are types of covalent bonds which determine molecular structure and reactivity [158]. A
sigma bond forms when two atomic orbitals overlap head-on, allowing electrons to be shared
along the internuclear axis. Pi bonds form when two parallel p-orbitals overlap, creating a region
of electron density above and below the internuclear axis. While ¢ bonds provide rigidity and
strength to the molecular structure, 7z bonds contribute to the de-localisation of electron density,
facilitating phenomena such as resonance and the formation of double and triple bonds [158].
The energy gap for o0 — o™ (i.e., the transition of sigma bond electrons from ground to
excited state) corresponds with the far UV region, which is out of range of most spectropho-
tometers. Molecules which can undergo mw — ©* are detectable by UV-Vis spectroscopy. Con-
jugated m-systems — where two double bonds are separated by one single bond between C, O,
or N atoms — create a zone of de-localised electrons, which provides both resonance and sta-
bility to molecule [160]. These extended 7-systems decrease the HOMO-LUMO gap, and the
Amax generally shifts to lower energies in the near UV-visible region. Organic molecules which

are capable of intense fluorescence (fluorophores) have even larger conjugated 7-systems. Ex-
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tended 7-systems which impart rigidity to the molecule have higher fluorescence intensity, since
less energy is lost as vibrations [160]. Organic structures may have their fluorescence intensity
quenched by certain functional groups, for example heavy atoms (e.g., halogens) and electron-
withdrawing carbonyl or nitro groups [160].

Natural estrogens contain a phenol group which acts as the chromophore (Figure 2.17).
However, the overall system of de-localised electrons is fairly limited, and thus, the molar ex-
tinction and quantum yield of estrogen are relatively low (Table 2.10). In comparison, the pho-
tosynthetic pigment chlorophyll a has an € of 89,800 M~! cm™! and a ®rof 0.32 [161]. As
per Equations 2.27 and 2.28, both terms are directly related to analytical sensitivity. In addi-
tion, the absorbance maximum for natural estrogens, as well as other organic micropollutants,
is very similar to the wavelength signature used to detect proteins (280 nm), which makes de-
tecting most micropollutants in biological samples by absorbance virtually impossible due to

non-selectivity [158].

Estrone Imidacloprid i Caffeine
/N O
Q ; /: /(j/\l\/”” )\Jj:
17B-Estradiol Clothianidin Paracetamol

OH HN/W%O y
S )\ v N
HO a N N \ﬂ/
N/ H H 0
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Figure 2.17: Chemical structures of estrogens E1 and E2 and other organic micropollutants.
The resonant structures are marked blue and the quenching structures are marked red.

Table 2.10: UV-Vis spectral properties of estrogens and other organic micropollutants.

)\max )\em €

Ref Compound Use Solvent (am) (am) M-Tem 1) Dy
[162,163]  17B-Estradiol =~ Hormone Water 279 304 ~1750¢ 0.103 4 0.005
Acetonitrile 281 302 2020 + 50 0.14 £ 0.02
Methanol 282 304 2040 = 50 0.127 £ 0.006
[162,163]  Estrone Hormone Water 279 304; 402 ~1100¢ 0.009 £ 0.002
Acetonitrile 281 302; 411 2170 £+ 60 0.011 £ 0.002
Methanol 282 303; 407 2120 + 50 0.012 £ 0.004
[164] Imidacloprid Pesticide Not specified 270 - 22054 -
[165] Clothianidin Pesticide Not specified ~ 265.5 - Not specified -
[166] Caffeine Pharmaceutical ~ Ethanol 274 - 20000 -
[167] Paracetamol Pharmaceutical Ethanol 250 - 13800 -

“Visual estimate from graphical data.
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The separation of chemical mixtures in chromatography provides inimitable selectivity com-
pared to direct spectrophotometric analysis of the estrogens and other organic micropollutants.
A relatively small proportion of molecules possess unique chromophores which absorb outside
the UV region, and an even smaller proportion of molecules are capable of intense fluorescence.
Therefore, direct analysis of most organic micropollutants in either field or laboratory samples

by independent spectroscopic techniques is not practical.

2.7.4.2 Indirect Analysis

The intrinsic properties of estrogen and many other small organic molecules are not amenable
to spectroscopic analysis at trace concentrations in complex matrices. Therefore, spectropho-
tometric methods for small organic compounds in a complex sample often employ alternative
strategies which don’t rely on direct detection of the analyte. In biological samples, indirect
spectroscopic analysis is achieved with biochemical probes, biochemical assays, and optical
sensing techniques (Figure 2.18) [168—170].

4 Fluorescent Probes Y Biochemical Assays R
Chromophore
/‘/lll‘/vk s /\/\/h‘:/k Enzyme Substrate
Optical Properties of
Chromophore Change
).\/\/\ Reporter Enzyme Activated or
Biomolecule Fluorescent Probe N Expressed in Response to Analyte J
Fluorescent Sensors A
Photoinduced Electron Transfer ! Energy Transfer
|
|
Fluorescence OFF Fluorescence ON | Dual Fluorophore
l and Recognition %
’!/\/hl/\/k ,l/‘/h‘/vk : Element \W y
|
\ o 4 ]
Fluorophore and —> fx : —> )
Rea)eg"r:letr:ctm Analyte : Analyte
o I ) L)
| hv
: W/‘/l/,/ Fluorescence OFF Fluorescence ON
Collisional Quenching
bV Flyorescence ON hv  Fluorescence OFF
—
\— - ~/
\\ Fluorophore Quenching Agent /

Figure 2.18: Diagrams of indirect spectroscopic analysis of organic molecules using chro-
mophores and fluorophores in probes, biochemical assays, and fluorescent sensors [169, 171].

Biochemical probes are biomolecules (e.g., DNA, peptides, lipids) or substrates which have
been modified for selectively observing biological processes [170]. Biochemical probes are

usually labelled with stable isotope substitutions (e.g., 13C, 24, 18O) or conjugated with a
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fluorophore [170]. Derivatisation with a fluorophore is used to enhance spectroscopic detec-
tion of non- or weakly fluorescent compounds [168]. There is a wide variety of commer-
cially available organic fluorophores which absorb and emit across the visible spectrum (Fig-
ure 2.19) [168]. These fluorophores contain reactive groups (R groups in Figure 2.19) that can
form covalent bonds with the active hydrogens of organic analytes. Some common reactive
groups include: isothiocyanate, sulfochloride, and triazinylchloride which react with amines;
N-hydroxysuccinimide which reacts with carboxylic acids; and isocyanate which reacts with
alcohols [168, 172].
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Figure 2.19: Examples of commercially available fluorophores, including derivatisation
reagents and common fluorescent dyes (DAPI, resarufin, propidium). The potential sites for

derivatisation reactive groups are indicated with R. Brightness and wavelength values are from
[171].

Fluorescently labelled oligonucleotides which hybridise with complementary DNA or RNA
sequences are one of the most widely used probes [168]. Fluorescent oligonucleotides are used
in fluorometric techniques such as fluorescence in situ hybridisation (FISH), which uses fluores-
cence microscopy to obtain the spatial distribution of the fluorescent probe, and flow cytometry,
which uses microfluidics coupled with fluorescence detector to count individual cells in a sam-
ple population based on their fluorescence intensity [169, 173]. Fluorescently labelled substrates
may also be used with microscopy and flow cytometry, as well as standard fluorometry to mea-
sure substrate uptake [168, 169, 174].

Another approach of indirect spectrophotometry is generating an optical response to the ana-
lyte of interest using a chromogenic or fluorogenic reagent. Certain types of biochemical assays
use the activity of biological molecules (e.g., DNA, enzymes) or whole cells to mediate the
optical response. Many common biochemical assays, such as MTT assay and enzyme-linked

immunosorbent assay (ELISA), generate an optical response with chromogenic or fluorogenic
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substrates for oxidoreductase enzymes [175]. Yeast estrogen screen (YES) is a biochemical
assay which measures estrogenicity (i.e., EEQ) [176]. The YES assay uses recombinant Sac-
charomyces cerevisiae with genes for estrogen receptor (ER) protein and reporter enzyme [3-
galactosidase [176]; the 3-galactosidase cleaves a colorimetric galactoside substrate proportional
to the amount ER-estrogen binding [176].

Fluorescent sensors use a fluorophore whose emission properties — i.e., the intensity, spec-
trum, lifetime, or polarisation of the emitted light — are altered in response to a change in its
environment [169]. Here, the term "fluorescent sensor" is used to describe an analyte-responsive
compound which indicates the presence of the target, rather than an optical sensor device. Flu-
orescent sensors have several advantages over other indirect detection mechanisms. Since bio-
chemical assays generally rely on an enzyme — which is either intrinsic to the organism or
supplied as an assay reagent — to mediate an optical response, the target analytes are limited to
biomolecules. Conversely, fluorescent probes can be synthesised from virtually any organic ana-
lyte of interest [168]. However, the bulk fluorescence intensity only provides information about
the distribution of the probe, and the fluorescent signal of the distributed fluorophore is usually
distinguished by physically removing, washing, or filtering away the undistributed probes.

There are several mechanisms for fluorescent sensing, including electron transfer, energy
transfer, and collisional quenching [169]. The first two mechanisms generally utilise a fluo-
rophore conjugated to a target-recognition element. The recognition element may be supramolec-
ular structures capable of host-guest interactions (e.g., chelators, macrocycles, and cyclodex-
trins), metal-organic frameworks (MOFs), or molecularly imprinted polymers (MIPs) [169]. In
photoinduced electron transfer (PET), an electron is transferred either from an electron donor
to an excited fluorophore or from an excited fluorophore to an electron acceptor. This elec-
tron transfer process inhibits fluorescence emission and is contingent on analyte binding to the
recognition element. Energy transfer processes, including Forster resonance energy transfer
(FRET), involve the transfer of energy between two chromophores in close proximity, where
the donor chromophore’s emission spectra overlaps with the acceptor chromophore’s excitation
spectra [177]. Collisional quenching is a form of dynamic quenching — i.e., where the radiative
emission from the excited state is prevented — that uses a separate molecule or atom in solution
to deactivate the fluorophore (i.e., a quenching agent). Collisional quenching occurs via a va-
riety of mechanisms, including Dexter energy transfer process (which occurs at much smaller

intermolecular distances than FRET) and intersystem crossing [169].

2.8 Gold Nanoparticle-Based Colorimetric Biosensors

Gold nanoparticle (AuNP)-based biosensors are one of the most simple nanomaterials-based an-

alytical sensor devices [178]. While the unique optical properties of colloidal gold (i.e., a liquid
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suspension of gold nanoparticles) have been observed since the 4th-century AD, possibly the
earliest example of an AuNP-based biosensor was a colorimetric test published in 1913 to de-
tect syphilis in cerebrospinal fluid [178]. AuNP-based colorimetric biosensors have since been
developed extensively for biomedical applications [178]. However, their simple design, low
cost, and portability have found wide appeal in environmental applications, including for mi-
cropollutant trace analysis [179]. Although AuNP-based colorimetric biosensors are convenient
and easy to use, the underlying mechanisms are the combination of multiple intricate physical
processes, including colloidal particle interactions, the spectroscopic phenomenon of localised

surface plasmon resonance, and biochemical ligand binding.

2.8.1 Nanobiosensors

Biosensors are analytical devices which measure chemical or biological targets using a biolog-
ical recognition element (i.e., "bioreceptor") [180]. Biosensor devices have three main com-
ponents: the bioreceptor, the transducer, and the signal processor (Figure 2.20) [180]. The
bioreceptor is a biological material — e.g., complementary DNA, enzyme, antibody, aptamer, or
cell — which serves as the analyte recognition element. The transducer in a biosensor generates
a measurable electronic output in response to the analyte-bioreceptor binding event. Common
biosensor transducers include photon detectors, electrodes, and microbalances for optical, elec-
trochemical, or piezoelectric responses, respectively [179]. A signal processing system then

amplifies and digitises the signal generated by the transducer before generating an output of

values.
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Figure 2.20: Generalised biosensor workflow.

Nanomaterials (i.e., structures <100 nm in at least one dimension) are widely used in biosen-
sors due to their unique physicochemical properties [181]. At this scale, most of the constituent
atoms are at or near the surface and, therefore, have low coordination numbers (i.e., number of
bonds) [181]. As a result, nanomaterials possess a very high surface energy which makes them
unstable and highly responsive to changes in their environment. In addition, nanomaterials pos-

sess very high surface area-to-volume ratio, which provides ample surface to functionalise with
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bioreceptors. The high degree of surface reactivity and large surface area available for biorecep-
tor modification make nanomaterials particularly suitable as transducer materials in biosensors.
The specific size, geometry, and material composition of nanomaterials are defined and gen-
erally optimised for the sensor transduction mechanism [181]. In AuNP-based colorimetric
biosensors, the particles are spherical in shape, and the diameter (13-300 nm) size distribution
should be as narrow as possible [178].

2.8.2 Colloidal Gold Nanoparticles

Colloidal gold nanoparticles are one of the most widely used materials for nanobiosensors [178].
The optical properties of colloidal AuNPs are tunable to the particle size, which is determined
during synthesis or by destabilising the colloid suspension. AuNPs are synthesised by reduc-
ing HAuCl; (Au") to Au® with sodium citrate or sodium borohydride under reflux [182].
The nanoparticles form from the gold atoms clustering together in a process of nucleation and
growth. Seminal work by Turkevich et al. (1951) and Frens (1973) showed that AuNP size could
be controlled by the amount of sodium citrate used in the reaction, where increasing the amount
of citrate leads to smaller particle diameters, down to approximately 10 nm [183, 184].

In addition, Turkevich et al. (1951) demonstrated that citrate serves as a passivating agent
which moderately stabilises the gold nanoparticles against aggregation [183]. Stabilisation of the
AuNPs is a particularly important parameter in colorimetric biosensors, since the high surface
energy of the particles and attractive van der Waals forces compel the particles to aggregate in
order to decrease their energy. The stability of nanoparticles is explained by Derjaguin-Landau-
Verwey-Overbeek (DLVO) Theory (Figure 2.21), which states the energy potential between col-
loidal particles (AGTota) 1s the combination of van der Waals attraction (AGyy) and electrostatic
repulsion (AGyep) [178, 185]:

AGTotal = AGatt + AGrep. (2.29)

The electrostatic repulsion is due to the electric double layer (EDL) between the AuNP sur-
face and bulk solution [185]. The EDL is the composed of two layers of counter-ions (e.g., citrate
anions) — an inner layer strongly bound at the surface (i.e., the Stern layer) and an outer diffuse
layer. As the interparticle distance decreases, the electrostatic repulsion increases, and the en-
ergy required to overcome the repulsive forces is the "energy barrier" [186]. The magnitude of
the energy barrier represents the stability of the colloidal system, where a high energy barrier
indicates the particles will remain stable and dispersed.The energy barrier is measured by the en-
ergy potential at the interface of the EDL and bulk solution, also known as the {-potential [186].
The energy barrier is affected by a number of parameters, including particle size, electrolyte
concentration and valency, and temperature [185, 186]. When the energy barrier is surpassed,

the attractive forces dominate, and the particles destabilise and irreversibly aggregate. When

55



Chapter 2. Literature Review 56

nanoparticles aggregate, their effective size increases which causes their optical properties to
change. Modulation of the colloidal AuNPs between stable/dispersed and unstable/aggregated

is the basis for AuNP-based colorimetric sensing.
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Figure 2.21: Example DLVO graph of the attractive, repulsive, and combined interaction ener-
gies for colloidal nanoparticles in relation to their interparticle distance.

2.8.3 Localised Surface Plasmon Resonance

The optical properties of AuNPs are the result of localised surface plasmon resonance (LSPR)
[178]. Localised surface plasmon resonance is the collective oscillation of de-localised electrons
at the surface of conductive nanoparticles, where the oscillation frequency corresponds with a
particular wavelength of incident light (Figure 2.22) [178]. In noble metal nanoparticles (e.g.,
AgNPs and AuNPs), the resonant incident light is in the visible light region [187]. The rela-
tionship between the LSPR wavelength and the particle size is described mathematically by Mie
Theory [187].

Mie theory uses Maxwell’s equations for electromagnetic fields to describe the elastic scat-
tering of light by homogeneous, spherical dielectric particles [187, 188]. According to Mie
theory, the associated colour of the colloid suspension of a given refractive index and particle
diameter can be determined by calculating the optical cross-sections (0, i.e., the rates of en-

ergy divided by the light intensity in units of area) of the incident light absorption, scatter, and

extinction, where
(2.30)

O extinction = O absorption + O'scatter-
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Dispersed AuNPs Aggregated AuNPs

Electric field

NaCl

Figure 2.22: Diagram of LSPR in gold nanoparticles. The inset photos show AuNPs (25 nm)
dispersed and aggregated with NaCl.

The optical cross-sections are expressions of infinite series of electrical and magnetic multi-
poles and are proportional to A>. The absolute maximum X for absorption or extinction can be
determined from the simulated optical cross-section spectra [188]. The maximum absorption or
extinction wavelength from the simulated spectra can then be used to predict the colour of the
colloidal nanoparticles. The optical efficiency coefficients are calculated as the optical cross-
section divided by the particle’s surface area [189]. Colloidal noble metal nanoparticles have

particularly high absorption and extinction coefficients and, thus, produce intense colours [189].

2.8.4 Aptamer Bioreceptors

Aptamers are single-stranded oligonucleotides (usually ssDNA) whose sequence-dependent three-
dimensional conformation of loops and pins selectively binds to a specific chemical or biological
target via non-covalent interactions with high affinity (Figure 2.23) [190]. As a recognition ele-
ment in biosensors, aptamers are an attractive alternative to antibodies — immunological proteins
which bind to target analytes with high affinity and specificity — since they are easier to manu-

facture, have a longer shelf life, and are stable under a wide range of conditions [190].
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Figure 2.23: Secondary loop-and-pin structures for 173-estradiol aptamers by Kim et al. (2007)
[191] and Alsager et al. (2015) [192]. The structures were generated using mFold software.
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Aptamers are synthesised by a process called Systematic Evolution of Ligands by EXponen-
tial enrichment (SELEX), which uses three stages — selection, partitioning, and amplification
[190, 193]. The selection process begins with incubating the target analyte with a very large
library (10'©) of random oligonucleotide sequences which are flanked on either end with short
defined sequences. A selection of the library will bind to the target analyte, and the non-binding
sequences are removed in the partitioning stage. Partitioning is performed by size-exclusion fil-
tration (which assumes the target-bound sequences will be larger) or by immobilising the target
and washing away the unbound sequences. After removing the non-binding oligonucleotides,
the selected bound sequences are dissociated from the target. The selected oligonucleotides are
then copied and amplified by polymerase chain reaction, using the sequence-defined portion as
primer binding sites. The process is then repeated several times to obtain the sequence with the
greatest binding affinity, determined as having the lowest dissociation constant [190].

In AuNP-based biosensors which use aptamers (i.e., aptasensors), sSDNA aptamers can be
immobilised onto the gold surface via covalent Au-SH bonds using thiolated oligonucleotides
[194]. Alternatively, the nucleotide bases of ssDNA non-covalently interact with the gold sur-
face, and an ssDNA aptamer will spontaneously adsorb to the AuNP [195]. Several mechanisms
have been proposed to explain the adsorption of ssDNA to gold surfaces, including chemical
bonding and hydrophobic interactions, however, van der Waals interactions between the bases
and gold seems to be the most accepted [195, 196].

Gold nanoparticles functionalised with aptamers possess a higher energy barrier than sim-
ple citrate-capped AuNPs and, therefore, are sterically stabilised against conditions which may
induce aggregation (for example, increasing the electrolyte concentration) [195, 196]. While
thiolated aptamers are immobilised on the surface, adsorbed ssDNA aptamers become desorbed
when the target is present, lowering the energy barrier [196]. Kim et al. (2011) described sensing
with adsorbed aptamer as an "affinity ratio" between the competitive binding of AuNPs—aptamer
and aptamer—target, and a suitable colorimetric AuNP sensor will have a balance between these
two interactions [197]. Target sensing by immobilised aptamers is achieved by different mech-
anisms, such as the use of ssDNA complementary to the aptamer to cross-link the AuNPs or
polydiallyl dimethyl ammonium chloride (PDDA) polymer which can hybridise with ssDNA
and induce AuNP aggregation [198].

2.9 Rationale of the Thesis Aim and Objectives

The gold standard methods used to analyse estrogen micropollutants have been optimised for
sensitivity and selectivity. The methods combine extraction procedures, which selectively isolate
and enrich estrogens from sample matrices, with chromatography, which separates the chemical

constituents in the extract. In analysing estrogen micropollutants, chromatographic separation
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is captured in real-time by selective detectors (e.g., FID and UV/PDA) or mass spectrometers
(Tables 2.5 and 2.6). Chromatographic workflows are particularly useful for selectively detect-
ing multiple target analytes. In environmental samples, estrogens are often analysed as part of a
suite of organic micropollutants [56]. Furthermore, high-resolution MS analysis with Orbitrap or
Q-TOF is particularly suited to characterise degradation products [97, 98]. However, in bench-
scale estrogen biodegradation studies, estrogen may be the only target analyte for quantitative
analysis [79, 85]. While chromatography is highly effective at measuring estrogen concentra-
tions, this technique is neither rapid nor scalable. In addition, this approach for single-target
analysis is inefficient data collection. The chromatograms (compound abundance versus time)
and mass spectra (ion abundance vs m/z) contain large quantities of data, most of which is not
used for targeted quantitative analysis.

We propose the use of simple, high-throughput spectroscopic techniques based on absorbance
and emission to quantify estrogen biodegradation and screen microbial communities for metabol-
ically competent bacteria to address the methodological gaps. Therefore, the aim of this
thesis was to develop fluorometric and colorimetric trace analysis methods for monitor-
ing biodegradation of estrogens in microbial communities with the potential for high-
throughput analysis. However, the intrinsic optical properties of estrogen are not favourable
for direct analysis, since the chromophoric phenol group absorbs and emits light in the same
wavelengths as many other organic molecules and with low molar efficiency (i.e., € and ).
Thus, the chosen spectroscopic methods must demonstrate adequate selectivity for the target
analyte.

Gold nanoparticle-based colorimetric biosensors combine selective detection via a biologi-
cal recognition element with the spectroscopic phenomenon of localised surface plasmon reso-
nance to detect a variety of analytes, including small organic molecules. In addition, there are
a multitude of colorimetric aptasensor methods available in the literature, including published
estrogen-specific aptamer sequences [192, 197, 199]. However, the colorimetric aptasensors for
estrogen analysis in the literature, which were developed for environmental water samples, have
not yet been tested in microbiological cultures [192, 199, 200].

The ICH Guideline M 10 on bioanalytical method validation outlines the procedures for val-
idating ligand-binding assays, which applies to most aptasensors [140]. The ICH Guideline
specifically notes that selectivity should be assessed for non-specific matrix components, such
as degrading enzymes, which may interfere with analyte detection. The U.S. Department of
Health Bioanalytical Method Validation Guidance for Industry further recommends testing the
matrix effects from different biological sources to establish selectivity in ligand-binding assays
[145]. Since the selectivity of AuNP-based E2 aptasensors for biological applications had not
yet been explored, we decided to develop a colorimetric aptasensor for measuring estrogen con-

centrations in cultures with estrogen-degrading bacteria and evaluate the method according to
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the relevant bioanalytical method validation guidelines (Objective 4). The colorimetric aptasen-
sor was developed to address the methodological gap of measuring estrogen concentrations more
efficiently for treatment optimisation by in silico methods.

Fluorescent probes — i.e., molecules of interest conjugated with a fluorophore — have been
used extensively in understanding biological processes in near-real-time. Fluorescent probes of
organic substrates have been applied in a wide variety of fluorometric techniques, including flu-
orescence microscopy, flow cytometry, and spectrofluorometry [201, 202]. The use of indirect
spectroscopic analysis for micropollutants (i.e., biochemical probes, biochemical assays, and
optical sensing techniques), particularly in the context of microbiological interactions, has not
been widely implemented. While fluorescent probes have been utilised in environmental micro-
biology for studying distribution of heavy metals in biofilms [203] and measuring coliform load
[204, 205], the use of fluorescently labelled organic micropollutants to study biodegradation has
not yet (to our knowledge) been explored in detail.

Previously, Dr Sarah-Jane Haig, a former PhD researcher at the University of Glasgow,
utilised BODIPY-labelled estrogens to visualise estrogen-degrading bacteria isolated de novo by
fluorescence microscopy [206]. BODIPY is an intense fluorophore based on boron dipyrromethene
framework and is commonly used in biochemical probes [207]. Therefore, we investigated the
use of BODIPY-estrogens previously used by Haig (2014) in a fluorometric assay to address the
methodological gap of screening mixed microbial communities for estrogen-degrading organ-
isms (Objective 3) [206].

The role of enrichment cultures in screening microbial communities for estrogen catabolis-
ing bacteria was described previously in Section 2.2.3. While many estrogen-degrading bacteria
have been isolated by enrichment (Table 2.4), the procedure is lengthy (at least one week) and
biased towards catabolising organisms that thrive in unitrophic (i.e., single carbon substrate),
non-competitive conditions. In addition, chemical trace analysis with chromatography is re-
quired to investigate estrogen cometabolism, since it is not directly observable by enrichment
cultures [72, 75]. An assay based on fluorescently-labelled estrogens would address key limita-
tions of enrichment cultures which use natural estrogen as the sole carbon source. Specifically,
a fluorescent estrogen probe would enable mixotrophic growth conditions (i.e., multiple carbon
substrates), which would support the growth of competitor bacteria as well as cometabolising
organisms. Therefore, the assay culture conditions would be more comparable to the conditions
of the target environment for bioremediation.

A fit-for-purpose fluorometric assay should detect a selective response by the BODIPY-
estrogens in the presence of estrogen-degrading bacteria. However, the fate of the fluorescently-
labelled estrogen — for example, de-conjugation, transformation, uptake, quenching, or spectral
changes — had to be established first, as it would inform the basis of the fluorometric response.

Before developing a fluorometric assay, we first characterised the fate — i.e., transformation,
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removal, and spatial distribution — of the BODIPY-estrogens by estrogen-degrading reference
bacteria (Objective 2). We selected two strains from Table 2.4 which are publicly available
in culture collections — N. tardaugens ARI-1 (now identified as Caenibius tardaugens DSM
16702) and N. europaea NCIMB 11850 — to create a synthetic community of degrading organ-
isms. While the reference strains were used to characterise the fate of the BODIPY-labelled
estrogen, the bacteria also served as the biological system to test both spectroscopic methods’
fitness for purpose. As noted previously, bacteria use a variety of metabolic pathways to degrade
estrogen micropollutants. Thus, the use of an autotrophic nitrifying bacteria and a heterotrophic
estrogen-catabolising bacteria allowed us to evaluate the spectroscopic methods’ ability to mon-
itor biodegradation by two different pathways.

We characterised the biochemical fate of the natural and fluorescent estrogen by developing
a traditional chromatographic workflow to accurately measure the natural and fluorescent estro-
gens. The chromatographic method was developed to measure the change in concentration and
detect potential metabolites of the fluorescent estrogen probe. In addition, the "gold standard"
chromatographic method served as the benchmark to compare the analytical figures of merit of
the spectroscopic assays (Objective 1). A summary of the three analytical methods developed

in this thesis is provided in Table 2.11.
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Table 2.11: Summary of the spectroscopic assays that will be developed to address the methodological gaps compared against a gold

standard method for trace analysis of estrogens.

‘ Gold Standard Spectroscopic Assays
Method LLE with HPLC-PDA or GC-MS BODIPY-Estrogen Probes AuNP Colorimetric Aptasensor
Detection Chromatography + Absorbance or Mass Spectrum Fluorescence Absorbance (Extinction)
Estrogens are semi-selectively extracted from a lig- Estrogens are tagged with a BODIPY fluorophore Estrogen biodegradation bacterial culture samples
uid bacteria culture by liquid partitioning. Com- and added to bacteria medium as a surrogate to nat- are mixed with AuNPs which have been reversibly
pounds in the extract are then separated by their in- ural estrogen. In theory, as the BODIPY-estrogen modified with aptamers. The aptamers dissociate
dividual physical or chemical properties in a contin- probe is metabolised by bacteria, the fluorescence from the AuNPs and selectively bind to the target.
uous flow of solvent through a column packed with intensity — which is proportional to the concen- The addition of electrolytes via the culture medium
Overview sorbent. Eluted analytes are detected in real-time tration of BODIPY — will be affected. Addi- causes AuNPs which are not coated by aptamers
by absorbance or ion abundance. The output is a tionally, the BODIPY-estrogen probe may be used to aggregate. When aggregated, the LSPR of the
two-dimensional plot of the response versus time, to visualise bacterial uptake by fluorescence mi- AuNPs changes, causing a visible colour change
and the area under each compound’s response peak croscopy or flow cytometry. Ultimately, we aim from red to blue which is proportional to the con-
is directly proportional to concentration. to use BODIPY-estrogens to identify contaminant- centration of estrogen.
degrading bacteria within a mixed culture.
Rapid E]i:l::;jensive
Extenswel)./ .Uised Method Inexpensm.a. . Moderate Selectivity with Aptamer
Good Sensitivity Good Sensitivity No Sample Pre
Pros Good Selectivity Good Selectivity O Sampre * 1ep .
High-throughput on Microplate
No Sample Prep Methods Available in Literature
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Chapter 3

Development of an Analytical Workflow

for Natural and Fluorescent Estrogens

3.1 Introduction

There has been increasing interest in utilising fluorescently labelled substrates to study biochem-
ical processes in near real-time. Fluorescent probes are widely used in fluorescence microscopy
for spatial in situ analysis and as sensors for biochemical assays [208, 209]. A recent pub-
lication by Leivers et al. (2022) demonstrated the use of 2-aminobenzamide fluorophore in a
multi-technique approach to study substrate-specific biodegradation of glycans by gut micro-
biome, highlighting the breadth of information that can be gleaned using fluorescent probes
[202]. Although most applications have been in biomedical research, fluorescent probes have
also been used in environmental science, for example to study the distributions of Giardia cysts
[210] and heavy metals in microbial communities [203].

Advances in organic fluorophores and conjugation techniques have expanded the possibili-
ties for research using fluorescent probes [211]. In particular, 4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene (BODIPY) dyes are used extensively in bioconjugation due to their excellent photo-
physical properties, such as intense fluorescence, high degree of photostability, and a scaffold
that is readily tunable to different excitation and emission wavelengths [212-214]. Previously,
BODIPY-labelled estrogens have been used to visualise estrogen-degrading bacteria isolated
from slow sand filters [206].

Part of the work in this chapter has been published in "BODIPY-Labeled Estrogens for Fluorescence Anal-
ysis of Environmental Microbial Degradation'', Felion, C., Lopez-Gonzalez, R., Sewell, A.L., Marquez, R.
and Gauchotte-Lindsay, C. ACS Omega 2022 7 (45), 41284-41295 DOI: 10.1021/acsomega.2¢c05002.
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Although BODIPY fluorophores possess several advantages, there are some practical chal-
lenges in using them in biological research. BODIPY dyes are widely known to form dimers and
aggregates in polar solutions which affect their solubility, bioavailability, and fluorescence inten-
sity [215, 216]. Traditionally, water solubility has been improved by derivatising the BODIPY
core with hydrophilic groups, including galactose [217], sulfonate, phosphonate, and carboxy-
late groups [218]; however, these groups increase the steric hindrance and reduce the chemical
stability of the fluorophore. Furthermore, for small molecules, the fluorophore drastically in-
creases the molecular weight and changes the chemical nature of the parent substrate. This
presents a twofold challenge in using BODIPY probes in biological systems: the poor aqueous
solubility and the impact of conjugated fluorophore on metabolism. Thus, before BODIPY con-
jugates of micropollutants can be confidently used to investigate biodegrading microorganisms,
it is important to understand the impact of BODIPY conjugation on the solubility of the sub-
strate and on its biological activity using well-characterised reference strains. Chromatographic
analyses of the substrate products are crucial for validating fluorescently tagged substrates as vi-
able surrogates [202, 219]. However, presently, there is limited information about the analytical
methods used to extract and analyse BODIPY conjugated molecules compared to their native
structure.

As discussed in Chapter 2, chromatography is the most widely used technique used for trace
analysis of estrogens. These semi-polar compounds are particularly amenable to reversed-phase
high performance liquid chromatography (HPLC) separation and are readily detectable by ultra-
violet (UV), fluorescence, and electrochemical detectors [72, 75, 92]. Estrogens have also been
separated by gas chromatography (GC) following silylation of the thermolabile hydroxyl groups
[136]. Mass spectrometry (MS), however, remains the gold standard detection method for both
GC and HPLC separation of estrogens. Thus, in addition to validating the suitability of fluo-
rescent substrates in biodegradation, chromatography combined with mass selective detection is

the most logical standard to compare against novel analytical methods.

The aim of this work was to develop and validate an analytical workflow based on liquid-
liquid extraction and chromatographic analysis which will be used for measuring natural
and BODIPY-labelled estrogens (Figure 3.1) in bacteria cultures. The workflow will also
serve as the benchmark to compare the spectroscopic methods against.
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Figure 3.1: Structure of the BODIPY-conjugated estrogens used in this work. The BODIPY
fluorophore was conjugated to estrone, 173-estradiol, and estriol via an aromatic triazole linker
ligated to the oxygen at C3 of the aromatic A-ring of estrogen.

3.2 Materials & Methods

3.2.1 Reagents

Estrogens estrone (>99%), 173-estradiol (>98%), and estriol (>97%), derivatisation reagent
N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), and HPLC-grade solvents were purchased
from Sigma Aldrich UK. Ultrapure water (18.2 MQ-cm) was procured from a Milli-Q water
system (Millipore UK) or a PURELAB water system (ELGA LabWater UK).

BODIPY-labelled estrogens (Figure 3.1) were synthesised by Dr Alan Sewell from the De-
partment of Chemistry at the University of Glasgow for Dr Sarah-Jane Haig. Briefly, BODIPY
estrogens were synthesised by a copper-catalysed click reaction between azido-BODIPY and
estrogen-propargyl ether [220]. Individual stock solutions of each estrogen (native or BODIPY-
tagged) were prepared in methanol at 1 mg/mL and stored in the dark at -20°C.

The minimal salts medium, Modified Medium B (MMB; 10 mM (NH4)>SO4, 3 mM KH,POy,
0.75 mM MgSO4-7H,0, 0.2 mM CaCl,-2H,0, 10 uM FeSO4-7H,0, 16 uM Na,EDTA-2H,0,
1 uM CuSO4-5H;0, 43 mM NaH,PO4-2H,0, 4 mM K;HPOy, 0.04% Na,COs), was prepared
by dissolving salts in deionised water and adjusting to pH 8.0. The media was filter-sterilised
and stored at room temperature. 2-Hydroxypropyl-f-cyclodextrin (average molecular weight
1460 Da, HP3-CDX) was prepared as a filter-sterilised stock solution of 40% (w/v) in deionised

water and diluted to the working concentration in MMB media.

3.2.2 GC-MS Analysis

Analysis was carried out by Agilent GC/MSD System (Agilent Technologies), which consisted
of autosampler (7693), gas chromatograph (7890A) and single-quadrupole mass spectrometer
(5975C) with electron ionisation (70eV, pos.). The capillary column was J&W DB-5 (30 m X

0.25 mm x 0.25 pm) and mobile phase was helium gas. Samples (1 pL) were injected into a
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splitless inlet liner at 250°C. Separation was carried out by an initial hold at 50°C, followed by an
increase to 220°C at +10°C per minute, then another increase to 280°C at +5°C per minute where
it was held at for 10 minutes (40 min. total run-time). Derivatised estrogens were detected using
the following selected ion monitoring (SIM) values: TMS-estrone at 342 m/z, 2TMS-estradiol
at 416 m/z, and 3TMS-estriol at 504 m/z. Peak detection and integration were carried out using
OpenChrom (v1.3.0 Dalton) software.

3.2.3 HPLC Analysis

Analysis was carried out by the Prominence HPLC-PDA system (Shimadzu Corp.), which con-
sisted of inline degasser (DGU-10A SR), quaternary pump (LC-20AT), autosampler (SIL-20A
HT), column oven (CTO-10AS VP), and photodiode array detector (SPD-M20A). The analytical
column was a Purospher RP-18 (150 x 4.6 mm?, 5-um pore) from Millipore and was maintained
at 35°C during analysis. Mobile phase consisted of ultrapure water (A) and acetonitrile (B) at a
flow rate of 0.5 mL/min. The injected volume was 10 pL. Elution was carried out by an initial
hold of 60%A:40%B for 3 minutes, followed by an increase to 100% B at +5% B per minute,
then a purge at 100% B for 3 minutes before reconditioning at 60%A:40%B for 10 minutes (28
min. total run-time). Non-derivatised estrogens were measured at 230 nm, and BODIPY-tagged
estrogens were measured at 503 nm. Peak detection and integration were carried out using

Shimadzu LabSolutions software.

3.2.4 Standards Preparation

Six calibration standards and three quality control (QC) samples were prepared by diluting stock
solutions in acetonitrile. A separate standard of the same concentrations as the top standard was
used for determining system suitability and precision. Prior to GC-MS analysis, calibration
standards and QCs (50 uL) were derivatised with 50 uLL BSTFA in crimp-sealed vial inserts for
100 minutes at 85°C. In GC-MS analysis, each standard and QC (Table 3.1) contained E3 as a
surrogate standard which also underwent derivatisation. Each HPLC standard and QC (Table
3.2) contained E3 and BODIPY-E3 as internal standards (IS) for detection at 230 nm and 503

nm, respectively.

3.2.5 Liquid-Liquid Extraction

The extraction method was developed using MMB as the sample matrix. LLE was conducted
in 15-mL glass test tubes by gently vortexing 0.25 mL of MMB spiked with estrogen mix-
ture (1 mg/L each of El1, E2, E3, BODIPY-E1, BODIPY-E2, and BODIPY-E3 and 0.5 mg/L
BODIPY-N3) with 1 mL of dichloromethane for 30 s. Exactly 0.8 mL of organic phase was
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Table 3.1: Standards and quality controls used for GC-MS method evaluation.

Before Derivatisation After Derivatisation

El E2 E3¢ TMS-El 2TMS-E2 3TMS-E3¢

wg/L uM pg/ pM opg M pgl pM pgl pM g/l uM

sl 40 0.15 40 0.15 20 0.07 20 0.07
s2 80 0.29 80 0.29 40 0.15 40 0.15
s3 160 0.59 160 0.59 80 0.29 80 0.29
s4 240 0.88 240 0.88 120 0.44 120 0.44
200 0.69 100 0.35
85 320 1.18 320 1.18 160 0.59 160 0.59
s6” 400 1.47 400 1.47 200 0.74 200 0.74
QCH 360 1.32 360 1.32 180 0.66 180 0.66
QCM 200 0.74 200 0.74 100 0.37 100 0.37
QCL 60 0.22 60 0.22 30 0.11 30 0.11

43TMS-E3 is a surrogate internal standard used for quantifying derivatised estrogens. The concentrations of s6
were used for the precision and system suitability standard. “The pg/L values shown for TMS derivatives is the
equivalent amount of underivatised estrogen for the given molarity.

Table 3.2: Standards and quality controls used for HPLC-PDA method evaluation.

El E2 E3¢ BODIPY-El BODIPY-E2  BODIPY-E3“

wg  pM  pL pM pg uM opg wM opg M pL uM

sl 60 0.22 60 0.22 45 0.07 45 0.07
s2 80 0.29 80 0.29 90 0.15 90 0.15
s3 120 0.44 120 0.44 180 0.29 180 0.29
s4 160 0.59 160 0.59 270 0.44 270 0.44
200 0.69 225 0.37
s5 200 0.74 200 0.74 360 0.59 360 0.59
s6” 240 0.88 240 0.88 450 0.74 450 0.74
QCH 220 0.81 220 0.81 405 0.66 405 0.66
QCM 140 0.52 140 0.52 225 0.37 225 0.37
QCL 70 0.26 70 0.26 67.5 0.11 67.5 0.11

“E3 and BODIPY-E3 are internal standards used for quantifying non-tagged and tagged-estrogens, respectively.
bThe concentrations of s6 were used for the precision and system suitability standard.
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recovered and evaporated to dryness at 37°C before resuspending in 0.2 mL of acetonitrile. The
analysis was conducted as described in Section 3.2.3.

When the spiked MMB was diluted 50:50 with acetonitrile prior to extraction, LLE was
conducted by gently vortexing 0.5 mL of diluted sample with 1 mL of dichloromethane for 30 s.
Filtered samples were prepared using 0.45-um hydrophilic PTFE syringe filter.

3.2.6 System Suitability

The analytical methods were first evaluated for system suitability for each analyte. Six replicate
measurements were used to determine theoretical plates and resolution. Resolution (Rs) was
calculated for a given analyte using the retention time (tg) and peak width (W) or width at half-
maximum (W 5) and against the analyte preceding in order of elution, i.e. where tgy > tg;.
Because different values were available on each data processing software, Equation 3.1 was
used for GC-MS and Equation 3.2 was used for HPLC-PDA:

IR2 —IR1
Rs= ——— 3.1
0.5(W; + Wa) G-
Rs=1.18 x (M) 3.2)
Wosi1+Woso

The theoretical plate number (V) was also calculated using the retention time and width or
width at half-maximum for each analyte. Equation 3.3 was used for GC-MS and Equation 3.4
was used for HPLC-PDA:

N=16 <W) 3.3)
IR 2
N =554 (—) . (3.4)
Wo.s

The HPLC-PDA values for tg and Wy 5 were reported by Lab Solutions software. The GC-

MS values for tg and W were reported by OpenChrom software.

3.2.7 Chromatographic Method Evaluation

The chromatographic methods were evaluated according to the International Conference on Har-
monization (ICH) Guidelines Q2 (R1) for method validation in terms of specificity, precision,
linearity, range, accuracy and instrumental limits of detection and quantitation. Method evalua-
tion was carried out by running a batch of six calibration standards and duplicate measurements
of three QC samples on three separate days. In one batch, six replicate injections of a precision
standard were also measured at the start and end of the batch. In a separate batch on a different

day, six replicate injections of a precision standard were measured at the start of the batch for
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inter-assay reproducibility. The calculations for each figure of merit are described below.

3.2.7.1 Linearity

Linearity for each batch was determined using unweighted linear regression of the concentration
(x) versus the response (i.e. peak area) ratio of analyte to internal or surrogate standard (y). The
coefficient of determination (R?) of the calculated linear regression equation (y = ax+ b, where a
is the slope and b is the intercept) was used to evaluate the linearity of the method. Additionally,
the percent error (Equation 3.5) was used to verify the accuracy of the regression equation in
accordance with the FDA Bioanalytical Method Validation Guidance for Industry:

Xe — Xi

% Error = 100% x (3.5)

Xi
Here, x. represents the concentration as calculated from the standard’s response ratio (y) using

the regression equation and x; represents the true concentration of the standard.

3.2.7.2 Precision

Precision was determined by the percent relative standard deviation (%RSD) of a set of replicate
injections. Repeatability was evaluated by the %RSD for the initial six repeat injections at the
start of the first batch (Injections #1-6). Intra-assay precision was evaluated by the %RSD of the
initial six repeat injections and final six repeat injections at the end of the first batch (Injections
#1-12). Inter-assay precision was evaluated by the %RSD of the repeat injections from the first
batch and another six injections at the start of the third, final batch (Injections #1-18).

3.2.7.3 Accuracy

Accuracy was determined by the percent error (Equation 3.5) of the three QCs measured in
duplicate over three separate batches, as recommended by the Bioanalytical Method Validation
Guidance for Industry. Additionally, the percent recovery (Equation 3.6) was used as an ad-
ditional measure of trueness as recommended by the ICH Guidelines and Eurachem Guide to
Method Validation:

% Recovery = 100% x <. (3.6)
Xi

3.2.7.4 Instrument Limits of Detection and Quantitation

The instrument limits of detection (LOD) and quantitation (LOQ) were calculated for each cal-

ibration curve using Equation 3.7,
.. Sp
Instrument Limit = kE’ (3.7
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where k is 3.3 for LOD and 10 for LOQ, s, is the standard error of the intercept, and S is the
regression slope. This model is based on the ICH Guidelines for determining limits of detection
and quantitation, which states that the standard deviation of the y-intercept may be used as
representation for standard deviation of the response. Because the estimates of the instrumental
limits of detection and quantitation are based on the regression curves, these values were also

determined for each individual batch.

3.2.8 Extraction Method Evaluation

The extraction method was evaluated by relative recovery and efficiency. The relative recovery
(Equation 3.8) was determined from the ratio of the analyte peak area (PA) in the sample spiked
before extraction (SBE) versus the analyte peak area in the sample spiked after extraction (SAE)

and before evaporating:
PAgpE

PAsag

The extraction efficiency (Equation 3.9) was determined from the ratio of the analyte peak

9% Recovery = 100% x (3.8)

area in the sample spiked before extraction versus the analyte peak area of a standard of the

expected concentration.

PA
% Efficiency = 100% x —0& (3.9)

Std

3.2.9 Statistical Analysis

Analytical figures of merit were calculated using MS Excel. Plots of the figures of merit were

produced using the ggplot2 package in R [221].

3.3 Results & Discussion

Before evaluating the synthesised BODIPY-estrogen conjugates as fluorescent proxies in en-
vironmental bacteria, we first needed to establish reliable and robust analytical methods for
quantitative analysis of both natural and fluorescent estrogens in culture media. First, the suit-
ability of each chromatography system and method were evaluated to ensure analyses of native
and BODIPY-tagged estrogens were fairly compared. After selecting the optimal chromato-
graphic platform and conducting a method validation, the impact of the BODIPY fluorophore
on the sample extraction method from minimal salts culture media was evaluated. The chemical
structures of the estrogen compounds and fluorophores evaluated in this method development
are provided in Figure 3.2, and the relevant physical properties of each compound are provided
in Table 3.3.
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Figure 3.2: Chemical structures of the estrogen compounds and fluorophore used in method
development.

Table 3.3: Relevant physical properties of the estrogen compounds used in method development.

Analyte 1D) Analysis z\lin;lx) Formula Molec?g;)Weight
Estrone El HPLC@230 nm 280 C1gH220; 270.37
173-Estradiol E2 HPLC@230 nm 280 C1gH240, 272.38
Estriol E3 HPLC@230 nm 280 Ci13H2403 288.39
TMS-Estrone TMS-E1 GC-MS@342 m/z - C,1H300,Si1 342.55
2TMS-Estradiol 2TMS-E2 GC-MS@416 m/z - Ca4H400,Siy 416.74
3TMS-Estriol 3TMS-E3 GC-MS@504m/z - Cy7Hu503Si3 504.92
BODIPY-Estrone BDP-E1 HPLC@503 nm 503 C35H490,N5BF; 611.53
BODIPY-Estradiol =~ BDP-E2 HPLC@503 nm 503 C35H400,N5BF, 613.55
BODIPY-Estriol BDP-E3  HPLC@503 nm 503  CssHyO3NsBF, 629.55
BODIPY-Azide BDP-N3 HPLC@503 nm 503 Ci14H16BF,;Nj5 303.12
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3.3.1 GC-MS Analysis

3.3.1.1 System Suitability

The derivatised forms of the natural estrogens—TMS-E1, 2TMS-E2, and 3TMS-E3—-were readily
detected by the GC-MS (Figures 3.3a, 3.3c, 3.3e). The identity of the resulting peaks were con-
firmed by matching the molecular ion m/z with the derivatives’ expected molecular weights and
matching the EI mass spectra against NIST Mass Spectra Library 11. The BODIPY-estrogens
were not detected by the GC-MS (Figures 3.3b, 3.3d, 3.3f). The BODIPY fluorophore and
1,2,3-triazole linker do not contain active hydrogens for derivatisation with BSTFA, and the C3
hydroxyl group in the natural estrogens was transformed into a propargyl ether for BODIPY
conjugation. The BODIPY-estrogens, which are nearly twice the molecular weight of the non-
volatile native form, naturally also require modification for increased volatility. However, due to
their high molecular weight and lack of sites for chemical derivatisation, the BODIPY-estrogens
were unsuited for GC-MS analysis.

Selected 1on monitoring of the molecular ions was used to detect and quantify the derivatised
estrogens with greater sensitivity and selectivity than afforded by extracted ion analysis of the
full scan (Figures 3.4a, 3.4c, 3.4e). When applied to the BODIPY-estrogens, SIM scan did
not show even trace evidence of BODIPY-estrogens’ decomposition into native estrogens for
silylation. The peak observed at approximately 21 minutes in the three BODIPY-estrogen SIM
scans was putatively identified by the NIST Library as trimethyl(1-methylethoxy)silane (Figures
3.4b, 3.4d, 3.4f). The same peak was also observed in the derivatised natural estrogens’ SIM
chromatograms and appears to be a non-interfering contamination from the GC-MS system.

In order to compare chromatographic performance across systems, the analytical range tested
on both the GC-MS and HPLC was selected to be comparable. The analytes generated well-
resolved (Rs > 1.5) Gaussian peaks with a very high degree of efficiency (V) (Table 3.4). Thus,
the developed GC-MS system and method were deemed suitable for evaluating the analytical

performance.

Table 3.4: GC-MS system suitability parameters—theoretical plate count N and resolution Rs—
for derivatised estrogens detected by SIM.

N Rs

TMS-E1 7.43E+06 “
2TMS-E2  8.80E+06 75
3TMS-E3  9.55E+06 18

% Analyte was the first compound eluted.
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Figure 3.3: Representative total ion chromatograms for derivatised 10 mg/L (a) El, (c) E2, and
(e) E3, and 22 mg/L (b) BODIPY-EI, (d) BODIPY-E2, and (f) BODIPY-E3. Inset plots are the
mass spectra for the analyte peak; the molecular ion is noted with an arrow. No analyte peaks
were detected for the BODIPY-estrogens.
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Figure 3.4: Representative SIM chromatograms (m/z 342, 416, 504) for derivatised 10 mg/L (a)
El (c) E2, and (e) E3, and 22 mg/L (b) BODIPY-EI, (d) BODIPY-E2, and (f) BODIPY-E3. No

analyte peaks were detected for the BODIPY-estrogens.
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3.3.1.2 Method Evaluation

The chromatography method was then evaluated following the ICH Guidelines Q2 (R1) for ana-
lytical method validation and using the acceptance criteria set by the FDA Bioanalytical Method
Validation Guidance [145, 222]. The ICH Guidelines describe “intermediate precision” as an
expression of intra-laboratory variations, and this was investigated by comparing the response
of a standard over a lengthy (>12 h) batch and between the first and final batches [222]. Since
the BODIPY-estrogens were not detectable, only natural estrogens E1 and E2 were evaluated;

E3 was used as a surrogate standard for derivatisation and for calculating the peak area ratio.

Table 3.5: Results of GC-MS method evaluation.

Precision Accuracy Calibration Statistics
Analyte Repeat. Intra- Inter- % % LOD LOQ Lmee;rlty
Assay  Assay  Recovery  Error (R%)
0.07 £0.01  0.20 = 0.02
TMS-E1 4 5 10 100 8.9 0.992 £+ 0.001

177 50 £20

0.06 +0.03  0.19 £ 0.08
2TMS-E2 4 6 11 93 9.0 0.992 £+ 0.005

18+ 1 55+4

Precision values are percent relative standard deviation. Limits of detection (LOD) and quantitation (LOQ) are
reported in micromolar (bold, top values) and pug/L (bottom values). Linearity and limit values are the means of
the three different batches (n=3) and include standard deviation (4 value).

The precision and accuracy satisfied the acceptance criteria recommended by the FDA method
validation guidelines (<15% RSD for precision and £15% for error) (Table 3.5) [145]. Un-
weighted linear regression showed a high degree of linearity for both E1 and E2 (R? 0.992 +
0.001 E1, 0.992 £ 0.005 E2, n = 3). The limits of detection (17 £ 7 pg/L E1, 18 £ 1 pg/L E2,
n = 3) and quantitation (50 4= 20 ug/L E1, 55 + 4 ug/L E2, n = 3) were slightly greater than the
instrumental LOQ (10 ug/L E1 and E2) obtained in the study by Quintana et al. (2004), from
whom this GC-MS method was adapted [136].

3.3.2 HPLC Analysis

3.3.2.1 System Suitability

All estrogenic analytes were analysed on the same run method at two different wavelengths.
Non-derivatised estrogens were measured at 230 nm, which yielded a signal-to-noise ratio
greater than 280 nm, the maximum absorbance wavelength (Aax) determined by the detector
(Table 3.3 and Figures 3.5a, 3.5¢, 3.5¢). BODIPY-tagged estrogens, as well as the BODIPY-
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azide tag, were measured at the Apax, 503 nm (Figures 3.5b, 3.5d, 3.5f, 3.5g). Simultaneous

analysis of native and fluorescent substrates allows for efficient sample processing and direct

comparison of the overall chromatogram between samples.
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Figure 3.5: Representative PDA absorbance spectra for native (a, c, e) and BODIPY-tagged (b,
d, f: 1 mg/L) estrogens and the BODIPY-azide tag (g; 0.5 mg/L). The N4y is indicated with an

arrow.

The analytes generated well-resolved Gaussian peaks (Figure 3.6). In fact, the chromato-
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graphic efficiency (V) was an order of magnitude greater for BODIPY-E1 and -E2 (p < 0.0025)
than E1 and E2, respectively (Table 3.6). Thus, the developed method for concurrent analysis of

natural and BODIPY-estrogens was deemed suitable for assessing analytical performance.
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Figure 3.6: Representative HPLC-PDA chromatograms for native (a, c, e; 1 mg/L) and BODIPY-
tagged (b, d, f; 1 mg/L) estrogens and the BODIPY-azide tag (g; 0.5 mg/L).
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Table 3.6: HPLC-PDA system suitability parameters—theoretical plate count N and resolution
Rs—for estrogens with and without BODIPY.

N Rs

Untagged  BODIPY-tagged  Untagged = BODIPY-tagged

El  9.06E+04 2.07E+05 7 3
E2  5.95E+04 1.78E+05 28 20
E3  2.63E+03 1.30E+05 a 6

“Analyte was the first compound eluted.

3.3.2.2 Method Evaluation

The HPLC method was evaluated following the same standards as the GC-MS method, using E3
and BODIPY-E3 as the internal standards for native and BODIPY-estrogens, respectively. The
intermediate precision for all analytes not only satisfied the recommended acceptance criteria
recommended by the FDA method validation guidelines (<15% RSD), but the non-derivatised
estrogens had much higher variability compared to the BODIPY-estrogens (Table 3.7) [145].

Table 3.7: Results of HPLC-PDA method evaluation.

Precision Accuracy Calibration Statistics
Analyte Repeat. Intra- Inter- % % LOD LOQ Lmee;nty
Assay  Assay  Recovery  Error (R%)
0.09 £0.03  0.27 £+ 0.09
El 10 10 10 100 8.5 0.991 £ 0.005
24+ 8 72 + 24
0.10 + 0.04 0.3+0.1
E2 10 10 9 100 7.1 0.988 £ 0.009
27+ 12 82+ 36
0.02+0.01 0.07 £+ 0.03
BODIPY-E1 1 1 1 97 43 0.999 + 0.001
14+£7 42 £21
0.02+0.01 0.07 + 0.03
BODIPY-E2 1 1 1 96 4.8 0.999 + 0.001
13£6 40+ 19

Precision values are percent relative standard deviation. Limits of detection (LOD) and quantitation (LOQ) are
reported in micromolar (bold, top values) and pg/L (bottom values). Linearity and limit values are the means of
the three different batches (n=3) and include standard deviation (4 value).

The BODIPY-estrogens showed good quantitative accuracy compared to native estrogen
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HPLC analysis (Table 3.7). The percent recovery and percent error were generally within the
recommended acceptance criteria: +15% for the middle and high QC and +20% for the lowest
QC [145]. In particular, the percent error for the BODIPY-estrogens was significantly less than
those of the natural estrogens. Unweighted linear regression of the calibration standards consis-
tently showed a high degree of linearity across all platforms (from 0.988 + 0.009 to 0.999 +
0.001, n=3). Additionally, the percent error for each calibration standard was within 15 % (ex-
cept for lowest standard which was within +20%) both with and without BODIPY. Lastly, the
instrument limits of detection and quantitation were calculated from the calibration curve linear
regression of each batch. The calculated LOD and LOQ (Table 3.7) were lower for estrogens
tagged with BODIPY (0.02 uM and 0.07 uM) than the non-tagged estrogens (0.09-0.10 uM and
0.27-0.30 uM).

Interestingly, the addition of BODIPY not only did not impede chromatographic analysis,
but it improved each analytical figure of merit compared to the untagged analytes. The con-
jugated fluorophore greatly increased the theoretical plate count for better efficiency, which in
turn had beneficial effects on the signal-to-noise and the relevant performance criteria. The pre-
cision, accuracy, linearity, and limits of detection of the BODIPY-estrogens are further improved
due to the increased signal-to-noise of the fluorophore, which has a greater molar absorptivity at
503 nm (nearly 10° M~'cm™!) compared to natural estrogens detected by UV (2000 M~ 'ecm™1)
[162, 207]. Indeed, BODIPY has previously been used to derivatise biomolecules such as thiols
[223], fatty acids [224], and aliphatic aldehydes [225] to enhance their chromatographic analy-
sis. Thus, in addition to demonstrating that we have a reliable analytical method to measure the
biodegradation of native and BODIPY-tagged estrogens, these results notably support the use of
BODIPY derivatives for enhanced HPLC detection.

3.3.3 Validation of the Selected HPLC Method

Since the HPLC was able to measure both natural and fluorescent estrogens with a detection limit
comparable to the GC-MS, the HPLC was selected as the chromatographic system for analysis.
The analytical ranges used in determining the optimal chromatography platform were chosen
to detect as low as possible with good accuracy. However, this is impractical for measuring
biodegradation, and a more fit-for-purpose analytical range across one order of magnitude (100—
1000 pg/L) was validated (Table 3.8). The precision for the untagged estrogens improved with
the wider analytical range, however, the calculated limits of detection and quantitation increased.
The LOD and LOQ are calculated from the standard error of the intercept, and the variance in
the calibration curve regression errors gave very imprecise estimates for the instrumental limits.
The signal-to-noise ratio at 3 and 10 is also commonly used to estimate instrumental limits of

detection and quantitation, respectively. The mean S/N ratio for the lowest standard is 4.9 4 0.6
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forEl,5 £ 1 for E2, 37 &+ 3 for BODIPY-E1, and 42 + 3 for BODIPY-E2. Therefore, the lowest
concentration measured by the calibration curve will be used as the limit for quantitation.

Table 3.8: Results of selected HPLC-PDA method evaluation.

Precision Accuracy Calibration Statistics
Analyte Repeat. Intra- Inter- % % LOD LOQ Llnea;rlty
Assay  Assay  Recovery  Error (R7)
0.3+0.2 0.9 + 0.7
El 2 2 2 98 5.1 0.992 £ 0.01
77 £ 60 235 £ 181
0.3+0.2 0.9 + 0.6
E2 2 2 1 98 4.9 0.992 + 0.01
83 £353 251 £ 162
0.09 £ 0.1 0.3+0.3
BODIPY-E1 0.4 0.4 0.4 100 6.4 0.994 £ 0.008
59 £ 60 176 £ 181
0.11 + 0.08 0.3 +0.2
BODIPY-E2 0.4 0.3 0.3 97 4.9 0.994 £ 0.008
68 £ 50 208 £+ 152

Precision values are percent relative standard deviation. Limits of detection (LOD) and quantitation (LOQ) are
reported in micromolar (bold, top values) and pug/L (bottom values). Linearity and limit values are the means of
the three different batches (n=3) and include standard deviation (4 value).

3.3.4 Effects of Filtration on Liquid-Liquid Extraction

BODIPY-estrogens present unique complications that can affect extraction, including low solu-
bility and intermolecular interactions. Preliminary work with SPE using hydrophobic-lipophilic
balance (HLB) sorbent in extracting BODIPY-estrogens by standard protocols for native estro-
gens showed inadequate recovery. Liquid-liquid extraction (LLE) was thus selected for sample
preparation due to the simple process of chemical partitioning between two immiscible phases.
In addition, because ionic strength can influence extraction, the LLE method was developed and
optimised for minimal salts media Modified Medium B (MMB).

Filtration of biological samples is an important measure to preserve the integrity of the HPLC
system and column, irrespective of the extraction method. However, syringe filtration appeared
to remove the BODIPY compounds from solution. In aqueous solution, the BODIPY-estrogens
produce an orange hue (Figure 3.7a), in contrast to the vibrant green color observed in organic
solvent such as acetonitrile or methanol. The orange color of BODIPY in aqueous solutions
is understood to be the result of insoluble aggregates [226]. The chromophoric BODIPY com-
pounds were visually confirmed to have been filtered out of the media (Figure 3.7b) and retained
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in the filter material (Figure 3.7c). Therefore, to prevent the loss from filtration, the MMB media
was diluted 50% (v/v) with acetonitrile, as it enabled solubilization of the BODIPY compounds.

(a) (b) (c)
- Not : Not Diluted Not
iluted _. Diluted _. :
' F Diluted Diluted Diluted
k- ¢ﬂ-‘-d 3.’/./9(7
b 4‘ ) WA 4 & %
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Figure 3.7: Photographs of estrogen and BODIPY-estrogen mixtures before (a) and after (b)
filtration, showing the retention of green hue in the diluted mixture and loss of the orange hue
in the undiluted mixture. (c) The syringe filters after filtration, showing an orange hue retained
in the filter used on the undiluted mixture. The “Diluted” mixture was combined with 50% (v/v)
acetonitrile, and the “Not Diluted” mixture is in neat MMB media.

The effects of dilution and filtration on the extraction recovery of natural and BODIPY-
estrogens were quantitatively investigated (Figure 3.8a). BODIPY-azide was included in the
recovery evaluation to assess the extraction performance on the fluorophore independently. The
results of this work demonstrated both processes have a significant impact on the extraction
recovery of BODIPY compounds (Figure 3.8b). The samples filtered without dilution recov-
ered only the natural estrogens. BODIPY-estrogens were not detected following extraction, and
BODIPY-azide was only minimally recovered. Furthermore, the recovery of natural estrogens
was poorer after filtering, indicating that filtration impedes extraction of natural estrogens as
well. When the samples were diluted with acetonitrile prior to filtration, however, there was no
difference in recovery between filtered and unfiltered samples for all compounds tested.

The extraction recovery for diluted and filtered samples across three concentrations (0.1,
0.5, and 1.0 mg/L each for natural and BODIPY-estrogens and 0.05, 0.25, and 0.5 mg/L for
BODIPY-azide) was also determined to assess any concentration-dependent effects (Figure 3.8c
and Table 3.9). The extraction recovery was highly reproducible across concentrations of natural
estrogens, except for the low concentration of E3. The high variability and difference from
other estrogens may be explained by the lower response factor of E3, which has been reported
previously in the literature [227, 228]. The extraction recovery performance was also highly
reproducible across BODIPY compounds, including BODIPY-azide (average overall recovery
66.4% to 67.9%). The extraction recovery was slightly greater at the high concentration for

BODIPY-estrogens and -azide, but within 7.3% difference of the middle and low concentrations.
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Figure 3.8: (a) Workflow of LLE method development. (b) Extraction recovery percentage of 1
mg/L estrogens and 0.5 mg/L BODIPY-azide by liquid-liquid extraction with (+D) and without
dilution (—D) with acetonitrile and with (+F) and without (—F) filtration. (c) Extraction re-
covery percentage of estrogens and BODIPY azide with dilution and filtration. Low, Mid, and
High concentrations are 0.1, 0.5, and 1.0 mg/L for estrogens and 0.05, 0.25, and 0.5 mg/L for
BODIPY-azide. Columns are the mean and error bars are standard deviation of replicate sam-
ples extracted (n=3, individual extractions shown as points).

Lastly, the extraction recovery for natural and BODIPY-estrogens were comparable (average
overall recovery 66.4% to 71.5%).

The BODIPY fluorophore had a significant impact on both filtration and phase partitioning.
By evaluating BODIPY-azide along with the BODIPY-estrogens, it was clear that it was not
the conjugation with steroids, but the fluorophore itself that primarily affected extraction recov-

ery. We believe this is directly related to the aggregative properties and low aqueous solubility
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Table 3.9: Percent recovery values for the different LLE methods assessed.

% Recovery

Version Conc. El E2 E3 BODIPY-E1 BODIPY-E2  BODIPY-E3  BODIPY-N3

Low 71 +4 70+5 98 + 40 66 £ 1 65 +2 64 +2 66 + 2
Diluted + Mid 70+ 3 68 +£2 63+6 66 £ 1 65+2 64 + 1 65+ 1
Filtered High 73+1 71+ 1 68 +3 72+ 1 72+ 1 71 +1 69 + 1

Mean 724+3 70+ 3 80 + 30 68 +£3 68 +4 66 + 4 66 +3

Mid 90 + 4 100 £ 20 N.D. 43 +4 67 +3 82 +2 66 +2
HPB-CDX +

High 80 + 10 60 = 10 N.D. 27 +7 40 + 10 70 + 10 50 + 10
Filtered

Mean 80 + 10 80 &+ 30 N.D. 30 + 10 60 + 10 70 + 10 60 = 10

Low 7245 81+6 N.D. 68 £3 70+3 71+3 71+£3
HPB-CDX +

Mid 70+ 1 66 £ 1 16 £1 66 £ 1 66 + 1 67 £ 1 68 £ 1
Diluted +

High 65+ 1 64 £2 34+£2 62+3 62+3 63+3 63+3
Filtered

Mean 69 +4 70 +9 20 £ 10 65+3 66 + 4 67 +4 68 +4

Recovery values are the mean (4 standard deviation) of 3 replicate samples extracted (n=3) at different con-
centrations. The “Mean” concentration is the average recovery across all concentrations assessed. N.D. - Not
detected.

of BODIPY. While there are extraction protocols for BODIPY-labelled lipids in the literature,
these methods were not used for co-extracting the natural molecule [229, 230]. The extraction
recoveries for the developed method were not as high as many published methods for natural
estrogens. However, the method was reproducible across multiple estrogen species and a range
of concentrations, both with and without the BODIPY tag. Thus, the measured concentrations,
obtained by simultaneous extraction and analysis of natural and fluorescent estrogens, can be

directly compared.

3.3.5 Effects of Cyclodextrin on Liquid-Liquid Extraction

The low solubility of BODIPY-estrogens still presented a challenge for assessing biodegradation
in aqueous biological samples. When prepared at 1 mg/L. in MMB media, BODIPY-estrogens
slowly (within 24 hours) precipitate. Biodegradation experiments with high concentration of
natural estrogens (0.5 g/L) were previously carried out by including methylated 3-cyclodextrin
[99]. To ensure the concentration in solution remains consistent for the duration of experiments,
HPB-CDX (Figure 3.9) was added to the minimal media to solubilise the BODIPY-estrogens.
First, the recovery of natural and BODIPY-estrogens and BODIPY-azide was assessed in
MMB media supplemented with 2% HPB-CDX with filtration but without dilution, as it was
expected cyclodextrin might replace the requirement for dilution (Figure 3.10a and Table 3.9).

The results show that cyclodextrin has a notable effect on the extraction performance of all com-
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HPB-CDX

Figure 3.9: Chemical structure of 2-hydroxypropyl-3-cyclodextrin (HP3-CDX).

pounds. Most notably, the BODIPY-estrogens and BODIPY-azide were recovered (overall aver-
age recovery 34.9% to 73.4%), whereas these were not recoverable without HPZ-CDX (Figure
3.8b). Estriol, however, was not recovered in the presence of cyclodextrin following filtration.
In addition, the extraction recovery was influenced by the analyte concentration and chemistry.
Of the two concentrations investigated, the lower concentration consistently showed better ex-
traction recovery. Additionally, extraction recovery correlated negatively with hydrophobicity
for the BODIPY compounds (BODIPY-E3 > BODIPY-azide > BODIPY-E2 > BODIPY-E1).

Next, the recovery was assessed including both cyclodextrin and 1:2 dilution with acetoni-
trile before filtration (Figure 3.10b and Table 3.9). The pre-dilution of the media supplemented
with 2% HPB-CDX with acetonitrile significantly diminished the combined effects of cyclodex-
trin and filtration as reported in Figure 3.10a. The extraction recovery was highly consistent
across the natural estrogens and BODIPY compounds, again, with the exception of E3. Aside
from estriol, there was a slight increase in extraction recovery at lower concentrations for all
analytes tested, particularly for E2 (63.5% at 1.0 mg/L versus 80.6% at 0.1 mg/L). However,
the overall average recovery for all estrogens (except E3) and BODIPY compounds fell between
65.2% to 70%.

Lastly, the influence of HPZ-CDX on the LLE process was investigated without dilution
and filtration. Increasing concentrations of cyclodextrin minimally improved the extraction effi-
ciency for all compounds investigated, except for E3 (Figure 3.10c). Increasing concentrations
of cyclodextrin significantly reduced the extraction efficiency of E3. The markedly different
extraction performance may be a consequence of the greater hydrophilicity of E3 com-pared to
the other analytes investigated. However, the inverse effect was not observed, as the strongly
hydrophobic BODIPY-estrogens and BODIPY-azide showed a similar extraction efficiency as
El and E2. Since there was no significant difference in extraction performance for most of the
analytes tested at the concentrations of HPB-CDX evaluated, the highest concentration of 2%
(w/v) was selected to ensure solubility of BODIPY-estrogens and potential metabolites.

Although cyclodextrin introduced some concentration-dependent effects and sacrificed E3,
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Figure 3.10: (a) Extraction recovery percentage of estrogens and BODIPY-azide in MMB media
with 2% HP{3-CDX by LLE with filtration but without dilution. (b) Extraction recovery percent-
age of estrogens and BODIPY-azide in MMB media with 2% HP{3-CDX by LLE with dilution
with acetonitrile and filtration. Low, Mid, and High concentrations are 0.1, 0.5, and 1.0 mg/L
for estrogens and 0.05, 0.25, and 0.5 mg/L for BODIPY-azide. Columns are the mean and error
bars are standard deviation of replicate samples extracted (n=3, individual extractions shown
as points). (c) Extraction efficiency percentage of 1 mg/L estrogens and 0.5 mg/L BODIPY-azide
in MMB media with four different concentrations of HP3-CDX by LLE without filtration or di-
lution. Columns are the mean of replicate samples extracted (n=2, individual extractions shown
as points).
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the developed LLE method reliably and simultaneously extracted most natural and all BODIPY-
tagged estrogens from minimal media without concern for solubility. Since the analyte concen-
tration had a small effect on extraction recovery, it is not appropriate to apply a recovery factor to
correct the analytical results, as the recovery factor varies slightly by concentration [231]. Fur-
thermore, E3 cannot be used as a surrogate standard to correct the measured concentrations of
E1 and E2, since the higher polarity of E3 makes it chemically in-comparable during extraction.
However, because the developed extraction method recovery is highly reproducible between
natural and fluorescent estrogens, we can directly compare the biodegradation of both forms by
extracting a control with the substrates spiked at the same concentration. Furthermore, if the
fluorophore were deconjugated from the molecule, either enzymatically or abiotically, the now-
untagged estrogen could be quantified in the very same extract. Because we have thoroughly
evaluated the extraction and analysis methods, we can confidently measure the degradation of

estrogens as well as their fluorescent analogues in bacteria cultures.

[ %
Sample in minimal Dilute sample Filter sample LLE diluted & Dry extract under
media supplemented 50% with CH3;CN filtered sample with gentle heat and
with cyclodextrin 2X-volume DCM  reconstitute in CH3;CN

Figure 3.11: Optimised LLE method workflow for natural and BODIPY-labelled estrogens.

3.4 Conclusion

In summary, this study evaluated two traditional chromatographic platforms — GC-MS and
HPLC-PDA - for quantifying estrogen micropollutants and developed an accompanying ex-
traction method using LLE.

* The GC-MS method was unable to detect BODIPY-estrogens; however, it demonstrated

acceptable accuracy and sub-optimal precision for E1 and E2.

* The HPLC-PDA method, which was capable of analyzing both natural and fluorescent
estrogens, showed good precision, accuracy, and obtained an instrumental detection limit
comparable to the GC-MS method. Notably, the BODIPY-estrogens exceeded the un-
tagged estrogens on every figure of merit; this was attributed to enhanced sensitivity due

to the fluorophore.
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* Because the HPLC demonstrated better precision and could detect both natural and BODIPY-
labelled estrogens, this platform was selected to be our method for measuring biodegrada-

tion of estrogens, as well as our benchmark to compare the spectroscopic assays against.

* Lastly, the impact of the BODIPY fluorophore on extraction recovery was explored in de-
tail. A fit-for-purpose LLE method was developed, which accounts for the poor hydrosol-
ubility and aggregative properties of our BODIPY analytes and is capable of co-extracting

the fluorescent and natural estrogens with similar recovery.

The developed analytical workflow based on LLE and HPLC-PDA allows for concurrent
analysis of both fluorescent and natural estrogens with comparable recovery, accuracy, and pre-
cision. Therefore, we can now confidently apply these methods towards measuring biodegrada-

tion of estrogens and their fluorescent analogues in bacteria cultures.
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Chapter 4

Mechanisms of BODIPY-Estrogen
Biodegradation by Individual and

Consortium Bacteria Cultures

4.1 Introduction

The role of biological degradation in removing estrogen hormones from water treatment sys-
tems has been reported in numerous studies, including aerobic degradation through activated
sludge [22, 59, 232] and biofilters [38] and anaerobic degradation in waste lagoons [233, 234].
Recently, the specific biodegradation pathways of estrogen-degrading environmental bacteria
have been elucidated, including Nitrosomonas europaea [103, 235], Novosphingobium sp. [97],
Sphingomonas sp. [82, 98], Sphingobacterium sp. [92], and Novosphingobium tardaugens [99].
However, identifying, isolating, and studying estrogen-degrading bacteria is often a time- and
labour-intensive process, with lengthy enrichment culture periods ranging from several weeks
up to a year, time-consuming sample preparation, and low throughput chromatographic analy-
ses [75, 78, 120]. Furthermore, in contrast with biomedical research, isolating bacteria from the
environment is extremely challenging, as most microorganisms are unculturable in lab settings
[63]. These challenges in identifying and studying estrogen-degrading microbial communities
are the motivation for developing a rapid analytical method based on fluorescently labelled es-

trogens.

Part of the work in this chapter has been published in "BODIPY-Labeled Estrogens for Fluorescence Anal-
ysis of Environmental Microbial Degradation'', Felion, C., Lopez-Gonzalez, R., Sewell, A.L., Marquez, R.
and Gauchotte-Lindsay, C. ACS Omega 2022 7 (45), 41284-41295 DOI: 10.1021/acsomega.2¢c05002.
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As noted previously, fluorescently labelled substrates, including those conjugated with BOD-
IPY, have long been used in assays for biological processes. The sensing mechanisms for these
fluorescent probes are varied. In some cases, as the fluorescent substrate is taken up by the cell,
the decrease in the extracellular concentration of the probe can be measured by spectrofluorom-
etry [236]. Cellular uptake may also be measured by the increase of fluorescence within the
cell. This approach usually requires a cell-impermeable quenching agent [237] or separating the
cells from the media, for example, by washing [238], filtering [239], microscopy [209, 240], or
flow cytometry [201, 202]. BODIPY-labelled substrates have been employed using these sens-
ing mechanisms [209, 240, 241]. Another sensing mechanism is deconjugation of the probe,
where the intensity of the free fluorophore markedly increases, although this application is lim-
ited to hydrolysing enzymes [205, 242]. However, hydrolysis has been identified as part of
the biodegradation pathways of estrogen (see Figure 2.7 in Chapter 2). Thus, before BODIPY-
estrogens can be used to investigate biodegradation in microbial communities, the mechanism
of action must be elucidated.

For any sensing mechanism of the fluorescent probe, an important development step is to en-
sure that the mechanism is fit for the intended purpose of the assay with supporting evidence in
biological systems — i.e., validating the technique. A variety of approaches used to validate the
application of fluorescent substrates are reported in the literature. Yoshioka et al. (1996) estab-
lished 2-NBDG as a fluorescent proxy for glucose metabolism by competitive inhibition assays
with glucose and other simple sugars, as well as confirmation of uptake via fluorescence mi-
croscopy [236]. Additionally, fluorescent substrates based on 4-methylumbelliferone (4-MU)-
conjugated glycans used to detect coliform bacteria were validated by comparison against tra-
ditional methods (i.e., direct colony count) [204, 205]. More robust examples of validation
include chromatographic analyses of the biotransformation of fluorescent analogues compared
to the natural molecule, as has been done for BODIPY-labelled glycans [202, 243] and BODIPY-
labelled lipids [224, 230, 244].

One notable challenge in validating the use of fluorescently labelled micropollutants is
procuring micropollutant-degrading bacteria. Since most published fluorescent probes are based
on ordinary glycans, peptides and lipids, validation studies often use multiple bacteria strains or
a mixed culture procured from environmental samples [204, 205, 239]. However, bacteria with a
niche metabolic potential are not readily available, and as such, most published biodegradation
studies independently isolate these rare bacteria. Fortunately, a small selection of estrogen-
degrading isolates have been added to culture collections as reference strains which can be used
to investigate estrogen biodegradation.

In this chapter, we evaluated and established a synthetic community of bacteria which would
be used to validate the developed spectroscopic assays as fit for purpose for monitoring estro-

gen biodegradation in bacteria cultures. Two estrogen-degrading reference strains were used to
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validate the spectroscopic methods developed in this thesis: Caenibius tardaugens DSM 16702
and Nitrosomonas europaea NCIMB 11850. The heterotrophic C. tardaugens catabolises E2
via the 4,5-seco pathway (i.e., oxidation to E1l, followed by cleavage of the A-ring), while
chemolithoautotrophic N. europaea cometabolises E2 into EO by reduction at C17 of the D-
ring [99, 103]. Additionally, a non-degrading reference bacteria, Escherichia coli K-12 strain
MG1655, was used as a biological negative control for degradation. These three bacteria,
which have distinct approaches to estrogen degradation (i.e., catabolism, cometabolism, and
non-metabolism), comprised the synthetic microbial community used to validate the spectro-
scopic methods. However, before this synthetic community could be used for spectroscopic
method validation, the conditions for bacterial growth and degradation had to be characterised,
both individually and in co-culture. In this chapter, the bacterial growth conditions and degra-
dation of E2 were characterised and compared to those with BODIPY-labelled E2. In addition,
the fate and putative mechanisms of BODIPY-E2 biodegradation were determined, which would

inform the approach used in the fluorometric assay (i.e., cellular uptake versus hydrolysis).

The aim of this work was to compare the degradation of BODIPY-estradiol with the nat-
ural 173-estradiol (E2) using the traditional analytical workflow developed in Chapter 3
and a synthetic community of estrogen-degrading reference bacteria.

4.2 Materials & Methods

4.2.1 Reagents

The BODIPY-labelled estrogens’ synthesis and natural estrogens were described in Chapter 3
Section 3.2.1. HPLC-grade solvents were purchased from Sigma Aldrich UK. Ultrapure (18.2
MQ-cm) and deionised (DI) water were procured from a Milli-Q water system (Millipore UK)
or a PURELAB water system (ELGA LabWater UK).

The salts used for minimal media AOBM 181 and MMB and LB medium were from Sigma
Aldrich UK and Acros Organics (Fisher Scientific UK) and were of at least 98% purity. The LB
medium reagents agar, tryptone, and yeast extract were from Formedium UK. Media supple-
ments thiamine hydrochloride (B) and 2-hydroxypropyl-3-cyclodextrin (HP3-CDX) were from
Sigma Aldrich UK, and sodium pyruvate and D-glucose were from Fisher Scientific UK. The
microscopy experiment reagents allylthiourea (ATU), sodium azide (NaN3), DAPI Readymade
Solution (1 mg/mL), and Fluoroshield mounting medium were from Sigma Aldrich UK, and

Triton X100 and paraformaldehyde were from Fisher Scientific UK.
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4.2.2 Reference Strains

Nitrosomonas europaea NCIMB 11850 was purchased from NCIMB Culture Collection; stocks
were cryopreserved at -80°C as single-use aliquots in AOBM 181 media with 5% DMSO.
Caenibius tardaugens DSM 16702 was purchased from DSMZ Culture Collection. Escherichia
coli MG1655 was given by Dr Lucile Chatellard (University of Glasgow School of Engineering,
formerly). Stocks of C. tardaugens and E. coli were cryopreserved at -80°C in LB media with

15% glycerol.

4.2.3 Culture Media

4.2.3.1 Ammonia-Oxidising Bacteria Medium 181 (AOBM 181)

Ammonia-oxidising bacteria medium 181 (AOBM 181) was prepared by dissolving 235 mg/L
(NH4)2SOy4, 200 mg/L KH;PO4, 40 mg/LL CaCl,-2H,0, 40 mg/L MgSO4-7H,0, 0.5 mg/L
FeSO4-7H,0, 0.5 mg/L. Na,EDTA-2H,0, and 0.5 mg/L phenol red in deionised water. The
media was then sterilised by autoclaving for 15 min at 121°C. After the media cooled to room
temperature, 5% (w/v) filter-sterilised Na;CO3 was added drop-wise until the yellow media

turned pale pink. AOBM 181 was stored at room temperature in the dark.

4.2.3.2 Luria-Bertani (LB) Medium

Luria-Bertani (LB) both medium was prepared by dissolving 10 g/L tryptone, 10 g/LL NaCl, and
5 g/L yeast extract in deionised water. LB agar was prepared by adding 15 g/L. agar to LB broth.
The media was then sterilised by autoclaving for 15 min at 121°C. LB broth was stored at room

temperature, and LB agar was stored at 4°C.

4.2.3.3 Modified Medium B (MMB)

The minimal salts medium, Modified Medium B (MMB; 10 mM (NH4),SO4, 3 mM KH>POy,
0.75 mM MgSQO4-7H,0, 0.2 mM CaCl,-2H,0, 10 uM FeSO4-7H,0, 16 uM Na,EDTA-2H,0,
I uM CuSO4-5H,0, 43 mM NaH,PO4-2H;0, 4 mM K;HPO4, 0.04% Na,CO3), was prepared
by dissolving salts in DI water and adjusting to pH 8.0 with 5 M NaOH. The media was filter-

sterilised and stored at room temperature.

4.2.3.4 Media Supplements

Media supplements were prepared as stock solutions (Table 4.1) in DI water and filter-sterilised.
Stock solutions were diluted to their working concentration in MMB media immediately prior

to an experiment.
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Table 4.1: Minimal media supplements used in this work.

Supplement Stock Conc.  Working Conc.  Storage
HPB-CDX 40% (w/v) 2% (wWIv) RT
a
Glucose 100 mg/mL 150 pg/mL. RT
or 100 pg/mL
a
Pyruvate 50 mg/mL 183 ug/mL. 4°C
or 500 pg/mL
Thiamine HC1 ~ 0.25 mg/mL 2.5 pg/mL 4°C

“Concentration is equivalent to 5 mM carbon. RT — room temperature.

4.2.4 Culturing Reference Strains

4.2.4.1 Culturing N. europaea

N. europaea 11850 cultures were prepared from cryo-stocks. Prior to culturing, the DMSO cry-
oprotectant was removed by thawing a cryo-stock vial and centrifuging the contents at 2000xg
for 10 minutes, then discarding the supernatant. The bacteria were then gently resuspended in
650 pL of fresh AOBM 181 media and then transferred to a flask of 25 mL. AOBM 181 media.
N. europaea was cultured in the dark at 30°C static or shaking at 150 rpm. When the media
acidified due to bacterial growth, it turned pale yellow, and 5% Na,CO3 was added drop-wise
until the media returned to pale pink. N. europaea growth was completed when the media no
longer acidified, approximately 2 weeks. After growth was complete, 1 mL of the bacteria were
subcultured into 25 mL of fresh AOBM 181 media. Bacteria were subcultured up to 3 times
before preparing a new culture from cryo-stock. The maintenance cultures were regularly tested
for heterotrophic contamination by plating on LB agar. Prior to experiments, N. europaea was
pre-cultured in AOBM 181 media, either from cryo-stock or new subculture, for at least one

week.

4.24.2 Culturing C. tardaugens

C. tardaugens 16702 cultures were prepared from cryo-stocks before each experiment. The
bacteria were inoculated directly from the cryo-stocks into 25 mL of LB media. The bacteria
were cultured in the dark at 30°C shaking at 150 rpm. Prior to experiments, C. tardaugens was

pre-cultured in LB media for 5 days.
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4.2.4.3 Culturing E. coli

E. coli MG1655 cultures were prepared from cryo-stocks. The bacteria were inoculated directly
from the cryo-stocks onto LB agar. The agar plates were cultured at 30°C overnight then stored
at 4°C for up to two weeks. Prior to each experiment, a single colony from the agar plate was

inoculated into 10 mL of LB media and cultured at 30°C shaking at 150 rpm overnight.

4.2.5 Growth Assays

4.2.5.1 Growth Assays for N. europaea

The growth of chemolithoautorophic N. europaea in the presence of different organic carbon
substrates was investigated (Table 4.2). The first experiment evaluated N. europaea growth with-
out any organic carbon or in the presence of media supplements 2% HPB-CDX and 2.5 pg/mL
B and 5 mM C of glucose or pyruvate. The second experiment evaluated N. europaea growth in
the presence of 2% HP3-CDX and 2.5 pg/mL B and 0.01, 0.1, and 1 mg/L E2 or BODIPY-E2.
The bacteria was pre-cultured as described in Section 4.2.4.1. Prior to each experiment, spent
media was removed by centrifuging the pre-culture at 2000xg for 10 minutes and resuspending
the pelleted bacteria in fresh MMB media. The bacteria were inoculated in the test media at an
optical density at 600 nm (ODggg) of 0.0007 for both experiments. Abiotic controls for each test

media were included in both experiments.

Table 4.2: N. europaea growth assay test conditions.

Carbon Substrates
. . 2% HPB-CDX Na Pyruvate Glucose E2 BODIPY-E2
Experiment | Test Condition | No Carbon
+ 2.5 ug/mL B, S5mMC SmMC | 0.01-1mg/L | 0.01-1 mg/L
1 v
2 v
1
3 v v
4 v v
1 v
2 2 v 4
3 v 4

Growth assays were conducted in triplicate foil-wrapped serum bottles under aerobic condi-
tions (i.e. by sealing the bottles with a sterile cotton plug; an example is shown in Appendix A).
The cultures (15 mL for Experiment 1 and 9 mL for Experiment 2) were incubated in the dark
at 30°C, shaking at 150 rpm, and were sampled daily for one week. Samples were measured
for growth by ODgq; additionally, NHI and NO, concentrations were determined to measure

ammonium oxidation.
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4.2.5.2 Growth Assays for C. tardaugens and E. coli

The growth of heterotrophic C. fardaugens and E. coli in the presence of different organic carbon
substrates was investigated (Table 4.3). The bacterial growth was evaluated in the presence of
media supplements 2% HPB-CDX and 2.5 ug/mL By and 5 mM C of pyruvate, glucose, E2,
or BODIPY-E2. The bacteria were pre-cultured as described in Sections 4.2.4.2 and 4.2.4.3.
Prior to each experiment, spent media was removed by centrifuging the pre-culture at 2000xg
for 10 minutes and resuspending the pelleted bacteria in fresh MMB media. The bacteria were

inoculated in test media at an ODggg of 0.1. Abiotic controls for each test media were included.

Table 4.3: C. tardaugens and E. coli growth assay test conditions.

Carbon Substrates
Test Condition 2% HPB-CDX Na Pyruvate | Glucose E2 BODIPY-E2
+ 2.5 ug/mL By 5mMC 5mMC SmM C SmM C
1 v
2 v /
3 v %
4 v/ %
5 v Y

Growth assays for heterotrophic bacteria were conducted in triplicate wells (150 pL) in a
96-well microplate (Sterilin, Thermo Scientific UK). The cultures were incubated in the dark
at 30°C, shaking at 150 rpm, and the ODgyy was measured daily for one week. In order to
minimise evaporation, the perimeter wells of the microplate were filled with 200 pL of sterile
water, and the plate was sealed with a BreathEasy gas-permeable membrane (Sigma Aldrich
UK); an example is shown in Appendix A. The plate was incubated within an air-tight plastic
box, humidified with a damp towel. The microplate growth assays were conducted in three

repeat experiments.

4.2.5.3 Growth Assays for Bacteria Consortium

The ability to grow the three reference strains as a consortium was also investigated. The three
bacteria each were cultured together pairwise and as a trio consortium in MMB media with
the following media supplements: 2% HPB-CDX, 2.5 yg/mL By, 0.1 mg/mL glucose, and
0.5 mg/mL sodium pyruvate. The bacteria were each pre-cultured individually according to
Sections 4.2.4.1-4.2.4.3. As with the individual growth assays, prior to the experiment, spent
media was removed by centrifuging the pre-culture at 2000xg for 10 minutes and resuspending

the pelleted bacteria in fresh MMB media. The heterotrophic bacteria were inoculated at an
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ODggo of 0.007, and N. europaea was inoculated at an ODgg of 0.0007.

Growth assays were conducted in triplicate foil-wrapped serum bottles under aerobic condi-
tions. The cultures and abiotic controls (15 mL) were incubated in the dark at 30°C, shaking at
150 rpm, and were sampled daily for one week. Samples were measured for growth by ODg(,

and NH;1F and NO; concentrations were determined to measure ammonium oxidation.

4.2.5.4 Growth Analysis by ODgo

Growth was measured by the optical density at 600 nm (ODggp). An aliquot of liquid culture
(0.75 mL) was measured in polystyrene semi-micro cuvettes (Fisherbrand, Fisher Scientific UK)
using a Hach DR2800 spectrophotometer. Since the growth assays for C. tardaugens and E. coli
were conducted in 96-well microplates, the ODgqg for these experiments were measured using a
Tecan Infinite M200 Pro plate reader.

4.2.5.5 NH; Measurement

Ammonium oxidation to nitrite was used to selectively confirm metabolic activity by N. eu-
ropaea. Standard colorimetric assays were used to evaluate their concentrations.[245] The MMB
culture media contains approximately 20 mM NH;, so samples were diluted 1:200 with DI wa-
ter. As N. europaea depleted ammonium, the dilution ratio was reduced to 1:100. The diluted
samples (100 puL) were added to a clear 96-well microplate (#655101 Greiner Bio-One, UK)
in duplicate, along with a blank (DI water) and a set of calibration standards prepared from
(NH4)>SOq4 (5, 10, 20, 50, 100, and 200 uM NHI).

Ammonium was measured by combining Solution A (12 g/L sodium hydroxide) with So-
lution B (85 g/L sodium nitroprusside and 0.6 g/L sodium salicylate) at a ratio of 2:1. Next,
50 pL of the 2A:1B mixture was added to each well of the microplate and mixed. Then, 25 uL.
of 0.2 g/LL sodium dichloroisocyanurate was added to each well of the microplate and mixed.
The plate was incubated in the dark for 30 minutes before recording the absorbance at 660 nm

using the Tecan Infinite M200 Pro plate reader.

4.2.5.6 NO, Measurement

Samples in MMB culture media were measured undiluted initially. As N. europaea released
nitrite, the biotic samples were then diluted 1:100 or 1:200 with DI water. The samples (100 uL)
were added to a clear 96-well microplate (#655101 Greiner Bio-One, UK) in duplicate, along
with a blank (DI water) and a set of calibration standards prepared from KNO, (5, 10, 25, 50,
and 100 uM NO, ).

A nitrite determination reagent was prepared by dissolving 10 g/L. sulfanilamide, 0.5 g/L.

naphthylethylene diamine dihydrochloride into 10% (v/v) H3POj. Nitrite was then measured by
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adding 25 pL of the determination reagent to each well of the microplate and mixed. The plate
was incubated in the dark for 10 minutes before recording the absorbance at 540 nm using the
Tecan Infinite M200 Pro plate reader.

4.2.6 Biodegradation of E2 versus BODIPY-E2

The biodegradation of E2 and BODIPY-E2 by the three reference strains was evaluated in indi-
vidual and co-cultures. First, an aliquot of E2 or BODIPY-E2 at 1 mg/mL (200 pL for single
cultures or 480 L for co-cultures) in methanol was added to a sterile bottle and air dried under a
sterile biosafety cabinet. Estrogen-free controls were prepared by adding an equivalent volume
of methanol to a separate bottle. The estrogens were redissolved in 40% HP3-CDX (10 mL for
single cultures or 24 mL for co-cultures) and diluted with MMB media (200 mL for single cul-
tures or 480 mL for co-cultures) to a final concentration of 1 mg/LL E2 or BODIPY-E2 and 2%
HPB-CDX. Thiamine HCI was added to a final concentration of 2.5 pg/mL. In addition, a growth
substrate was included for each heterotrophic bacteria, as shown in Table 4.4. Both 0.5 mg/mL

sodium pyruvate and 0.1 mg/mL glucose were added to the media for the co-cultures.

Table 4.4: Natural and BODIPY-estradiol biodegradation experiments test conditions.

Carbon Substrates
Bacteria 2% HPB-CDX Na Pyruvate | Na Pyruvate Glucose E2 BODIPY-E2
+ 2.5 ug/mL B, 0.5 mg/mL 0.1 mg/mL 0.1 mg/mL | 1 mg/L 1 mg/L
v
N. europaea v %
d v
4 v
4 v v
C. tardaugens v v v
v v
v v v
v v %
v v
E. coli v % v
v J/ %
v v /
Co-cultures v/ v/ % Y
4 v 4 %

The bacteria were all pre-cultured individually according to Sections 4.2.4.1-4.2.4.3. As

with the growth assays, prior to each experiment, spent media was removed by centrifuging
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the pre-culture at 2000xg for 10 minutes and resuspending the pelleted bacteria in fresh MMB
media. The heterotrophic bacteria were inoculated at an ODgg of 0.005, and N. europaea was
inoculated at an ODgg of 0.0005.

Biodegradation assays were conducted in triplicate foil-wrapped serum bottles under aerobic
conditions. Abiotic controls were also cultured in triplicate, except for the estrogen-free abiotic
control which was a single culture. The cultures were incubated in the dark at 30°C, shaking at
150 rpm for one week in individual cultures and 9 days for co-cultures. Samples were measured
for estrogen concentrations, as well as growth by ODgqp. NHI and NO, concentrations were

determined to measure ammonium oxidation.

4.2.7 Estrogen Analysis

Natural and fluorescent estrogen concentrations were measured according to the analytical work-
flow developed in Chapter 3. Briefly, 1.5 mL of liquid culture was sampled using aseptic tech-
nique and added to a 15-mL glass tube. The sample was immediately mixed with 1.5 mL of
acetonitrile and filtered through 0.45-um hydrophilic PTFE syringe filter into a fresh glass tube.
Estrogens were then extracted by vortexing a 0.5-mL aliquot of the diluted and filtered sam-
ple with 1 mL of dichloromethane for 30 s. Exactly 0.8 mL of organic phase was recovered and
evaporated to dryness at 37°C before resuspending in 0.2 mL of acetonitrile containing 1 mg L~
of E3 and BODIPY-E3 internal standards. Extracts were stored at -20°C until analysis.
Estrogen quantification was conducted by HPLC analysis as described in Section 3.2.3 of
Chapter 3. Each timepoint, which included 15-16 samples, was analysed as a batch. Samples
were measured in duplicate injections. A standard curve (100, 200, 400, 600, 800, and 1000 pg/L
each for E1, E2, BODIPY-EI1, and BODIPY-E2) was run at the beginning of each batch. The

limit for accurate quantitation was set at 100 pug/L, since this was the lowest standard measured.

4.2.8 Fluorescence Microscopy

The selective uptake of BODIPY-E2 was assessed by fluorescence microscopy. Bacteria were
cultured in the presence of 1 ug/L of E2, BODIPY-E2 or BODIPY-azide. C. tardaugens was also
grown with 0.5 mg/mL pyruvate, and E. coli was grown with 0.1 mg/mL glucose. The bacteria
were cultured normally and with a cytostatic agent to determine if the fluorescent compounds
were actively transported into the cells or simply adhering to the surface. N. europaea were
made metabolically inactive with 10 ug/mL of allylthiourea (ATU). C. tardaugens and E. coli
were inactivated with 2.5 mM sodium azide. Bacteria were cultured in duplicate in 24-well
plates (1 mL per well) sealed with BreathEasy membrane (Sigma Aldrich UK) in a humidified
air-tight container, shaking in the dark at 150 rpm, 30°C.
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For each timepoint, bacteria were fixed with 2% (w/v) paraformaldehyde and stored at 4°C
until filtration. The bacteria were filtered onto Millipore Nuclepore membrane filters (0.22-um,
Sigma Aldrich UK) and stained with 1 ug/mL DAPI and 0.1% Triton X100. Bacteria were
visualised by Olympus X71 microscope. DAPI staining was captured by 0.5-1.5 s of exposure.
BODIPY-E2 and BODIPY-azide were captured by 3.1 s or 5.1 s of exposure. The images were
reviewed and processed with ImageJ software. The background fluorescence of each image
was subtracted using a rolling ball radius of 50 pixels. The mean fluorescence intensity of each
background-subtracted image was then calculated by the software, which used a scale of 0-255
units. A pilot test using flow cytometry to the detect selective uptake of BODIPY-E2 by the

bacteria is described in Appendix B.

4.2.9 Statistical Analysis

Calibration curves and concentrations for estrogens or nitrogen species were calculated in Excel.
Statistical analysis of the replicates were calculated in R; plots were generated in R using gg-
plot2 package [221]. The fluorescence intensity of the BODIPY/fluorescein filter images were
compared by parametric pairwise independent t-test.

4.3 Results & Discussion

4.3.1 Growth Assays

Before evaluating the biodegradation and fate of BODIPY-labelled E2 as a surrogate for E2,
the conditions for culturing the reference strains had to be established. Each strain had distinct
substrate requirements, however, all three bacteria could be cultured at similar temperature (28—
30°C) and pH (7.4-8.0) [72, 246, 247]. Since N. europaea is the most fastidious organism in the
consortium, the minimal salts medium MMB was selected to be the culture media for studying
E2 biodegradation, as it was used previously by Shi et al. (2004) to study the biodegradation of
estrogens by N. europaea 11850 [72]. MMB media contains the necessary minerals for culturing
most heterotophic bacteria, such as NH;, POi_, SOi_, Ca’*t, and Mg>*.

In Chapter 3, it was established that HP3-CDX is required to maintain hydrophobic BODIPY-
E2 in solution; since 2% was the working concentration used previously, this was continued here.
Additionally, thiamine is an essential co-factor for E. coli strain MG1655 and, therefore, must
be included in the media, as well. However, in order to support growth of heterotrophic bacteria,
an organic carbon substrate must be included. Thus, a series of growth assays were conducted
to assess the ability to culture the consortium in a shared medium. The detailed growth assay

results for each bacteria are described in the following sections and summarised in Table 4.5.
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Table 4.5: Summary of growth assay results for the reference strains.

L Bacterial Growth
Test Condition

(Timepoint of log-phase Start/Log-phase Duration®)

N. europaea 11850 C. tardaugens 16702  E. coli MG1655

+
None (48h/120h) nt n
+
HPB-CDX + By (48h-72h/72h-120h) - -
++ + +
Pyruvate 5 mM C (48h/72h) (48h/72h) (Oh/24h)
+ ++
Glucose 5 mM C (72h/>96h) - (Oh/24h)
++
E25mM C nt (24h/48h) -
Carbon BDP-E2 5 mM C nt - -
Substrate . +
E21mgL (96h/>72h) nt nt
-1 ++
E20.1mgL (72h/96h) nt nt
1 ++
E20.0l mgL (72h/96h) nt nt
1 +
BDP-E2 I mgL (96h/>72h) nt nt
1 ++
BDP-E2 0.1 mg L (72h/96h) nt nt
—1 ++
BDP-E20.01 mg L (72h/96h) nt nt
N. europaea +
Co-culture C. tardaugens +
E. coli + Ind.
Consortium + Ind. +

¢ Log-phase duration given in increments of 24 h. ‘++’ — positive growth, highest ODgqq; ‘+ — positive growth;
‘~’ —negative for growth; ‘Ind.” — indeterminate growth; nt — not tested.

4.3.1.1 Growth Assays for N. europaea

N. europaea was cultured in MMB media with and without additional carbon substrates (Fig-
ure 4.1); the results for all abiotic controls are given in Appendix A. When cultured with the req-
uisite supplements, HP3-CDX and By, the bacteria showed slightly more rapid growth but lower
abundance than without any added carbon (Figure 4.1a). Interestingly, N. europaea showed
marginally faster and more abundant growth in the presence of pyruvate at 5 mM C. How-
ever, growth was notably inhibited by 5 mM C glucose. A study by Hommes et al. (2003) on

the growth of N. europaea in the presence of various organic substrates up to 50 mM showed
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increased growth with pyruvate, no increased growth with glucose, and inhibited growth with
mannose [248]. While pyruvate may be oxidised by Nitrosomonas directly into acetyl coenzyme
A, an intermediate metabolite in many biochemical pathways, N. europaea lacks the enzymes
to metabolise glucose. Inhibition of Nitrosomonas by glucose was not previously observed
[248, 249].

(a) (b)
0.06 20|
- 15
S NONE o 0.04 =
% CDX+8B; 8 E
® PYR 3 ¥ 10
A GLU Z
0.02
5
0.00 0
0 50 100 150 0 50 100 150 0 50 100 150
Time (h) Time (h) Time (h)

Figure 4.1: Growth of N. europaea in the presence of different organic carbon sources: HP[-
CDX and thiamine (CDX + B ), pyruvate (PYR), and glucose (GLU) or no added organic carbon
(NONE). Growth was assessed by (a) ODgoy and the metabolism of (b) NH;t|r into (¢c) NO, . Error

bars are the standard deviation (n=3).

The impact of the organic substrates on nitrification was also evaluated (Figures 4.1b and
4.1c). The decrease in ammonium and increase in nitrite generally reflect the observations from
the ODgpp measurements, particularly the apparent growth and metabolic inhibition by glu-
cose. Although pyruvate did not negatively impact growth, the working concentration of glucose
should be considered as it appears to inhibit N. europaea. The lower growth rate in the absence
of organic carbons (i.e., log-phase duration 120 h versus 72 h with pyruvate or supplements)
appears to be reflected in the rate of NHI decrease and NO, increase. Additional sampling
points and calibration of the ODgny with microbial biomass would have enabled accurate calcu-
lation of the growth and metabolism rates. The obtained results are sufficient to determine that
N. europaea can grow in MMB media in the presence of requisite culture supplements.

Since the presence of glucose hindered the growth of N. europaea, the presence of E2 and
BODIPY-E2 was also evaluated to determine if there would be a similar effect (Figure 4.2).
There was no difference in growth or ammonium metabolism between 0.1 and 0.01 mg/L of E2
(Figures 4.2a-4.2c) and only a very small difference in growth between 0.1 and 0.01 mg/L of
BODIPY-E2 (Figures 4.2d-4.2f). The growth and nitrification at these concentrations were very
similar to controls without any estrogen (Figures 4.2g -4.21). However, at 1 mg/L of E2 and
BODIPY-E2, there was a small decrease of growth and NHI oxidation. Interestingly, the level

of inhibition appears to be comparable for both the natural and fluorescent estrogen, suggesting
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Figure 4.2: Growth of N. europaea in the presence of different concentrations of (a,b,c) E2 and
(d,e.f) BODIPY-E2. (g,h,i) Controls with no added estrogen were also assessed. Growth was
assessed by (a,d,g) ODgoy and the metabolism of (b,e,h) NHI into (c,f,i) NO, . Error bars are
the standard deviation (n=3).

the BODIPY fluorophore doesn’t have an effect on growth. A study by Li et al. (2020) reported
NO, production by N. europaea was inhibited up to 78% by 1 mg/L E2 [85]. Although the
level of inhibition observed in this work was not as severe, the results show that certain organic

substrates — including glucose, E2, and BODIPY-E2 — have an adverse effect on N. europaea.
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4.3.1.2 Growth Assays for C. tardaugens

C. tardaugens was cultured with 5 mM of carbon using various substrates: pyruvate, glucose,
E2, and BODIPY-E2. Although MMB media was not developed for heterotrophic bacteria,
C. tardaugens was able to grow on both E2 and pyruvate in MMB (Figure 4.3). The bacte-
ria grew more rapidly and to a greater abundance with E2, reaching stationary phase around
72 h compared to 120 h for pyruvate. Both E2 and pyruvate are known growth substrates for
C. tardaugens strain 16702 [99]. However, since the working concentration of E2 should be
as low as possible due to its toxicity on N. europaea, pyruvate is the more appropriate growth
co-substrate for C. tardaugens. Media supplements HP3-CDX and B; and glucose were not
utilised by C. tardaugens as growth substrates. Notably, C. tardaugens was not able to grow
with BODIPY-E2 as a carbon and energy source unlike the natural, untagged E2. This was an-
ticipated due to the steric interference of the BODIPY conjugation at C3 of the estrogen, which

is where C. tardaugens cleaves the A-ring [99].
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4 GLU o
= E2 o
<+ BDP-E2

0.03

0.00

0 50 100 150

Time (h)

Figure 4.3: Growth (ODgyo) of C. tardaugens in the presence of different organic carbon
sources: HPB-CDX and thiamine (CDX + By), pyruvate (PYR), glucose (GLU), E2, and BDP-
E2. Points are the averages of 3 independent experiments, each containing 3 technical repli-
cates, and error bars are the standard error.

4.3.1.3 Growth Assays for E. coli

E. coli growth was evaluated using the same substrates as C. tardaugens. E. coli strain MG1655
successfully grew on both glucose and pyruvate in MMB media, reaching stationary phase
around 24 h (Figure 4.4). E. coli has previously been shown to grow more efficiently on glucose
than pyruvate [250]. Media supplements HP3-CDX and B and the estrogens were not used by
E. coli for growth. The results demonstrate that E. coli strain MG1655 is a suitable negative
control bacteria for estrogen biodegradation. In addition, this strain is also capable of growing
under the same conditions as the two estrogen-degrading reference strains, which allows for

direct comparison and co-culture.
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Figure 4.4: Growth (ODeg) of E. coli in the presence of different organic carbon sources: HP{3-
CDX and thiamine (CDX + By), pyruvate (PYR), glucose (GLU), E2, and BDP-E2. Points are
the averages of 3 independent experiments, each containing 3 technical replicates, and error
bars are the standard error.

4.3.1.4 Growth Assays for Bacteria Consortium

The reference strains were co-cultured pairwise and as a trio consortium (Figure 4.5). In the
E. coli co-cultures, a rapid growth within 24 hours was observed (Figure 4.5a), similar to its
individual cultures with glucose and pyruvate (Figure 4.4). Since the two estrogen-degrading
bacteria have a delayed and extended log-phase — initiating after 48 h and a duration of at least
72 h with pyruvate — the early, rapid growth is attributed to E. coli MG1655. A slight increase
in turbidity (+0.04 ODggg) between 48-96 h was observed in the N. europaea + E. coli and
trio co-cultures. In addition, the complete oxidation of ammonium to nitrite (Figures 4.5b-4.5¢)
indicated that N. europaea was metabolically active in all co-cultures. This is especially encour-
aging considering the sensitive nature of N. europaea to environmental stressors [251]. There
have been very few examples of co-culturing Nitrosomonas in the literature, limited primarily
to co-cultures with Nitrobacter in studying nitrification or with P. aeruginosa [252, 253].

The maximum ODgg in N. europaea + C. tardaugens co-culture is 3.6-times greater than
N. europaea alone with pyruvate (0.235 versus 0.064 ODg). Furthermore, the NO, production
in N. europaea + C. tardaugens co-culture increased later than the ODgo (72 h versus 48 h).
This suggests that C. tardaugens is likely growing in co-culture with N. europaea, however,
concurrently tested individual control cultures would provide stronger evidence. The apparent
lack of growth by C. tardaugens in the presence of E. coli is likely due to competition for
pyruvate. Since E. coli grows more rapidly than C. tardaugens, it is able to consume both
glucose and pyruvate before the other bacteria reach log-phase. Although N. europaea is also
capable of consuming pyruvate, it is the only strain which consumes NHI as an energy and
growth substrate. These results represent conditions where individual species are competing for

resources, which would be the case within a treatment facility. Thus, the selected strains can
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Figure 4.5: Growth of the three strains as pairwise and consortium co-cultures: N. europaea and
C. tardaugens (Ne+Ct); N. europaea and E. coli (Ne+Ec); C. tardaugens and E. coli (Ct+Ec);
and all three strains together (Ne+Ct+Ec). Growth was assessed by (a) ODg, the metabolism
of (b) NH;lIr into (¢) NO, was also evaluated. Error bars are the standard deviation (n=3).

be successfully cultured both individually and as a consortium for evaluating biodegradation of
estrogens.

4.3.2 Biodegradation of E2 versus BODIPY-E2

Next, the biodegradation of E2 and BODIPY-E2 were characterised, both individually and in co-
culture. Although N. europaea was successfully cultured in the presence of E2 and BODIPY-E2,
biodegradation via cometabolism is not discernible by growth. Therefore, chemical trace anal-
ysis with HPLC was used to confirm biodegradation of E2 by N. europaea, as well as confirm
no cometabolism of E2 by E. coli. In addition, the fate and possible cometabolism of BODIPY-
E2 was investigated. The growth experiments showed that C. fardaugens was unable to utilise
BODIPY-E2 as a growth substrate. Therefore, the heterotrophic reference strains were supple-
mented with organic growth substrates — 0.5 mg/mL pyruvate for C. tardaugens and 0.1 mg/mL
glucose for E. coli. The detailed biodegradation results for each bacteria are described in the

following sections and summarised in Table 4.6.

4.3.2.1 Biodegradation by N. europaea

The growth assay samples for N. europaea containing 1 mg/LL E2 and BODIPY-E2 were ex-
tracted and analysed for evidence of biodegradation after one week of growth (Figure 4.6).
After 168 h, there was 92 + 5% E2 and 84 4+ 2% BODIPY-E2 in the biotic cultures relative
to the abiotic control (measured as 879 + 6 ug/L E2 and 705 £+ 7 pg/L BODIPY-E2). The
measured concentrations correspond to a degradation rate of 0.4 + 0.3 ug/L h~! for E2 and
0.65 & 0.08 ug/L h~! for BODIPY-E2 over 168 h, assuming zero-order degradation in accor-
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Table 4.6: Summary of biodegradation results for the reference strains.

Degradation Rate (ug/L h™1)

N. europaea 118504 C. tardaugens 16702°  E. coli MG1655

E2 1 mgL~! 04403 42+6 -
BDP-E2 1 mg L~! 0.65 4 0.08 3.6+ 0.6 -

“Degradation estimated from one endpoint measurement at 168 h (n=2). *Degradation estimated from 0-6 h for E2
and 72-168 h for BDP-E2 with 0.5 mg/mL Na pyruvate co-substrate (n=3).

dance with previous studies for E2 removal by N. europaea [72, 85]. While the degradation
rates for E2 and BODIPY-E2 were similar, the estimated degradation rates in this work are
much lower than 2 pg/L h~! observed by Shi et al. (2004) or 4 pg/L h~! observed by Li et al.
(2020), which both reported zero-order degradation kinetics over 8 days [72, 85].
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Figure 4.6: Biodegradation of E2 and BODIPY-E2 by N. europaea relative to the abiotic control.
Bars are the mean of individual cultures, represented as points (n=2).

Since cyclodextrin was not used in the studies by Shi et al. (2004) and Li et al. (2020), one
possible reason for the lower degradation rate is interference by HPE-CDX. A study by Casali
et al. (2022) reported that the 3-cyclodextrin inclusion complex with ammonia monooxygenase
(AMO) inhibitors had reduced inhibition of N. europaea respiration compared to the free in-
hibitor [254]. The authors proposed that the reason for this was the inclusion complex was
slower passing through the bacterial membrane [254]. Although the E2 degradation efficiency
and kinetics observed in the literature were not reproduced, HPB-CDX was necessary to main-
tain BODIPY-E2 in solution at the working concentration for chromatographic analyses. Thus,
while N. europaea is our model organism for estrogen cometabolism, it is important to note that
estrogen degradation will be impeded by our culture methods.

After observing a modest decrease in E2 and BODIPY-E2 in the preliminary test, a more

thorough biodegradation experiment was conducted (Figure 4.7). In this experiment, N. eu-
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Figure 4.7: (a) Biodegradation of E2 (green) versus BODIPY-E2 (blue) by N. europaea (solid
circle, solid lines). E2-free controls (red) and abiotic controls (open square, dashed lines) were
also evaluated. The grey dashed line represents the LOQ (100 ug L~Y). (b) Growth was assessed
by ODgq, the metabolism of (c) NHI into (d) NO, was also evaluated. Error bars are the
standard deviation (n=3).

ropaea was unable to grow in both E2 and BODIPY-E2 samples (Figure 4.7b). In the estrogen-
free controls, N. europaea grew to approximately 62% of its expected yield after one week.
The growth results were confirmed with NHI and NO, measurements (Figures 4.7¢—4.7d). In-
terestingly, both E2 and BODIPY-E2 cultures’ inhibition were highly similar compared to the
estrogen-free control. Since there was no observable growth, there was no evidence of biodegra-
dation for E2 or BODIPY-E2 (Figure 4.7a).

N. europaea is a fastidious and slow-growing organism, and occasionally, even maintenance
cultures failed to thrive for unknown reasons [253]. However, two deductions can still be made

from the obtained results. First, there is evidence that N. europaea may perceive and respond
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to the fluorescently labelled E2 in a similar fashion to the natural estrogen. In two separate
and independent experiments, there was a similar inhibition of growth by E2 and BODIPY-E2
and a similar rate of biodegradation (although this was measured in only a single timepoint).
The similar response of the bacteria strongly advocates for BODIPY-E2 as a viable, biologically
active surrogate to the natural E2.

Second, the fate of BODIPY-E2 is unknown, since no metabolites (i.e., no other peaks in the
chromatogram at 230 nm or 503 nm) for either E2 or BODIPY-E2 were detected. We explored
using non-targeted exometabolomics by LC-MS/MS analysis with the University of Glasgow
Polyomics facility to uncover the fate of the BODIPY-labelled estrogen. However, the pilot test
did not recover enough metabolites to draw any conclusions; the results of this pilot test are
provided in Appendix C. Since there were no degradation products observed with the BODIPY
fluorophore, it is possible the bacteria is altering the fluorophore.

4.3.2.2 Biodegradation by C. tardaugens

We hypothesised that if C. tardaugens could metabolise BODIPY-E2, it would transform into
BODIPY-E1 but no further because the fluorescent tag (Figure 4.8), which is conjugated at C3
of the estrogen A-ring, would sterically interfere with the remaining degradation steps (see Fig-
ure 2.7). The lack of BODIPY-E2 catabolism was confirmed by the growth assay, however,
partial degradation had to be confirmed with HPLC analysis. Therefore, a preliminary experi-
ment was conducted to determine if co-substrate for growth was necessary for biotransformation
BODIPY-E2 or if transformation could occur without an energy source. No co-substrate was re-
quired to fully degrade E2, as both E2 and the metabolite E1 were undetectable (Figure 4.9a).
However, only a small, un-quantifiable amount of BODIPY-E2 was transformed into BODIPY-

E1 without a co-substrate after one week (Figure 4.9a).
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Figure 4.8: Proposed biotransformation of BODIPY-E2 by C. tardaugens via 173- hydroxys-
teroid dehydrogenase (173-HSD) enzyme.

When cultured with pyruvate as co-substrate, 43 &= 4% of BODIPY-E2 remained relative to
the abiotic control (measured as 650 £ 10 ug/L). As a percentage of the abiotic control BODIPY-
E2 concentration, 47 4+ 3% of BODIPY-E1 was generated. There appeared to be a stoichiometric
biotransformation of BODIPY-E2 into BODIPY-E1: 0.5 uM each BODIPY-E2 and BODIPY-E1
in the biotic samples and 1.1 uM BODIPY-E2 in the abiotic control (Figure 4.8). Thus, although
the BODIPY fluorophore sterically interfered with the downstream metabolism of estrogen and
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Figure 4.9: Biodegradation of (a) E2 and (b) BODIPY-E2 by C. tardaugens with various
co-substrates: ABIOTIC—-abiotic controls, no co-substrate; NONE-no co-substrate; PYR—
0.5 mg/mL pyruvate; E2—1 mg/L E2. Bars are the mean of individual cultures, represented
as points (n=2). Stars indicated analyte was not detected.

the metabolic rate, C. tardaugens successfully converted BODIPY-E2 to BODIPY-E1. The
stoichiometric transformation of the probe also established that BODIPY was not enzymatically
cleaved, and therefore, fluorophore hydrolysis did not occur. In addition, a small quantity of
E2 (1 mg/L) was trialled as co-substrate, and this gave similar results as without co-substrate.
Therefore, an abundant co-substrate — which could only be pyruvate, due to the toxicity of E2

on Nitrosomonas — was deemed necessary for the biotransformation of BODIPY-E2.
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Figure 4.10: (a) Biodegradation of E2 (green) versus BODIPY-E2 (blue) by C. tardaugens (solid
circle, solid lines) with 0.1 mg/mL Na pyruvate. E2-free controls (red) and abiotic controls
(open square, dashed lines) were also evaluated. The grey dashed line represents the method
LOQ (100 ug L™'). (b) Growth was assessed by ODgo. Error bars are the standard deviation

(n=3).
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The preliminary test (Figure 4.9b) showed that a low concentration of E2 co-substrate (0.07
mM C) was unable to facilitate biotransformation of BODIPY-E2 to BODIPY-EI1 as effectively
as a higher concentration of pyruvate (13.6 mM C). In order to confirm the effects of co-substrate
concentration on biotransformation, a lower concentration of pyruvate co-substrate (0.1 mg/mL,
2.7 mM C) was trialled (Figure 4.10). C. tardaugens cultured with a lower concentration of
pyruvate showed complete E2 degradation within 24 h, however, there was no detectable bio-
transformation of BODIPY-E2 (Figure 4.10a). The bacteria grew very slowly and to a low abun-
dance (Figure 4.10b), but the co-substrate was insufficient for transformation of the fluorescent
estrogen. Thus, C. tardaugens requires a rich energy source to transform BODIPY-E2.

After confirming that a higher concentration of pyruvate was necessary to facilitate the bio-
transformation of BODIPY-E2, a more thorough biodegradation experiment was conducted us-
ing 0.5 mg/mL of Na pyruvate as a co-substrate. The biodegradation of 1 mg/LL E2 by C. rar-
daugens was observable by 6 h and completed by 24 h (Figure 4.11a). The biotransformation of
BODIPY-E2 was much slower (42 4 6 ug/L h~! for E2 versus 3.6 & 0.6 ug/L h™! for BODIPY-
E2) and occurred primarily during log-phase growth (Figure 4.11b). Although C. tardaugens
can rapidly and thoroughly degrade 1 mg/L E2, the transformation of the fluorescent surrogate

was much slower and incomplete.
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Figure 4.11: (a) Biodegradation of E2 (green) versus BODIPY-E2 (blue) by C. tardaugens (solid
circle, solid lines) with 0.5 mg/mL Na pyruvate. E2-free controls (red) and abiotic controls
(open square, dashed lines) were also evaluated. The grey dashed line represents the method
LOQ (100 ug L~'). (b) Growth was assessed by ODgo. Error bars are the standard deviation
(n=3).
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4.3.2.3 Biodegradation by E. coli

The absence of estrogen biodegradation by E. coli grown with glucose as a carbon and energy
source was confirmed (Figures 4.12a and 4.12b). Thus, the results conclusively establish E. coli

MG1655 as a suitable negative biological control for estrogen biodegradation.
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Figure 4.12: (a) Biodegradation of E2 (green) versus BODIPY-E2 (blue) by E. coli (solid circle,
solid lines). E2-free controls (red) and abiotic controls (open square, dashed lines) were also
evaluated. The grey dashed line represents the method LOQ (100 ug L™'). (b) Growth was
assessed by ODg. Error bars are the standard deviation (n=3).

4.3.2.4 Biodegradation by Bacteria Consortium

Next, biodegradation as pairwise and trio consortium co-cultures was assessed (Figure 4.13).
In this experiment, the media was contaminated, as evidenced by growth in the abiotic controls
(Figures 4.13b and 4.13d). The contaminant organism formed flocs, which made ODggy mea-
surements inaccurate and unreliable. Nonetheless, the results provide some useful insight into
biodegradation in a mixed culture inoculated with estrogen-degrading bacteria.

The contaminant organism was not able to degrade E2 or BODIPY-E2, as evidenced by
the lack of removal in the abiotic controls (Figures 4.13a and 4.13c). In addition, N. europaea
proved non-viable again, and thus, no biodegradation of E2 or BODIPY-E2 was observed in
the N. europaea + E. coli co-culture. Therefore, E2 degradation was attributed solely to C. tar-
daugens, since complete removal occurred only in co-cultures with C. tardaugens strain 16702.
The biotransformation of BODIPY-E2 into BODIPY-E1 by C. tardaugens did not occur. Con-
sidering the lack of apparent growth in co-culture with E. coli and the lack of transformation
without sufficient co-substrate, it is possible that E. coli or the contaminant organism consumed

the pyruvate. These results reinforce observations from the individual cultures: C. tardaugens
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Figure 4.13: Biodegradation of (a) E2 and (c) BODIPY-E2 by the reference strains as pair-
wise and consortium co-cultures: abiotic controls (red star), N. europaea and C. tardaugens
(Ne+Ct); N. europaea and E. coli (Ne+Ec); C. tardaugens and E. coli (Ct+Ec), and all three
strains (Ne+Ct+Ec). Growth was assessed by ODgo for (b) E2 and (d) BODIPY-E?2 cultures.
Error bars are the standard deviation (n=3).

will readily mineralise E2, even in the absence of a co-substrate and in the presence of other

microorganisms, but requires a rich energy source to transform BODIPY-E2 into BODIPY-EI.

4.3.3 Fluorescence Microscopy of BODIPY-E2 Uptake

Lastly, after characterising the biodegradation of E2 and BODIPY-E2 in batch cultures, uptake of
the fluorescently labelled estrogen was evaluated by fluorescence microscopy. In order to verify

that the observed fluorescence was from selective uptake of BODIPY-E2, several controls were
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included. The autofluorescence of the bacteria was evaluated by imaging bacteria cultured with
natural E2, and the selective uptake of BODIPY-E2 was evaluated by imaging the bacteria with
BODIPY-azide tag (BODIPY-N3). Additionally, the bacteria were metabolically inactivated
with ATU (an ammonia monooxygenase inhibitor) or NaN3 (an ATPase inhibitor) to determine
if the fluorescent compounds were actively transported into the bacteria or passively associating
with the bacteria (e.g., adhering to the cell membrane or passively diffusing into the cell).

The microscopy images presented herein are unedited representative images captured using
the filter for BODIPY fluorescence, which most clearly shows the fluorescence intensity. The
merged, background subtracted filter images which localise the bacteria (via DAPI DNA stain-
ing) in relation to the green fluorescence are provided in Appendix A. The mean fluorescence
intensity (MFI) between background subtracted images was compared statistically. Homogene-
ity between the number of bacteria imaged for each timepoint was confirmed by Kruskal-Wallis
and Mann-Whitney U tests on the MFI of the DAPI filter images. The three timepoints which
had different bacterial densities between the substrates — active N. europaea at 168 h, inactive
C. tardaugens at 168 h, and active strain MG1655 at 168 h — were excluded from further com-

parison.

4.3.3.1 Uptake by N. europaea

Since a lower concentration of estrogens (1 pg/L) was used to avoid high background fluo-
rescence, N. europaea was unaffected by the estrogens and grew without issue. N. europaea
cultured with E2 showed negligible autofluorescence throughout the experiment (Figure 4.14).
After 24 h, no fluorescence by either BODIPY-E2 or BODIPY-N3 was observed. However, there
was a clear increase in fluorescence at 120 h for both BODIPY-E2 and BODIPY-N3, which had
subsided by 168 h. In the inactivated controls cultured with ATU, an insufficient number of
bacteria were present and imaged (< 3 images per condition per duplicate well).

The results at 120 h showed a lack of selectivity for BODIPY-E2, with statistically higher
fluorescence intensity in the fluorophore control (Figure 4.15). Nitrosomonas is known to
cometabolise several organic micropollutants, including trihalomethanes [235]. Therefore, it is
possible the dihalogenated BODIPY fluorophore was cometabolised. However, with insufficient
data for the inactivated bacteria, the possibility that the fluorescence is simply due to passive as-
sociation of the fluorophore with the bacteria can not be excluded. The trace fluorescence in the
cultures with BODIPY-E2 corresponds with the low amount of biodegradation by N. europaea
observed. In addition, the weak fluorescence within the viable bacteria supports the hypothe-
sis that the HPZ-CDX-BODIPY-E2 inclusion complex may be too large to efficiently enter the
cell. If the impeded degradation was simply due to interference by the inclusion complex for the

enzyme active sites, we would have expected there to be greater intracellular fluorescence.
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Figure 4.14: Representative fluorescence microscopy images of N. europaea cultured with nat-
ural and fluorescent estrogen or BODIPY-azide showing weak fluorescence intensity only at
120 h. Scale bars are 10 um (lower left) and 1 um (lower right).
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Figure 4.15: Mean fluorescence intensity (MFI) for fluorescence microscopy of N. europaea
cultured with natural and fluorescent estrogen or BODIPY-azide. Points are the MFI calculated
for each image (max 255), and inverted triangles are the mean of the images. Boxes show 25%,
50%, and 75% quartiles, and whiskers show 1.5-times the IQR. p-values: * <0.05, ** <0.01.
Note — y-axis scaling is kept consistent throughout the chapter for ease of comparison between

figures.

4.3.3.2 Uptake by C. tardaugens

The biodegradation experiments showed that C. tardaugens transformed BODIPY-E2 after 72 h,
and thus, a clear uptake of BODIPY-E2 was anticipated (Figure 4.16). At 24 h, there was some
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diffuse fluorescence in the BODIPY-N3, which was statistically significant compared to the nat-
ural and fluorescent E2. However, the culture with BODIPY-E2 showed bright fluorescence
which was highly localised and present within very few of the bacteria (Figure 4.17). There
was no observable autofluorescence in the culture with E2 at 24 h. After 72 h, the fluorescence
with both BODIPY substrates increased substantially. While both fluorophores appeared dif-
fusely fluorescent, the BODIPY-E2 culture showed pinpoints of high intensity throughout. The
fluorescence peaked at 120 h, and the bacteria cultured with non-fluorescent E2 began to show
autofluorescence. At this timepoint, the high intensity spots appeared with all substrates. At
168 h, the fluorescence intensity with all substrates had begun to decrease, and this was the only
timepoint where BODIPY-E2 MFI was statistically greater than the other substrates.
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Figure 4.16: Mean fluorescence intensity (MFI) for fluorescence microscopy of C. tardaugens
cultured with natural and fluorescent estrogen or BODIPY-azide. Points are the MFI calculated
for each image (max 255), and inverted triangles are the mean of the images. Boxes show 25%,
50%, and 75% quartiles, and whiskers show 1.5-times the IQR. p-values: * <0.05, ** <0.01.

The autofluorescence appears to be an endogenous fluorescent metabolite whose emission
overlaps with BODIPY emission at 512 nm (Figure 4.17). The inactive bacteria, including those
cultured with natural E2, produced spots of high intensity starting at 120 h with all substrates.
While sodium azide is a bacteriostatic agent that prevents growth, some metabolic activity may
still be occurring which produced some fluorescent metabolite. The MFI measured for the in-
active BODIPY-N3 cultures at 168 h was affected by overexposure which was not corrected by
background subtraction, and since the bacterial density was dissimilar to the other substrates at
this timepoint, a valid statistical comparison could not be performed. In all other timepoints, the
measured MFI is clearly lower for the inactive bacteria for both BODIPY-E2 and BODIPY-N3.
Therefore, it is likely the association of BODIPY molecules with C. tardaugens relies on active

transport into the bacteria rather than passive binding or diffusion.
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Figure 4.17: Representative fluorescence microscopy images of C. tardaugens cultured with natural and fluorescent estrogen or BODIPY-
azide. Scale bars are 10 um (lower left) and 1 um (lower right).
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4.3.3.3 Uptake by E. coli

The images showed clear and intense fluorescence with both BODIPY-E2 and BODIPY-N3
(Figure 4.18). Although the culture with natural E2 showed some autofluorescence, it was not of
the same intensity as those cultures with the fluorescent molecules. The fluorescence intensity
of BODIPY-E2 and BODIPY-N3 were statistically similar (Figure 4.19) for both timepoints.
Since the biodegradation experiments showed no removal of BODIPY-E2, we anticipated that
E. coli would not actively uptake the fluorescent estrogen. Unexpectedly, the bacteria appeared
to grow in the presence of NaNs3. Since the bacteria were not metabolically inactive, the passive

or active association of the fluorescent molecules with E. coli was undetermined.

Figure 4.18: Representative fluorescence microscopy images of E. coli cultured with natural
and fluorescent estrogen or BODIPY-azide. Scale bars are 10 um (lower left) and 1 um (lower
right).

Fluorescence microscopy of the three reference strains showed non-specific fluorescence
with BODIPY-N3, and the non-estrogen-degrading strain showed significant fluorescence with
BODIPY-E2. These results suggest that although biodegradation of BODIPY-E2 is specific to
the estrogen-degrading bacteria, the association of BODIPY fluorophore molecules with the
bacteria is less specific. The fluorescence of C. tardaugens was more intense in the active
bacteria than the bacteriostatic cultures, and therefore, it is likely the fluorophores are being
actively transported into the cells. Conversely, the active or passive association of the fluo-
rophores with E. coli remains uncertain. The green fluorescence of E. coli cultured with the
BODIPY molecules showed clearly defined boundaries around the bacteria compared to the
estrogen-degrading bacteria, which had more diffuse fluorescence (Figure 4.20). Additionally,
the cell diameters appeared larger with the BODIPY fluorescence than the internalised DAPI
DNA stain. Thus, it is possible the BODIPY molecules are associating with the E. coli cell

membrane.
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Figure 4.19: Mean fluorescence intensity (MFI) for fluorescence microscopy of E. coli cultured
with natural and fluorescent estrogen or BODIPY-azide. Points are the MFI calculated for each
image (max 255), and inverted triangles are the mean of the images. Boxes show 25%, 50%,
and 75% quartiles, and whiskers show 1.5-times the IQR. p-values ** <0.01.

Figure 4.20: Magnified segments of representative fluorescence microscopy images of N. eu-
ropaea, C. tardaugens, and E. coli cultured with BODIPY-E2. Images show the same field for
each bacteria using DAPI and BODIPY/fluorescein filters without background correction.

4.4 Conclusion

In summary, this work evaluated the fate of BODIPY-labelled estradiol when cultured with a

synthetic community of estrogen-degrading reference bacteria strains.

* Two estrogen-degrading bacteria, N. europaea 11850 and C. tardaugens 16702, and a
non-degrading control bacteria, E. coli MG1655, were cultured in MMB medium supple-
mented with substrates tailored to each strains’ growth requirements. The three bacteria

were cultured both individually and as a consortium.
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* The selective biodegradation of E2 was observed in cultures with the estrogen-degrading

C. tardaugens.

* The partial metabolism of BODIPY-E2 by C. tardaugens into BODIPY-E1 was observed,

but only in the presence of abundant co-substrate and at a much slower rate than E2.

* Cometabolism of E2 and BODIPY-E2 was possibly observed with N. europaea, however,

this was not reproduced due to toxicity of the estrogen at the working concentration.

* We hypothesise that the low rate and efficiency of degradation by N. europaea compared
to published studies is due to the cyclodextrin-estrogen inclusion complex interfering with

entering the cell, which is supported by microscopy evidence.

* Fluorescence microscopy showed that C. tardaugens actively transports both BODIPY-
E2 and BODIPY-azide tag. While the BODIPY-estrogen and tag appear to associate with
E. coli cell membrane, this could not be confirmed.

The synthetic community of reference strains used in this work — which included E2 catabolism,
cometabolism, and non-metabolism — were used to determine the growth and biodegradation of
BODIPY-labelled estradiol compared to the natural hormone. The results of this chapter provide
an understanding of the biochemical fate and spatial distribution of the fluorescent probe. These
results will be used to inform the development of a fluorometric assay for the selective detection

of estrogen-degrading bacteria using BODIPY-tagged estradiol.
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Chapter 5

Development of a Fluorometric Assay for

Estrogen-Degrading Bacteria

5.1 Introduction

In Chapter 2, the biological transformation and degradation of estrogen micropollutants were
explored in detail, and the important role that chemical trace analysis plays in understanding
these processes is apparent. In addition to directly monitoring pollutant levels in wastewater
treatment systems and the environment, chemical analysis of estrogens has been instrumental
in improving and developing biological treatment strategies in vitro. For example, numerous
studies have used chromatographic techniques to explore the effects of lab-scale bioreactors
and biofiltration systems’ operating parameters on estrogen removal [121, 255-257]. Chemical
analysis has also been used to confirm the enhanced removal of estrogens in bioaugmented
treatment systems [105, 120, 258].

Although obtaining accurate concentrations of estrogen micropollutants is pertinent in many
circumstances, preliminary screening to detect biodegradation does not necessarily require this
degree of precision. Yet, chromatographic analysis of estrogens remains the most widely used
analytical technique to detect estrogen biodegradation. In particular, chromatography has been
used to detect biodegradation by cometabolism in nitrifying activated sludge [69, 72]. A study
by Pauwels ef al. (2008) screened cultures inoculated with compost, sludge, or faeces after one
month for degrading bacteria by measuring EE2 removal using HPLC analysis [75].

While biodegradation may be directly observable as growth in chemically defined media
with estrogen as the sole carbon source, such conditions are not representative of the natural
settings where biodegradation occurs (e.g., biological treatment processes in a WWTP). In ad-
dition, the process of identifying estrogen-degrading bacteria can be time-consuming (refer to

Table 2.4) and may require a large number of samples. For example, a study by Shi ez al. (2002)
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screened "hundreds of sediment, soil, and manure samples" for an EE2-degrading organism us-
ing enrichment cultures [122]. Therefore, a simpler technique based on a fluorescent BODIPY-
estrogen derivative which can rapidly detect the activity of estrogen-degrading microorganisms
would be beneficial.

The findings in Chapter 4 revealed that BODIPY-estradiol is a viable surrogate for E2 based
on the selective biotransformation of the fluorescently labelled micropollutant by estrogen-
degrading bacteria. A small, but comparable, degree of either natural E2 or BODIPY-E2 re-
moval was observed by the cometabolising reference strain, N. europaea 11850. The estrogen-
catabolising strain, C. tardaugens 16702, transformed BODIPY-E2 into BODIPY-E1 in accor-
dance with its estradiol biodegradation pathway [99]. Therefore, these reference strains will
again be used to demonstrate proof-of-concept for the fluorometric assay. Since hydrolysis of
the fluorophore conjugation was not observed, the best candidate for a fluorometric response is
detecting uptake of the BODIPY-E2 by the estrogen-degrading bacteria rather than biodegrada-
tion of the fluorescent estrogen.

Fluorescent assays which measure the internalisation of fluorescent probes using a spec-
trofluorometer have been developed primarily with eukaryotic cell lines in biomedical appli-
cations. A selection of such assays from the literature is provided in Table 5.1. The majority
of cell lines are adherent, i.e., where the cells adhere to the surface of the culture vessel as
they grow. In these cases, detection is achieved by removing the spent media containing the
free fluorescent probe and recording the fluorescence of the cells attached to the multi-well
culture plate [174, 259]. Alternatively, intracellular fluorescence can be detected by using a cell-
impermeable quenching agent to suppress the extracellular fluorophore fluorescence [241, 260].
The concentrations of the fluorescently labelled substrates used in these assays are micromolar,
while 1.6 nM BODIPY-E2 was used to detect uptake by microscopy in Chapter 4. However, it
should be noted eukaryotic cells are 100 times larger than bacteria, which may influence uptake
sensitivity.

Non-adherent cell lines are often analysed by flow cytometry, however, there are a few ex-
amples of spectrofluorometric assays with bacteria which used physical separation indicated in
Table 5.1. Phetsang et al. (2016) measured the internalised fluorescently labelled trimethoprim
(TMP) antibiotic by centrifuging the bacteria to remove the media containing the free probe,
then recording the fluorescence intensity of resuspended cell pellets [238]. Alternatively, Tao
et al. (2016) filtered bacteria cultured with 2-NBDG (a fluorescent glucose analogue) to remove
the media and then dissolved the filter containing the bacteria for analysis by spectrofluorometer
[239]. Based on these two simple detection mechanisms (separating of the cells from the media
and fluorescence quenching), there are a variety of approaches to detect the uptake of a fluores-
cent probe. Thus, these approaches can applied towards detecting the uptake of BODIPY-E2 by

estrogen-degrading bacteria.
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Table 5.1: A selection of methods from the literature which measured the uptake of fluorescent
probes by spectrofluorometry.

Do Fhewan e e w
Adherent cells NHLF Separation 2-NBDG 1-100 2.4 % 10% 0.55¢ [174]
Adherent cells HEK Separation FEN206 20 No data 0.74° [259]
Multiple E. coli strains Separation NBD-TMP 12.5-100 8 x 103 0.03¢ [238]
Rumen bacteria strains Separation 2-NBDG 100 2.4 x 10% 0.55¢ [239]
Adherent cells 3T3-L1 Quenching BODIPY-C12 2 9 x 10% No data [241]
Adherent cells HEK and CHO Quenching No data® No data® No data® No data® [260]

References for the molar extinction coefficient (¢) and quantum yield () of the fluorophore: ¢ [201], b1259,
2611, 4[262]. The method used a commercial kit with a "fluorescent substrate that mimics the biogenic amine
neurotransmitters".

The aim of this chapter was to develop a high-throughput fluorometric assay for identify-
ing estrogen-degrading bacteria via the uptake of BODIPY-E2, a fluorescent analogue of

estradiol, using estrogen-degrading reference strains in individual and mixed cultures.

5.2 Materials & Methods

5.2.1 Reagents

The reagents for this work are the same as those in Chapter 4 Section 4.2.1. Potassium iodide

(reagent-grade) was from Sigma-Aldrich UK.

5.2.2 Fluorescence Analysis

Fluorescence measurements were conducted using the Tecan Infinite M200 Pro plate reader.
Samples were measured in triplicate wells (100 pL) in black uClear® 96-well microplates (#655096,
Greiner Bio-One, UK). The general instrument parameters, unless specified otherwise, are given

in Table 5.2.

During method development, an initial working concentration of 1 mg/L of individual BODIPY-
estrogens was used. Absorption spectra were obtained by recording absorbance from 300-
650 nm in 5-nm steps. Emission spectra were obtained by recording the fluorescence intensity
from 495-650 nm in 5-nm steps, using a fixed excitation wavelength at 470 nm and a gain value
of 60. The optimum excitation/emission wavelength combination was determined by measur-

ing the fluorescence excitation spectra from 470-500 nm in 2-nm steps with a fixed emission
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Table 5.2: Instrument parameters for spectrofluorometric analysis.

Parameter Value
Z-position 17419 pm
Integration time 20 ps

Flash number 20

Ex. Bandwidth 9 nm

Em. Bandwidth 20 nm

Ex. Wavelength 482 nm

Em. Wavelength 514 nm

Gain 142 (Low) or 50 (High)

wavelength at 510, 512, 514 and 516 nm and a gain value of 30.

5.2.3 Standards Preparation

Six calibration standards and three quality control (QC) samples were prepared by diluting
BODIPY-E2 stock solution (1 mg/mL in methanol) in MMB supplemented with 2% HP3-CDX.
A set of standards and QCs (Table 5.3) were prepared at a high concentration range (100—
2500 pg/L) to compare with the HPLC-PDA method (Chapter 3) and at a low concentration
range (100-2500 ng/L) to test the lower limits of the plate reader.

5.2.4 Fluorometric Method Evaluation

As with the chromatographic methods, the fluorometric method was evaluated according to the
ICH Guidelines Q2 (R1) for method validation in terms of precision, linearity, range, accuracy,
and instrument limits of detection and quantitation [140]. Method evaluation was carried out
by running a batch of six calibration standards and three QC samples on three separate days.
The calculations for each figure of merit are described below. Accuracy and instrument limits

of detection and quantitation were determined as per Sections 3.2.7.3 and 3.2.7.4, respectively.

5.2.4.1 Linearity

Linearity for each batch was determined using unweighted linear regression of the concentration
(x) versus the blank-corrected fluorescence intensity (y) of the calibration standards analysed in

triplicate. The coefficient of determination (R?) of the linear regression and the percent error
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Table 5.3: Standards and quality controls used for fluorometric method evaluation.

Low High

Stdor QC  ng/L nM pg/L uM

S1 100 0.16 100 0.16
S2 300 0.49 300 0.49
S3 600 0.98 600 0.98
S4 1000  1.63 1000  1.63
S5 1750  2.85 1750  2.85
S6 2500  4.07 2500 4.07
QCH 200 0.33 200 0.33

QCM 800 1.30 800 1.30
QCL 2000 3.26 2000 @ 3.26

of the standard concentrations were used to evaluate the linearity of the method, as per Sec-
tion 3.2.7.1.

5.2.4.2 Precision

Precision was determined by the percent relative standard deviation (%RSD) of the three QCs
measured as six replicates in three separate batches. Repeatability was evaluated by %RSD for
the QCs within a single batch; the value reported is the mean repeatability for all three batches.
Since the spectrofluorometer readings are rapid (e.g., a 96-well plate in approximately 1 min.)
and would occur immediately after sampling, repeatability was deemed a sufficient metric for
intra-assay precision. Inter-assay precision was evaluated by the %RSD for the QCs across all
three batches.

5.2.5 Biodegradation Cultures with BODIPY-E2

The selective uptake of BODIPY-E2 by estrogen-degrading bacteria was evaluated by a series of
biodegradation experiments with the three reference strains: N. europaea 11850, C. tardaugens
16702, and E. coli MG1655. The bacteria were all pre-cultured individually according to Sec-
tions 4.2.4.1-4.2.4.3 and washed according to Section 4.2.6. The heterotrophic bacteria were
inoculated at ODg( 0.005, and N. europaea was inoculated at ODgn 0.00025.

The media was prepared similarly to the biodegradation experiments described in Section
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4.2.6. The estrogens were redissolved in 40% HP3-CDX and diluted with MMB media to a
final working concentration of 1 ug/L or 1 mg/L E2 or BODIPY-E2 and 2% HPB-CDX. Media
was supplemented with 2.5 pg/mL thiamine HCI, 0.5 mg/mL sodium pyruvate, and 0.1 mg/mL
glucose.

Biodegradation experiments were conducted in triplicate foil-wrapped serum bottles under
aerobic conditions. Abiotic controls and cultures (20 mL) were incubated in the dark at 30°C,
shaking at 150 rpm for one week. Samples (1 mL, 2X) were collected at each timepoint for
fluorescence and growth analysis. For fluorometric analysis, an aliquot of culture was collected
in a 1.5-mL microcentrifuge tube and analysed immediately. The fluorescence of each sample
was measured in three replicate wells (100 uL) according to Section 5.2.2. Growth was measured
by ODggo per Section 4.2.5.4. NO, concentrations were measured to detect nitrification in

N. europaea cultures per Section 4.2.5.6. Growth and nitrite results are provided in Appendix D.

5.2.5.1 Low Concentration with Physical Separation

The uptake of BODIPY-E2 was evaluated at an environmentally relevant working concentration
(1 pg/L) with all three bacteria individually. In order to measure uptake, bacteria were sepa-
rated from the media by centrifuging the samples at 2000 x g for 10 minutes. The fluorescence
intensity was measured for the whole culture (i.e., cells in media prior to centrifugation) and the

cell-free supernatant using the gain parameter for the low analytical range.

5.2.5.2 High Concentration with Physical Separation

The uptake of BODIPY-E2 was also evaluated at 1 mg/L with C. tardaugens and E. coli. Here,
uptake was also measured by physically separating bacteria from the media by centrifuging the
samples at 2000x g for 10 minutes. The fluorescence intensity was measured for the whole
culture (i.e., cells in media prior to centrifugation) and the cell-free supernatant using the gain

parameter for the high analytical range.

5.2.5.3 High Concentration with Quenching Agent

Finally, the uptake of BODIPY-E2 was evaluated with KI as a quenching agent. The extra-
cellular fluorescence was quenched by adding 25 pL. of 5 M KI to each well. The plate was
gently agitated and incubated in the dark for 5 minutes before measuring the fluorescence in-
tensity using the gain parameter for the high analytical range. This experiment was conducted
with 1 mg/LL BODIPY-E2 and all three bacteria both individually and in co-cultures. Since the
extracellular fluorescence was chemically quenched, the fluorescence-free control (1 mg/L E2)

was only measured at 168 h in single-strain cultures. Additionally, BODIPY-azide (0.5 mg/L
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BODIPY-N3) was also included as a fluorescent estrogen-free control and measured at 168 h in

single-strain cultures.

5.2.6 Statistical Analysis

Analytical figures of merit, calibration curves, and concentrations for BODIPY-E2 or NO, were
calculated in MS Excel. Statistical analysis of the replicates (i.e., mean and standard deviation)
were calculated in R. When ANOVA was performed, significant p-values were calculated using

Tukey’s HSD (o = 0.05). Plots were generated in R using ggplot2 package [221].

5.3 Results & Discussion

5.3.1 Method Development

A fluorometric method for detecting the uptake of BODIPY-E2 was developed by first under-
standing the effects of the solvent environment and the polarity of the estrogen molecule on the
fluorophore’s photophysical properties. The fluorescence intensity of fluorophores, including
BODIPY, may be influenced by the solvent polarity [263]. The absorbance and fluorescence
intensity of BODIPY-E2 was notably greater in methanol compared to water or MMB media
(Figure 5.1a). In MMB media, the addition of 2% HP{(-CDX increased the absorbance and
fluorescence intensity.

The lower molar extinction (i.e., absorbance), fluorescence quenching, and spectral broaden-
ing in an aqueous environment without cyclodextrin (Figure 5.1b) are explained by aggregation-
caused quenching of BODIPY [216]. In Chapter 3, we demonstrated that HP3-CDX improved
the solubility of BODIPY-estrogens. These results show the improved solubility and stability
afforded by including cyclodextrin increased the fluorescence intensity of BODIPY-estrogens.

Next, the spectral profiles of different estrogen conjugates in MMB with 2% HP3-CDX
were investigated. The absorbance and fluorescence intensity were negatively correlated with
the hydrophobicity of the BODIPY-estrogen conjugate (BODIPY-E1 > BODIPY-E2 > BODIPY-
E3), based on the elution order observed in Chapter 3 (Figure 5.2a). The maximum fluorescence
intensity of BODIPY-E1 and BODIPY-E2 were 37% and 82% of BODIPY-E3, respectively.

Spectral broadening was apparent in the absorbance for BODIPY-E1, but not for BODIPY-
E2 or BODIPY-E3 (Figure 5.2b). The results demonstrate that even small changes in oxidation
level of the fluorescent estrogen can have a profound impact on the fluorescence intensity of
the probe. Since the transformation of BODIPY-E2 into BODIPY-E1 by C. tardaugens was
confirmed in Chapter 4, decreases in fluorescence intensity in C. tardaugens cultures could be
attributed to the oxidation of BODIPY-E2 into BODIPY-E1.
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Figure 5.1: Absorbance and fluorescence emission spectra of 1 mg/L BODIPY-E?2 in different
solvents, given as (a) blank-corrected measurements and (b) normalised to the maximum. Re-
sults are the mean of triplicate wells.

Although the absorbance and emission maxima would be the optimal wavelengths (1) for
fluorometric detection, the instrument’s excitation and emission bandwidths (Table 5.2) would
overlap the extremely small Stokes shift for BODIPY (<10 nm). Therefore, the optimal exci-
tation and emission wavelength pair for detection was empirically determined using the three
BODIPY-estrogens (Figure 5.3). The optimal combinations for each BODIPY-estrogen were
generally between 482—-488 nm and 512-514 nm for excitation and emission, respectively. The
excitation laser interfered with detection of fluorescence emission for combinations <24 nm
apart. Fluorescence intensity notably decreased for excitation wavelengths <480 nm. The com-
bination of 482 nm and 514 nm was selected for detection of BODIPY-E?2 to comfortably avoid
bandwidth overlap. After selecting the optimal excitation and emission pair, the sensitivity of
the instrument was further optimised for the lowest detectable range. The instrument’s software
determined an optimal gain value of 142 to detect 1 ug/L. BODIPY-E2.
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Figure 5.2: Absorbance and fluorescence emission spectra of 1 mg/L. BODIPY-El, BODIPY-E2,
and BODIPY-E3 in MMB media with 2% HP3-CDX, given as (a) blank-corrected measurements
and (b) normalised to the maximum. Results are the mean of triplicate wells.

5.3.2 Method Evaluation

Next, the analytical figures of merit were determined for the spectrofluorometer (Table 5.4);
the calibration curves are provided in Appendix D. Two analytical measurement ranges were
evaluated by adjusting the instrument gain: 100-2500 ng/L. and 100-2500 pg/L, referred to
herein as "low" and "high", respectively. The low range, which is near the spectrofluorometer
detector limits, was used to test biodegradation at environmentally relevant concentrations. The
high range was included to directly compare the fluorometric results with the biotransformation
results of Chapter 4. The instrument gain for the high range (50) was selected by conjecture. The
upper limit of the analytical range was set 150% higher than the HPLC-PDA method (1 mg/L)
to account for potential background fluorescence in the cultures.

The analytical performance of the spectrofluorometer was notably different between the low

and high measurement ranges. The high range demonstrated very good precision and accuracy
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Figure 5.3: Fluorescence excitation/emission matrices for 1 mg/L BODIPY-EI, BODIPY-E2,
and BODIPY-E3 in MMB media with 2% HP3-CDX. Values are the mean fluorescence intensity
for triplicate wells.

Table 5.4: Results of spectrofluorometric method evaluation.

Precision Accuracy Calibration Statistics
Analvti Inter- %0 % 2
nalytical Range  QC  Repeat. Assay Recovery Error LOD LOQ R
L 5 5 100 9.2
1002500 oL 0.08 +-0.02  0.24 + 0.06 0,998 + 0.001
e M 5 5 110 77 500+ 10 150 + 30 ' ’
H 4 5 110 11
L 70 20 63 46 0.17 £ 0.05  0.50 &= 0.10
1002500 ng/L ) ) ) ) 0.996 + 0.003
£ M 30 50 87 31 100 + 30 310 + 90
H 10 40 130 26

Precision values are percent relative standard deviation. Limits of detection (LOD) and quantitation (LOQ) are
reported in micromolar (bold, top values) and pg/L (bottom values) for the high analytical range and nanomolar
(bold, top values) and ng/L. (bottom values) for the low analytical range. Linearity and limit values are the means
of the three different batches (n=3) and include standard deviation (4= value).

(<6% RSD and <11% error) and high degree of linearity (0.998 + 0.001). In contrast, the
low range showed very poor precision of the response (7.3-66.0% repeatability, 39.8-94.4%
inter-assay precision), particularly over different days. The accuracy of the low range was also
poor (>15% error). However, the linearity was good quality (0.996 + 0.003). Since precision
and accuracy improved as concentrations increased and the calibration standards consistently
produced a linear response, even in the low range, the weak performance is primarily attributed

to the limitations of the instrument at the lower range. Thus, error propagation for the technical
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replicates will be particularly pertinent for the low range.

Comparing the high analytical range on the spectrofluorometer with the HPLC-PDA method
for BODIPY-E2, the chromatographic method showed better precision and accuracy (Chapter 3
Table 3.8). The chromatographic method achieved 0.4% and 0.3% RSD for repeatability and
inter-assay precision, respectively, and 4.9% error for accuracy. However, the estimated LOD
and LOQ for both platforms were very similar: 68 £ 50 ug/L and 208 £ 152 pg/L for the HPLC,
and 50 £ 11 pg/L and 148 + 34 ug/L for the spectrofluorometer. Although the fluorometer
can semi-quantitatively detect BODIPY-E2 three orders of magnitude lower than the HPLC by
increasing the gain setting, the overall analytical performance is significantly reduced at this low
range. In addition, the fluorometer was not selective between the different BODIPY-estrogens,
whereas each compound has a unique retention time on the HPLC.

However, the loss in quantitative accuracy, precision, and selectivity must be balanced against
cost and time efficiency gained. While the HPLC-PDA required 28 minutes of run-time per sam-
ple, the spectrofluorometer could measure a 96-well plate — i.e., up to 25 samples, a calibration
curve and a blank in triplicate — in less than 2 minutes. Furthermore, the spectrofluorometer
can directly measure nearly environmentally relevant concentrations without requiring analyte
enrichment (i.e., sampling a large volume to be concentrated down into a small extract). As
noted in Chapter 2, the environmentally relevant concentrations of estrogen in water are ap-
proximately 0.001-30 ng/L. — one order of magnitude below the low analytical range of the
spectrofluorometer. However, this is a substantial improvement upon the working concentra-
tions for laboratory-based biodegradation studies, which used estrogen concentrations up to five
orders of magnitude higher than environmentally relevant [99].

Although comparing the analytical performance of the plate reader with the chromatogra-
phy system is informative from a chemometric perspective, the method evaluation of the two
platforms served different purposes towards the primary objective of developing a fluorometric
assay for selecting estrogen-degrading microbial communities. The HPLC-PDA method was de-
veloped and validated in Chapter 3 to ensure the concentrations of natural and BODIPY-labelled
estrogens could be reliably measured in cultures with estrogen-degrading bacteria, as done in
Chapter 4. Conversely, a selective fluorometric response to the uptake of BODIPY-E2 will rely
on the approach to distinguish intracellular fluorescence from the extracellular or whole-culture
fluorescence, not the exact concentration derived from the measured intensity. Here, the method
evaluation provides two key pieces of information that aid the development of a fluorometric
assay. First, the evaluation confirmed there is a linear, proportionate response to the concentra-
tion of BODIPY-E2 by the fluorometer at two different analytical measurement ranges. Second,
the response of the low range is more sensitive but much less precise and accurate than the high

range.
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5.3.3 Selection of Estrogen-Degrading Bacteria with BODIPY-E2

As previously stated, a selective response to the uptake of BODIPY-labelled estrogen requires
distinguishing fluorescence from within the bacteria from the bulk fluorescent signal. Two dif-
ferent approaches were used to differentiate the intracellular versus extracellular fluorescence.
First, the bacteria were removed from the media by centrifugation, whereby the cell-free media
was expected to have a lower fluorescence due to the BODIPY-E2 being taken up by the bacte-
ria (Figure 5.4). Since the method evaluation showed different sensitivities and variances across
the analytical measurement range, this simple approach to separating the bacteria was tested
using two working conditions, 1 pug/L and 1 mg/L BODIPY-E2. BODIPY-free controls using
natural E2 were included to account for innate fluorescence of the cultures. For the second ap-
proach a cell-impermeable quenching agent, KI, was used to suppress extracellular fluorescence
(Figure 5.8).

5.3.3.1 Low Concentration with Physical Separation

When centrifugation was used to physically separate the cells cultured with the 1 pg/L E2 and
BODIPY-E2, innate fluorescence by the heterotrophic bacteria exceeded the signal of the fluo-
rescent probe at environmentally relevant concentrations (Figure 5.5a). The increase in back-
ground fluorescence was clearly observed even in non-fluorescent cultures with natural E2 for
C. tardaugens and E. coli. The background fluorescence was also observed in the cell-free cul-
ture. This suggests that the bacteria are secreting a metabolite during growth which is interfering
with detection of BODIPY. The most plausible compound is riboflavin, a metabolite of E. coli
K-12 which has an emission peak around 450-520 nm [264]. Nonetheless, the high background
fluorescence of the cultures greatly impedes detection of selective BODIPY-E2 uptake.

Since growth was identical between E2 versus BODIPY-E2 at 1 pg/L for all three bacteria
(Figure 5.6), the background fluorescence from the E2 cultures (Fg;) was subtracted from the
corresponding BODIPY-E2 cultures (Fgpp.g») for each timepoint (¢;). Here, we will refer to this
as the blank-corrected signal (Fpc), since the "blank" (i.e., BODIPY-free) signal is removed.
This was done for the abiotic controls (a) and for each bacteria individually (b, representing
N. europaea, C. tardaugens, or E. coli). This blank-correction procedure is summarised in

Equations 5.1 and 5.2:

FBC,a,ti = FBDP-E2,a,t,~ - FEZ,a,l‘,‘ > (51)
FBCJ)J,’ = FBDP—EZJ)J,’ - FEZ,b,t,’ . (52)

This approach to background subtraction was possible due to the availability of an abundant
growth substrate for each of the bacteria: pyruvate for E. coli and C. tardaugens, glucose

for E. coli, and ammonium for N. europaea. Since the estrogen concentrations are so low,
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Figure 5.4: Workflow of the fluorometric method based on physical separation of the bacteria
from the culture media.

catabolism of E2 had no influence on the growth C. tardaugens.

The blank-corrected fluorescence intensity did not clearly indicate uptake of BODIPY-E2
by either estrogen-degrading strain (Figure 5.5b). The variances of the measurements were
considerable, and there were no clear differences between cultures and the abiotic controls.
Traditionally, fluorescent probes are not used for extended periods due to degradation of the
fluorophore by photobleaching. Extensive care was taken to prevent exposure to unnatural light
during sampling and incubation. The abiotic controls of the total cultures do not show evi-
dence of photobleaching, since the fluorescent signal does not decrease over the duration of the
experiment.

However, the fluorescent signal of the blank-corrected cell-free samples are more variable
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Figure 5.5: Fluorometric measurements of estrogen-degrading cultures with 1 ug/L E2 or
BODIPY-E2. Results are given for the total culture ("Total") and the media with the bacte-
ria removed ("Cell-free"). (a) The raw fluorescence values for E2 and BODIPY-E2 cultures.
(b) Blank-corrected fluorescence obtained by subtracting the raw fluorescence for E2 cultures
from the raw fluorescence of the BODIPY-E?2 cultures. (c) Normalised fluorescence obtained by
dividing the blank-corrected fluorescence by the abiotic control’s fluorescence. Results are the
mean and standard deviation of triplicate cultures.
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Figure 5.6: Growth results (ODg) for testing 1 ug/L E2 (a) and BODIPY-E2 (b) with physi-

cal separation. The production of NO, by N europaea was also measured for (c) E2 and (d)

BODIPY-E2 cultures. Error bars are the standard deviation (n=3).

than the total cultures between timepoints, which is evident in both the biotic cultures and the
abiotic control. This is probably due to light exposure while loading and unloading the cen-
trifuge. Therefore, the blank-corrected fluorescent signal of the biological samples was also
normalised against the abiotic control’s for each timepoint, as it can be safely assumed the
controls and bacteria samples suffered an equivalent degree of light exposure during handling.
Normalisation was selected instead of subtraction to compare the change in fluorescence against
a reference (i.e., the abiotic control). The blank-corrected fluorescence normalised for abiotic

decay (Fp) for each timepoint was calculated by Equation 5.3:
(5.3)

FBC,b,Z,‘

oy = .
1
' BC,at;

The blank-corrected and normalised results did not reveal a decrease in fluorescence in cell-
free media for the estrogen-degrading strains, which we would have expected due to uptake of

the fluorophore (Figure 5.5¢). At 72 h, there was an increase in fluorescence in the C. tardaugens
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cell-free media, however, it was not observed at any other time. The increase in fluorescence,
particularly compared to the abiotic control, could not be explained and contradicts the expected
response of bacteria uptake of BODIPY-E2 (i.e., a decrease in extracellular fluorescence).

Based on the results from Chapter 4, we expected that the estrogen-catabolising organ-
ism, C. tardaugens, would uptake the fluorescent probe, while it was inconclusive whether the
BODIPY-E2 was internalised or adsorbed to E. coli. However, this uptake was not observed
through physically separating the bacteria from the spent media containing a low concentra-
tion of BODIPY-E2. Conversely, the cometabolising organism, N. europaea, did not degrade
BODIPY-E2 rapidly or uptake a significant amount of BODIPY-E2 when analysed by fluores-
cence microscopy in the previous chapter. Therefore, uptake by N. europaea was not expected
to be readily detectable by spectrofluorometry.

In addition, a clear decrease in fluorescence for C. tardaugens over 168 h was not observed
in either the total culture or cell-free media. Since C. fardaugens does not further transform
BODIPY-E2 beyond BODIPY-E1, we expected that fluorescence might decrease in the total
culture due to the lower fluorescent yield of the metabolite (Figure 5.2a). Although the low
analytical measurement range detects more environmentally relevant concentrations, the high
error in measurement combined with the corrections for high background fluorescence impede
detection of a response to either the uptake of BODIPY-E2 or its biotransformation to BODIPY-
El by estrogen-degrading bacteria.

5.3.3.2 High Concentration with Physical Separation

The cultures with 1 mg/L natural E2 and BODIPY-E2 were analysed using the spectrofluorom-
eter settings for the high analytical range (Figure 5.7a). At this working concentration and gain
settings, the background fluorescence from the bacteria was negligible. Following the same
blank-correction procedures as performed on the low concentration experiment (Equations 5.1
and 5.2), there was no difference between the non-corrected fluorescence measurements and
the blank-corrected fluorescence (Figure 5.7b). The variance of the measurements in the high
analytical range was markedly less than the variance for the low range. There was some vari-
ability in the fluorescence of the "cell-free" abiotic control, so normalisation (Equation 5.3) was
applied here as well (Figure 5.7¢). The results did not show a decrease in the cell-free samples
of C. tardaugens cultures. Indeed, there was no clear difference in the fluorescence between the
abiotic control, the estrogen-degrading bacteria, and the non-estrogen-degrading bacteria.
Surprisingly, the fluorescence of the total culture did not decrease with C. rardaugens. In
Chapter 4, C. tardaugens was repeatedly shown to transform BODIPY-E2 into BODIPY-E1 at
the same working concentration. The fluorescence intensity of BODIPY-E1 was measured as
23% and 29% that of BODIPY-E2 in MMB with 2% HPB-CDX (Figures 5.2a and 5.3). However,
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Figure 5.7: Fluorometric measurements of estrogen-degrading cultures with 1 mg/L E2 or
BODIPY-E2. Results are given for the total culture ("Total") and the media with the bacte-
ria removed ("Cell-free"). (a) The raw fluorescence values for E2 and BODIPY-E2 cultures.
(b) Blank-corrected fluorescence obtained by subtracting the raw fluorescence for E2 cultures
from the raw fluorescence of the BODIPY-E?2 cultures. (c) Normalised fluorescence obtained by
dividing the blank-corrected fluorescence by the abiotic control’s fluorescence. Results are the
mean and standard deviation of triplicate cultures.
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these intensities were measured with gain settings of 30 and 60, respectively, while the method
here used a gain of 50. A set of calibration standards determined the concentration of BODIPY-
E2 in the total cultures at 168 h as 640 £ 5 pug/L in the C. tardaugens cultures and 596 + 7 pg/L
in the abiotic control. Assuming 50% of BODIPY-E2 was transformed to BODIPY-E1 (based on
the biotransformation results) and applying 29% fluorescence intensity towards BODIPY-E1, we
would expect a fluorescence intensity around 1680 i.u. — 33% less than actual measured value.
Although this particular result cannot be explained, the absence of a fluorometric response to
the biotransformation of BODIPY-E2 is a favourable outcome, as it means the fluorescent signal
may remain stable even after partial metabolism.

As discussed in Chapter 2, one of the key advantages of fluorescence over UV-Vis ab-
sorbance spectroscopy is the analytical sensitivity. While absorbance measures the proportion
of transmitted light (i.e., the difference between two non-zero values), fluorescence measures
emitted light from a dark background (i.e., an increase from zero). However, this approach of
measuring uptake by the decrease in extracellular BODIPY-E2 fluorescence relative to a control
is effectively tantamount to the principles of absorbance spectroscopy. Thus, the extracellular
fluorescence is not sensitive to the uptake of BODIPY-E2. Therefore, a different approach is
needed to differentiate the intracellular BODIPY.

5.3.3.3 High Concentration with Quenching Agent

The second approach to distinguish the uptake of fluorescently labelled estrogen by estrogen-
degrading bacteria was by quenching the extracellular BODIPY-E2 with iodide (Figure 5.8).
Halide ions are well-established fluorescence quenchers, where I~ is much more effective at
quenching than Br~ or CI™ [265]. lodide quenching is achieved by collisional interactions,
where proximal quenching ions mediate intersystem crossing of the fluorophore as well as de-
activation of the triplet state [265, 266]. The kinetics of intermolecular quenching are described
by the Stern-Volmer relationship:

D=1t kmi), (5.4)
where F is the fluorescence intensity of the fluorophore, Fj is the fluorescence intensity in the
absence of quencher, 7 is the excited state lifetime of the fluorophore in the absence of quencher,
kg is the quencher rate coefficient, and [Q] is the concentration of quenching agent. Based
on the Stern-Volmer relationship with 1 mg/L. BODIPY-E2 (Figure 5.9), the iodide quenching
constant (K, = k,Tp) is 1.73 M~ I, However, the highest concentration of quencher tested did not
completely suppress fluorescence emission of 1 mg/L. BODIPY-E2. In the presence of 1 M KI,
the fluorescence intensity was significantly reduced, however, the linear relationship between

intensity and concentration remains (Appendix D).
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Since the innate background fluorescence by the bacteria was not detectable by the high
range gain settings (Figure 5.7a), the fluorescence intensity was simply blank-corrected with
blank media. The results showed a clear increase in the fluorescence intensity of the C. tardau-
gens cultures at 72—168 h (Figure 5.10a). When normalised for abiotic decay, the distinction
of the estrogen-catabolising bacteria was even more apparent (Figure 5.10b). Since iodide is
impermeable to the bacteria, the increase in fluorescence is attributed to the intracellular up-
take of BODIPY-E2, where it is not exposed to the quenching agent. As expected, there was
no fluorescence response to uptake detected by the estrogen-cometabolising or non-degrading

bacteria.
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Figure 5.10: Fluorometric measurements of estrogen-degrading bacteria cultures with 1 mg/L
BODIPY-E2 and 1 M KI. (a) Blank-corrected fluorescence with MMB media with 2% HP3-CDX.
(b) Normalised fluorescence obtained by dividing the blank-corrected fluorescence by the abiotic
control’s fluorescence. Results are the mean and standard deviation of triplicate cultures. (c)
Tukey’s HSD pairwise comparisons of the fluorescence values at each timepoint. Ab—abiotic
control, Ct—C. tardaugens, Ne—N. europaea, Ec—E. coli.

Pairwise statistical comparisons of the cultures showed a significant difference for C. tardau-

gens cultures compared to the other bacteria and abiotic controls at 72 and 168 h (Figure 5.10c).
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Significant differences were also observed for N. europaea at the start of the experiment. How-
ever, since sampling occurred just after inoculation for O h, this increase was not considered
meaningful. Despite the strong fluorescence detected by microscopy in Chapter 4, the lack of
intracellular fluorescence for E. coli at each timepoint supports our theory that the BODIPY
molecules were interacting with the cell membrane.

In order to verify that the signal increase in C. tardaugens cultures was indeed due to uptake
of the fluorescent estrogen, two control conditions were cultured in tandem with the BODIPY-
E2 cultures and measured at 168 h. First, cultures with 1 mg/L. of non-fluorescent E2 were
measured with 1 M KI to confirm there was still no background fluorescence. Second, the bac-
teria were cultured with 0.5 mg/L BODIPY-azide to determine substrate selectivity. Compared
to BODIPY-E2, BODIPY-azide showed a much lower, yet still slightly significant, increase in
fluorescence by C. tardaugens (Figure 5.11). The low level of intracellular fluorescence by

BODIPY-azide is supported by fluorescence microscopy observations in Chapter 4.
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Figure 5.11: Abiotic control-normalised fluorescence of estrogen-degrading cultures with
1 mg/L BODIPY-E?2 (total and cell-free) or 0.5 mg/L BODIPY-azide: abiotic controls (dotted
red), N. europaea (striped green), C. tardaugens (dotted blue), and E. coli (striped purple). Re-
sults are the mean and standard deviation of triplicate cultures.

In addition, we confirmed that the increase in fluorescence was due to cellular uptake and not
due to the loss of quenching in the culture medium. The bacteria were separated from the media
by centrifugation, and the cell-free media was analysed following the addition of the quenching
agent. The results showed no significant difference between C. tardaugens and the other bacte-
ria or abiotic control. Thus, the observed fluorescence increase can be attributed to the selective
uptake of BODIPY-E2 by estrogen-catabolising bacteria. These results confirm that BODIPY-
labelled estrogen and cell-impermeable iodide quencher can be used together in a fluorometric

assay for the selective detection of estrogen-degrading bacteria in pure cultures. The developed
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assay detects an increase in fluorescence (relative to abiotic controls) that represents the internal-
isation of BODIPY-estrogen. Through collisional quenching of the extracellular fluorescence,
the assay is much more sensitive in detecting changes in intracellular fluorescence compared to
the previous approach of attempting to capture minute changes in extracellular fluorescence by

physical separation of the cells.

5.3.3.4 Mixed Cultures with Quenching Agent

A high-throughput fluorometric assay for selecting estrogen-degrading bacteria was developed
using pure cultures of reference strains. However, the method is ultimately intended for natu-
ral microbial communities, comprised of mostly unculturable microorganisms. If the assay can
detect uptake of BODIPY-E2 by C. tardaugens in highly controlled, synthetic microbial commu-
nities, we can be more confident in deploying the developed method on environmental samples.
Therefore, the developed assay was applied to pairwise and trio consortium co-cultures of the
reference strains.

The co-culture of two heterotrophic bacteria showed an unambiguous increase in fluores-
cence compared to the abiotic control (Figures 5.12a and 5.12b). Since the increase in fluores-
cence did not occur with E. coli in any other mixed culture or its individual culture, this is at-
tributed to C. tardaugens’s uptake of BODIPY-E2. The uptake of BODIPY-E2 by C. tardaugens
in co-culture with E. coli was highly significant compared to the abiotic controls (Figure 5.12c).
However, there was no significant increase in fluorescence when C. tardaugens was co-cultured
with N. europaea. The presence of the estrogen cometabolising organism appeared to impede
the increase in fluorescence associated with the uptake of BODIPY-E2 by C. rardaugens.

The culture media used in this work is optimised for Nitrosomonas growth, and N. europaea
was cultured here to a greater relative abundance than what is expected in environmental sam-
ples. In nitrifying activated sludge, Nitrosomonas and other nitrifying bacteria have been es-
timated as 0.5-3% relative abundance of the community [267, 268]. Therefore, N. europaea
in environmental samples are not expected to have an impact on BODIPY-estrogen uptake. In
natural communities, the majority of bacteria are heterotrophic. Since the uptake of BODIPY-
E2 by C. tardaugens was successfully detected in co-culture with a competitive heterotrophic
bacteria, we can be reasonably confident that this simple fluorometric method can be used for
detecting estrogen-degrading bacteria in environmental samples. Fluorescence quenching by ni-
trite — a product of ammonia oxidation by N. europaea — is another possible reason for the loss
of intracellular fluorescence in C. tardaugens [160]. Although nitrite does not passively diffuse
into the bacteria cytoplasm, it is possible that C. tardaugens transports NO, into the cell where
it quenches intracellular BODIPY-E2 [269].

The increase in fluorescence for C. tardaugens alone and in co-culture with E. coli was com-
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Figure 5.12: Fluorometric measurements of the three reference strains as pairwise and consor-
tium co-cultures with 1 mg/L. BODIPY-E2 and 1 M KI. (a) Blank-corrected fluorescence with
MMB media with 2% HPB-CDX. (b) Normalised fluorescence obtained by dividing the blank-
corrected fluorescence by the abiotic control’s fluorescence. Results are the mean and standard
deviation of triplicate cultures. (c) Tukey’s HSD pairwise comparisons of the fluorescence val-
ues at each timepoint. Ab—abiotic control, Ct—C. tardaugens, Ne—N. europaea, Ec—E. coli.

parable (Figures 5.10a and 5.12a). This is particularly interesting considering that C. tardaugens
did not transform BODIPY-E2 with insufficient co-substrate (see Section 4.3.2.2), which sug-
gests that the bacteria do not require an energy source to internalise the probe. However, the
abundance of C. tardaugens in co-culture is most likely much less than E. coli or that of itself
in pure culture. Therefore, the correlation between fluorescence intensity and bacterial growth
was assessed (Figure 5.13). In individual cultures, only C. tardaugens showed a moderate-
to-strongly positive correlation between fluorescence intensity and bacterial abundance (Fig-
ure 5.13a). The other bacteria and abiotic controls showed a negligible-to-weakly negative
correlation. However, the correlation between bacterial density and fluorescence was much

weaker in the C. tardaugens and E. coli co-culture (Figure 5.13b). Thus, it can be inferred that
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Figure 5.13: Correlation between the measured blank-corrected fluorescence intensity with 1 M
KI and bacterial abundance (ODgqy) for (a) individual and (b) mixed cultures. The dashed lines
are the unweighted linear regression for each bacteria or combination of bacteria. The slope
(sl.) and Pearson’s correlation coefficient (r) are also shown. Note — the single and mixed
cultures are from the same experiment and share the same abiotic controls.

the increase in intracellular fluorescence is not explicitly related to the density of the estrogen-
degrading bacteria. In this experiment, the fluorescent substrate was introduced at inoculation,
when the bacteria density was very low and not in log-phase growth. However, adding the probe

while bacteria are growing in steady-state would be a more practical application of the method.

5.4 Conclusion

In this chapter, we developed a high-throughput fluorometric assay which can be used to detect

the uptake of BODIPY-estradiol by estrogen-catabolising bacteria C. tardaugens.

* A fluorometric method for BODIPY-E2 was developed for a standard spectrophotometer
plate reader. The instrument’s analytical performance was comparable to the HPLC-PDA
at the same working concentration. Although the spectrofluorometer could detect three
orders of magnitude lower than the HPLC, the quantitative accuracy and precision at the

lower limits of the detector were poorer at this concentration range.

* In addition, the effects of the solvent and analyte polarity on fluorescence of the BODIPY
fluorophore were explored. These results were used to help provide context to the results

of the biodegradation experiments.
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» Two different approaches were tested to identify uptake of BODIPY-E2. The first ap-
proach sought to detect a decrease in free BODIPY-E2 in the media by physically re-
moving the bacteria. This was tested at two different working concentrations — one more
environmentally relevant but in the less accurate range of the instrument, the other at the
same working concentration as the preliminary biodegradation experiments (Chapter 4)
but in the more accurate range of the instrument. This method was not sensitive enough

at either working concentration to detect a meaningful response.

* The second approach used cell-impermeable iodide to quench extracellular BODIPY-E2.

This strategy successfully detected an increase in fluorescence in C. tardaugens cultures.

» The selective uptake of BODIPY-E2 (as well as some non-selective uptake of BODIPY-
N3) by C. tardaugens and the lack of uptake by the other strains are supported by the

biodegradation and microscopy results of Chapter 4.

* The increase in fluorescence by C. tardaugens was attributed to the uptake of BODIPY-
E2 into the bacteria where the quencher cannot affect the fluorescent probe. Uptake was
confirmed to be moderately selective for BODIPY-labelled estrogen over the BODIPY tag

alone.

* The fluorometric method based on extracellular quenching was also evaluated in pairwise
and trio consortium cultures with the reference strains. A clear response to BODIPY-E2
uptake by C. tardaugens was detected in co-culture with competitive bacteria, E. coli.
However, uptake by C. tardaugens was not detected when co-cultured with N. europaea.
Since Nitrosomonas does not have a high relative abundance in treatment system commu-

nities, this is not anticipated to be a concern in applications with field samples.

The developed fluorometric assay represents a significant step towards addressing the method-
ological gap of screening microbial communities for metabolically competent bacteria. The
method was validated with at least two bacteria strains: estrogen-catabolising C tardaugens and
the non-degrading control E. coli. The method mechanism is supported by biochemical evidence
of the transformation of BODIPY-E2 into BODIPY-EI and visual confirmation of the active up-
take of the probe by C. tardaugens. However, our hypothesis that the fluorophores are passively
interacting with the E. coli membrane remains to be confirmed.

In order to develop the fluorometric method, a mixotrophic culture media designed for co-
culturing chemolithoautotrophic and heterotrophic bacteria was used. However, the method can
be readily adapted for other sample types, provided the sample matrix does not interfere with the
detection of the fluorescent probe. Controls for background fluorescence using non-fluorescent
estrogen should also be assessed when using this method. In addition, the use of a cyclodextrin,

such as HP3-CDX, to maintain BODIPY-estrogen in solution is strongly recommended.
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Chapter 6

Development of a Colorimetric Aptasensor

for Monitoring Estrogen Biodegradation

6.1 Introduction

In Chapter 5, a high-throughput fluorometric assay was successfully developed to detect the
uptake of BODIPY-labelled estradiol by estrogen-catabolising C. tardaugens in individual and
mixed cultures under mixotrophic growth conditions. The developed fluorometric method for
identifying estrogen-degrading microbial communities, which addresses one of the methodolog-
ical gaps identified in this thesis, has the potential to be particularly useful in bioaugmentation.
However, efforts towards engineering biological treatment systems for enhanced estrogen re-
moval would greatly benefit from a rapid, high-throughput platform to directly measure estrogen
concentrations. Indeed, the second methodological gap identified in Chapter 2 was the need for
a rapid, scalable analytical method to quantify estrogen removal rates and efficiencies. These
concentration values are necessary to optimise or predict the parameters which enhance estrogen
biodegradation using computational methods.

While the developed fluorometric assay detects the intracellular distribution of fluorescently-
labelled estrogen, the measured response does not represent the biodegradation of BODIPY-E2,
as it is indistinguishable from the BODIPY-EI transformation product. Furthermore, in Chap-
ter 4, the biotransformation kinetics of BODIPY-E2 by C. tardaugens were shown to be dissim-
ilar to natural E2, and estrogen cometabolism by N. europaea was impeded by the cyclodextrin-
estrogen inclusion complex. Although uptake of the fluorescent surrogate was selective for
estrogen biodegradation activity, the fluorescent tag sterically hindered the rate and extent of
degradation by C. tardaugens. Thus, BODIPY-E2 is not a suitable surrogate for measuring
estrogen removal rates and efficiencies.

In Chapter 2, the literature review highlighted that trace analysis of estrogen micropollu-
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tants in the environment and laboratory degradation studies primarily relies on chromatographic
methods. A review by Du ef al. (2020) of estrogens measured in environmental surface waters
published from 2015-2020 showed analysis was performed almost exclusively by mass spec-
trometry with liquid or gas chromatography [6]. In order to directly measure natural E2 during
biodegradation without the use of chromatography or a fluorescent estrogen derivative, we ex-
plored an alternative approach based on a colorimetric nanoparticle-based biosensor.

Gold nanoparticles (AuNPs) have been used extensively in nanobiosensors [178]. Nanopar-
ticles made from gold and other noble metals have unique physicochemical properties which
can be exploited for receptor immobilisation, electron migration, reaction catalysis, and sig-
nal amplification [270, 271]. Signal enhancement by AuNPs has been particularly applicable
across a range of sensing platforms, including optical, electrical, and micro-mechanical detec-
tion [270, 271].

The specific sensing mechanisms of AuNPs in colorimetric nanobiosensors were previously
described in Section 2.8 of Chapter 2. Briefly, AuNPs are used in colorimetric sensing primarily
through exploiting or manipulating the localised surface plasmon resonance (LSPR), a tunable
property dependent on the particle size, the refractive index of the medium, and inter-particle dis-
tance [178]. In colorimetric assays, the inter-particle distance can be controlled by cross-linking
the AuNPs via a biological receptor (e.g. antibodies or aptamers) or by adding electrolytes to the
surrounding medium, disrupting the electrostatic stability of the colloid suspension [178, 272].

Numerous AuNP-based nanobiosensors have been designed for detecting estrogens in milk,
meat, drinking water, surface waters, and wastewaters [199, 273-275]. Nanobiosensor method
development studies often include spiked recovery tests to demonstrate accuracy and robustness,
where a known quantity of target micropollutant is spiked into a sample matrix such as food or
environmental waters. However, nanobiosensors for organic micropollutants have not yet been
applied towards microbial cultures.

The ICH and U.S. Department of Health bioanalytical method validation guidelines for
ligand-binding assays (including nanobiosensors) distinguish the influence of exogenous sub-
stances (e.g., structurally similar compounds, metabolites, and impurities) and the biological
matrix as specificity and selectivity, respectively [140, 145]. The ICH Guideline M10 defines
selectivity as the "ability of an analytical method to differentiate and measure the analyte in
the presence of interfering substances in the biological matrix" and is tested by measuring the
response of the assay using multiple sources of matrix, with and without a known concentration
of analyte spiked in [140]. While the guidelines list blood, plasma, and urine as examples of bi-
ological matrices, the relevant biological matrix for in vitro biodegradation would be microbial
cultures [140, 145]. Therefore, the suitability of the AuNP-based colorimetric aptasensor for
measuring micropollutant biodegradation is contingent upon demonstrating biological selectiv-

ity in bacteria cultures.
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The aim of this chapter was to develop and validate a high-throughput colorimetric ap-
tasensor for directly measuring natural 173-estradiol concentrations during biodegrada-

tion by estrogen-degrading reference strains.

6.2 Materials & Methods

6.2.1 Systematic Literature Review

A quantitative systematic review of published nanobiosensors for emerging contaminants was
used to determine the most suitable platform for quantifying estrogen in bacteria samples. In
order to capture as many unique methods as possible, the search included all non-pesticide con-
taminants in the 2018 EU Watch List of Substances (the most recent version at the time of
this survey) [12]. A list of publications was obtained from Scopus and Web of Science (WoS)
by searching the title, abstract or keywords containing the following: (biosensor OR sensor)
AND nano AND (aptamer OR antibody) AND (ethinylestradiol OR estradiol OR estrone OR
erythromycin OR clarithromycin OR azithromycin OR amoxicillin OR ciprofloxacin). The list
was further screened for the following inclusion criteria: original research articles in English
using nanomaterials with either an aptamer or antibody targeting at least one of the listed con-

taminants.

6.2.2 Reagents

The reagents for this work pertaining to the culture media are the same as those in Chapter 4
Section 4.2.1. Hydrogen tetrachloroaurate(Ill) trihydrate (99.99%, Au 49.0%) was purchased
from Alfa Aesar (Thermo Fisher Scientific UK) and stored in a desiccator. Sodium citrate tri-
hydrate and sodium chloride were procured from Sigma-Aldrich UK. The E2-binding aptamers
(Table 6.1) were synthesized by Eurofins Genomics and were stored in 10 uM aliquots (Milli-Q
water) at -20°C.

Table 6.1: The E2-binding aptamers used in this work.

Aptamer Sequence Length Ref

5’- GCTTCCAGCTTATTGAATTACACGCAGAGGGTAGCGGCTC
TGCGCATTCAATTGCTGCGCGCTGAAGCGCGGAAGC -3’

5’-AAGGGATGCCGTTTGGGCCCAAGTTCGGCATAGTG-3’ 35 bases  [192]

76 bases [191]
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6.2.3 Absorbance Analysis

Absorbance measurements were primarily conducted using the Tecan Infinite M200 Pro plate
reader. Samples were analysed in 96-well microplates (#655101, Greiner Bio-One UK); the
specific volumes and number of replicates measured are specified throughout the text. Ab-
sorbance measurements using the Hach DR2800 spectrophotometer (Hach UK) were analysed

in polystyrene semi-micro (1.6 mL) cuvettes (Fisherbrand, Fisher Scientific UK).

6.2.4 AuNP Synthesis & Characterisation

Citrate-stabilised AuNPs were synthesised according to Liu and Liu (2006) [276]. Prior to
synthesis, all glassware and stir bars were cleaned using Decon90 detergent (2%) and soaked in
a dilute acid bath (0.2 M HCI) overnight, before being rinsed thrice with Milli-Q water. AuNPs
were synthesised by adding 10 mL of sodium citrate (38.8 mM) to a boiling solution of HAuCly
(100 mL, 1 mM) with vigorous stirring. After the addition of citrate, the solution changed from
pale yellow to gray blue and, finally, wine red. After 10 minutes, the heat was turned off and
the solution was allowed to cool under continuous stirring for 20 minutes. The colloidal gold

nanoparticles were then filtered (0.22-um pore) and stored at 4°C.

6.2.4.1 Dynamic Light Scattering

Dynamic light scattering (DLS) was used to evaluate the size and distribution of the prepared
nanoparticles. DLS size analysis was performed using the Zetasizer Nano ZSP (Malvern Pana-
lytical Ltd., UK). The refractive index and absorption parameters were 0.2 and 3.32, respectively.

DLS measurements were obtained by Dr James Minto at the University of Strathclyde.

6.2.4.2 Localised Surface Plasmon Resonance

The AuNP size and concentration were also estimated using the LSPR peak wavelength and the
reference tables from Haiss e al. (2007) [277]. The LSPR peak wavelength (Aspr) was deter-
mined by measuring the absorption spectrum, which was then matched with reference values for
AuNP sizing. The absorption spectrum was measured on the plate reader in triplicate wells con-
taining 25 uL of the prepared AuNPs diluted to 80 uL. with Milli-Q water from 450-850 nm in
5-nm steps. The Agpr was then determined from absorbance values measured from 510-530 nm
in 1 nm steps.

The absorption ratio A Aspr /Ay4s0 — where A Aspr and Aysq are the absorbance values at Agpr
and 450 nm, respectively — was used to estimate the concentration of nanoparticles according
to reference values. The A, .. and A4so values were measured using 0.5 mL of the prepared

AuNPs (neat) in triplicate with the Hach spectrophotometer with 1 cm path length.
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6.2.5 Aptasensor Method Development

The aptasensor was adapted from a published method by Liu ef al. (2015) for samples in min-
imal salts media [278]. Accordingly, the relevant parameters were optimised, including: the
Aspr shift following aggregation, ionic strength (i.e., the sample volume) to induce aggrega-
tion, E2-binding aptamer, and reaction times. All reactions were conducted at room temperature
and analysed by the plate reader. Unless specified otherwise, reactions contained 25 pL of the

prepared AuNPs in a fixed total reaction volume of 80 pL.

6.2.5.1 Salt-Induced Aggregation

The Agpr shift following aggregation (Aa,,) Was determined by measuring the absorbance of
triplicate wells from 450-850 nm in 5-nm steps. Initial estimates of A5,, Were made using either
125 mM NaCl or 25 pL. of MMB media to induce aggregation. The optimal ionic strength (/)
was determined by adding a range of volumes of MMB to the AuNPs (Table 6.2). In addition,
different volumes of NaCl were tested to capture a similar range of ionic strengths. Absorbance
was recorded for triplicate wells at 519 nm and 700 nm every 5 minutes for 60 minutes to

determine optimal aggregation time.

Table 6.2: The ionic strengths (I) tested for aggregation of AuNPs and the equivalent volume of
sample (MMB media) or 250 mM NaCl solution required for an 80 uL reaction.

MMB Media NaCl
(I =345 mM) (I =250 mM)

I (mM) Vol. (uL) I (mM) Vol. (uL)

0 0 0 0

22 5 20 17.4
32 7.5 30 18.4
43 10 40 19.4
54 12.5 50 20.4
65 15 60 214
76 17.5 70 22.4
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6.2.5.2 Aptamer Selection

Two aptamer sequences from the literature were evaluated (Table 6.1). Before selecting the op-
timal aptamer for E2 detection, the relationship between sample volume and the concentration
of each aptamer was assessed. Three sample volumes (15, 20, and 25 puL.) and four aptamer con-
centrations (0, 50, 100, and 150 nM, final conc.) were tested pairwise and in duplicate. Briefly,
aptamer-stabilised AuNPs were prepared in microcentrifuge tubes by combining different con-
centrations of E2 aptamer with AuNPs and incubating for 10 minutes. The aptamer-AuNP
mixtures were then added to a 96-well plate. Next, the appropriate volumes of Milli-Q water
and MMB media were added to the wells for a total reaction volume of 80 pL. The reactions
incubated for 30 minutes before recording absorbance at 519 nm and 700 nm.

After determining the aptamer-sample volume combinations which yielded the most similar
stabilisation of the AuNPs against salt-induced aggregation, the dynamic range of the assay was
estimated using a 10-fold dilution series of E2 (3.2 nM-320 uM) in MMB media. Preparation of
aptamer-stabilised AuNPs and the aggregation reaction was conducted as per above. Absorbance
was recorded at 519 nm and the Agpr specific to each sample volume/aptamer combination. The
most suitable aptamer sequence was selected by comparing the dynamic ranges produced by
each aptamer sequence. Finally, the amount of the selected aptamer required to stabilise the
AuNPs against salt-induced aggregation was determined using a range of concentrations (25,
50, 75, 100, 125, and 150 nM).

According to the literature, the 35-base aptamer was expected to have a limit of detection
several orders of magnitude lower than the 76-base aptamer [192, 279]. Therefore, a face-
centered central composite design of experiments and optimisation by response surface method-
ology were used to confirm the ratios of AuNPs, sample volume, and aptamer concentration used
were appropriate. The findings were ultimately inconsequential to the objectives of this chapter.
Therefore, the detailed methodology and results for the aptasensor optimisation by design of

experiments are provided in Appendix F for completeness.

6.2.5.3 Reaction Time

The optimal reaction time for concurrent E2-aptamer binding and AuNP aggregation was de-
termined from the aggregation of a five-point calibration curve (20, 40, 80, 160, and 320 uM,
duplicate wells), measured every 5 minutes for 30 minutes. The reaction time was optimised
using 50 nM of 76-base aptamer and 15 puL of E2 calibration standards in MMB media. After
optimising the reaction time, the linear range of the assay for E2 was further refined through

trial and error.

149



Chapter 6. Development of a Colorimetric Aptasensor 150

6.2.5.4 Cyclodextrin Supplementation

Hydroxypropyl-f-cyclodextrin was added to increase the solubility of E2 in the working range
of the assay. The effects of HP3-CDX supplementation in MMB media on AuNPs and the
aptasensor were first investigated by recording the absorbance spectrum (450-850 nm, 5-nm
steps in duplicate wells) of the nanoparticles under different conditions: AuNPs stabilised with
50 nM of 76-base aptamer, with and without 160 nM E2, and AuNPs alone.

The optimal concentration of HP3-CDX was then determined using a phase solubility test.
The phase solubility test was conducted by adding 500 uM E2 to 2 mL of MMB media with the
different HPZ-CDX concentrations (0, 0.1, 0.2, 0.5, 1, and 2%) in duplicate 15-mL glass test
tubes. The tubes were incubated overnight (approximately 18 h), shaking 150 rpm at 30°C. The
next day, the solutions were filtered through 0.45-um PTFE syringe filters. The soluble E2 in the
filtrate was measured in duplicate wells (100 uL) by fluorescence spectroscopy (280 nm excita-
tion, 310 nm emission). Soluble E2 concentrations were determined using a calibration curve
(0, 50, 100, 200, 300, 400, 500 uM E2 in MMB media without cyclodextrin), also measured in
duplicate. Fluorescence spectroscopy was performed using the Tecan Infinite M200 Pro plate
reader in black pClear® 96-well microplates (#655096, Greiner Bio-One, UK).

6.2.6 E2 Detection with Aptasensor

The finalised aptasensor method for measuring E2 was performed as follows. A stock of
aptamer-stabilised AuNPs was prepared in a microcentrifuge tube by adding 100 nM E2 ap-
tamer (40 pL per reaction) to the AuNPs (25 pL per reaction) and incubating for 10 minutes at
room temperature. The aptamer-AuNP mixture was then added to a 96-well plate (65 pL per
well). Next, 15 yL. of sample or calibration standard in MMB media was added to the wells
for a total reaction volume of 80 uL in duplicate and incubated for 30 minutes. The absorbance
ratio at 620 nm and 519 nm (Agy/As19) Was used to evaluate aggregation from E2 detection in
MMB media. The absorbance ratio at 615 nm and 519 nm (Ag;5/As19) was used for detection
in MMB media supplemented with 2% HPB-CDX. Six calibration standards (5, 10, 20, 40, 80,
and 160 uM E2) were used for quantification.

6.2.7 Standards Preparation

Six calibration standards and five QCs were prepared by diluting E2 stock solution (1 mg/mL in
methanol) in MMB, with or without 2% HPB-CDX (Table 6.3).
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Table 6.3: Standards and quality controls used for the aptasensor method evaluation.

Std QC

Level uM  mg/L Level M mg/L

S1 5 1.37 QCvH 160  43.58
S2 10 2.72 QCH 120  32.69
S3 20 5.45 QCM 30 8.17
S4 40 10.90 QCL 15 4.09
S5 80 21,79  QCvVL 5 1.37
S6 160  43.58

6.2.8 Aptasensor Method Evaluation

The aptasensor method was evaluated according to the International Conference on Harmo-
nization (ICH) Guidelines M 10 for method validation of ligand-binding assays [140]. Specific
figures of merit included specificity, precision, linearity, range, accuracy and limits of detection
and quantitation. Method evaluation was carried out by running a batch of six calibration stan-
dards in duplicate and five QC samples in triplicate, repeated on three separate days. Instrument
limits of detection and quantitation were determined as per Section 3.2.7.4. Accuracy was de-
termined by the percent error and the percent recovery of the five QCs measured in triplicate in

three separate batches, as per Section 3.2.7.3.

6.2.8.1 Linearity

Linearity for each batch was determined using linear regression of the logarithm of the concen-
tration (log;((x)) versus the absorbance ratio (y) of the calibration standards. The coefficient of
determination (R?) of the linear regression and the percent error of the standard concentrations

were used to evaluate the linearity of the method, as per Section 3.2.7.1.

6.2.8.2 Precision

Precision was determined by the percent relative standard deviation (%RSD) of the five QCs
measured in triplicate in three separate batches. Repeatability was evaluated by %RSD for the
QCs within a single batch; the value reported is the mean repeatability for all three batches.
Since the spectrophotometer readings are rapid (e.g., a 96-well plate in approximately 1 min.)

and would occur immediately after sampling, repeatability was deemed a sufficient metric for
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intra-assay precision. Inter-assay precision was evaluated by the %RSD for the QCs across all

three batches.

6.2.8.3 Chemical Specificity

The chemical specificity of the aptasensor was tested against estrogens E1 and E3 at 160 uM. In
addition, specificity was evaluated against the essential minimal media supplements established

in Chapter 4: 2.5 ug/mL thiamine HCI, 0.1 mg/mL glucose, and 0.5 mg/mL sodium pyruvate.

6.2.8.4 Biological Selectivity

The selectivity of the aptasensor in the presence of potential interferences from biological sam-
ples was also evaluated. C. tardaugens 16702 and N. europaea 11850 were first pre-cultured
individually as per Sections 4.2.4.1 and 4.2.4.2. E. coli MG1655 was not used in this work. The
pre-cultured bacteria were then inoculated 1:100 into 10 mL of MMB media supplemented with
2% HPE-CDX and 0.5 mg/mL pyruvate. Bacteria were cultured in serum bottles under aerobic
conditions in the dark at 30°C, shaking at 150 rpm for one week. To evaluate selectivity, 15 pL.
samples of the cultures were analysed by the aptasensor in duplicate, with and without 160 uM

E2 spiked in before analysis.

6.2.9 Effects of Bacteria on Aptasensor Response

The effects of the bacteria cultures on the aptasensor were further characterised. The absorption
spectra and Agpg in the presence of the cultures were analysed as per Section 6.2.4.2. The pH
and conductivity of the cultures were measured in triplicate using the Orion 5 Star multi-meter,
the Orion 8156BNUWP pH probe, and Orion 013605MD conductivity cell (Thermo Fisher
Scientific, UK).

6.2.10 Statistical Analysis

Analytical figures of merit and statistical analysis of the replicates (i.e., mean and standard
deviation) were calculated in MS Excel. Plots were generated in R using ggplot2 package [221].
Optimisation by design of experiments were calculated in R using the rsm and nplr packages
[280, 281].
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6.3 Results & Discussion

6.3.1 Systematic Literature Review

A systematic literature review was performed to validate the decision to use AuNP-based biosen-
sor with aptamer detection, as well as identify a suitable method from literature to adapt for our
specific application of measuring estrogen concentrations in microbial cultures with degrading
bacteria. A total of 73 articles were returned from Scopus and 119 articles were returned from
WoS. The list of publications was further screened for the following inclusion criteria: original
research articles in English using nanomaterials with either an aptamer or antibody targeting at
least one of the listed contaminants; 51 Scopus articles and 72 WoS satisfied the inclusion cri-
teria. After removing the duplicate articles returned by both databases, there were a total of 83
unique research articles. Publications which had cited the 83 articles were also independently
reviewed, and an additional 24 articles were included. In the end, a total of 107 unique research
articles for the EU Watch List’s 8 non-pesticide contaminants of emerging concern from 2005—
2020 were analysed. Articles studying more than one contaminant from the list were counted as

a separate methods, resulting in 122 nanobiosensor methods.
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Figure 6.1: (a) The distribution of the target analytes for the nanobiosensor methods identified
in the systematic literature review and (b) the distribution of detection methods used for E2. CIP
— ciprofloxacin; AMO — amoxicillin; MAC — macrolide antibiotics.

The vast majority of emerging contaminant nanobiosensors were developed to target E2
(75%) (Figure 6.1a). Since the overwhelming majority of methods targeted the analyte of in-
terest in this work, the remaining comparisons were done only with E2 nanobiosensors. The
complete list of methods and associated metadata is provided in Appendix E. Most of the E2
nanobiosensor methods used a form of optical detection (53%), with absorbance (i.e., colori-

metric) detection being the most prevalent (Figure 6.1b). However, electrochemical detection
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was more common than any single optical detection technique (41%).

The number of publications which used antibodies marginally increased over time, with an
average of one article per year from 2007-2013 and 3 articles per year from 2014-2020 (Fig-
ure 6.2a). After 2013, the number of publications which used aptamers greatly increased, with
an average of 8 per year from 2014-2020. Aptamers were first developed in 1990 and had been
used in biosensors since before 2014 [282]. However, the EU published several water policy
documents relating to priority substances between 2012-2015, which was likely the impetus for
publishing new nanobiosensor methods for emerging contaminants, including E2 [283-285]. In
2014 and 2015, E2 nanobiosensors primarily used electrochemical and absorbance detection,

and the diversity in the detection methods increased over the next five years (Figure 6.2b).
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Figure 6.2: Number of E2 nanobiosensor publications from the systematic literature review by
(a) bioreceptor and (b) detection method over time.

Overall, aptamers were used much more frequently than antibodies for E2 nanobiosensors
(n = 57 versus n = 28; one study used both, Figure 6.3). Although antibodies possess high
target affinity, DNA aptamers have a longer shelf-life and are easier to produce [282]. When
aptamers were used as bioreceptors for E2, fluorometric sensors (n = 12) were about as common
as colorimetric sensors (n = 10). Additionally, the reported limits of detection (LOD) for the
absorbance methods were at least an order of magnitude greater than fluorescence and several
orders of magnitude greater than electrochemical methods. A variety of methods were used to
estimate LOD, including 3 times the signal-to-noise or 3 times the standard deviation of the
blank (Appendix E). However, "noise" was usually not clearly defined (i.e., the mean or the
standard deviation of the blank response). The majority of E2 nanobiosensors (55%) did not
define how LOD was calculated, and in six cases, only visual observation was used.

The aptamer-based nanobiosensors ("aptasensors") which used fluorescence detection were

highly diverse in the nanomaterials used, including graphene oxide [286], quantum dots [287],
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Figure 6.3: Reported limits of detection from the systematic literature review for E2 nanobiosen-
sors. Points are the LOD of the individual nanobiosensor methods. Box plots show the median
and the 25th and 75th percentile; whiskers show 1.5 times the IQR.

gold nanoparticles in conjunction with other nanomaterials [288-290], and silver nanoclus-
ters [291]. In contrast, absorbance aptasensors for E2 were exclusively based on AuNPs (Ap-
pendix E). Although the reported LODs for E2 by fluorescence were generally lower than ab-
sorbance, the nanotechnology used for colorimetric aptasensors has clearly converged upon the
use of AuNPs. Therefore, we expect that the colorimetric aptasensors for E2 should be repro-
ducible.

The publications for colorimetric AuNP aptasensors used one of two available aptamers for
E2. The first aptamer is a 76-base aptamer which was originally designed by Kim ef al. (2007)
for an electrochemical sensor [191]. The second is a 35-base aptamer which was designed by
Alsager et al. (2015) for a colorimetric sensor [192]. In the study by Alsager et al. (2015),
the authors showed that shorter aptamers were more sensitive in colorimetric AuNP sensors.
Studies by Liu et al. (2015) and Alsager et al. (2015) tested other aptamers in parallel, but these
were not used in further publications [192, 278]. At the time of this literature review, only three
publications had used the 35-base aptamer, two of which were from the group which originally
designed the aptamer [192, 200, 292].

Seven of the colorimetric E2 aptasensors were based on aggregation of colloidal AuNPs. The
most common sensor design adsorbed single-stranded DNA (ssDNA) aptamers to the AuNPs be-
fore introducing the sample [192, 197, 200, 293]. As the aptamers preferentially bound to the
target, they dissociated from the AuNPs, leaving the particles susceptible to salt-induced aggre-
gation. Other method designs added sample containing the target to the aptamers before intro-
ducing the AuNPs [199, 278, 294]. In contrast, the study by Li ef al. (2018) used dual AuNPs
and upconversion nanoparticles (UCNPs) modified with either thiolated aptamers or comple-
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mentary ssDNA (cDNA), cross-linking the particles into a pseudo-aggregated state [295]. The
aptamer, which was immobilised onto the nanoparticle by covalent Au-SH bond, preferentially
bound to the target and dissociated from the hybridisation complex. While the study by Li et al.
(2018) used a more complex sensor design with UCNPs, the basic mechanism of deaggrega-
tion has been used for other colorimetric AuNP aptasensors [296]. The general mechanisms for
AuNP aptasensors by deaggregation and aggregation are shown in Figure 6.4.

The E2 colorimetric aptasensors were primarily developed for samples in water. Alsager
et al. (2015) demonstrated good assay performance using 100 uM E2 spiked in rat urine [192].
In addition, Chavez et al. (2014) developed a sensor which analysed E2 in buffer containing
33.3 mM Tris—HCI and 66.7 mM NaCl amongst other trace salts [293]. While the aptamer-
target binding and AuNP aggregation are separate steps in the published methods, this approach
is not suited for culture media buffered to support microbial growth. Therefore, we attempted
to exploit the ionic strength of the culture media and combine sample addition and aggregation
processes into a single step (Figure 6.5). In order to avoid prematurely aggregating the particles,
the aptamers were added to the nanoparticles before sample addition.

The method by Liu ef al. (2015) used the simplest approach of 1:1:1 volume ratios of
AuNP/aptamer/sample, for a total reaction volume of 150 pL before aggregating with 10 pL
of 2 M NaCl [278]. Therefore, a similar ratio — i.e., 31.25% (v/v) AuNPs with 68.75% (v/v)
diluent — was used as the starting point for method development. Lastly, although the 76-base
E2 aptamer has been used more frequently, the literature argues that shorter aptamers have better

sensitivity [192, 278]. Therefore, both aptamers were evaluated empirically.
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Figure 6.4: General mechanisms of colorimetric AuNP aptasensors. In the top panel, thiolated
aptamers and cDNA are immobilised onto the AuNP surface. The aptamer and cDNA hybridise,
cross-linking the AuNPs. The aptamer will bind to the present target (E2), separating from
the cDNA and dispersing the particles. In the absence of E2, AuNPs remain cross-linked. In
the bottom panel, the aptamer non-covalently adsorbs to the AuNP surface. The aptamer will
bind to the present target, dissociating from the AuNP. The particles become susceptible to salt-
induced aggregation. In the absence of E2, the AuNPs are stabilised against aggregation and

remain dispersed.
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Figure 6.5: Mechanism of the proposed colorimetric AuNP aptasensor. In the top panel, the
traditional method for colorimetric E2 sensing by aggregation following aptamer-E2 binding.
In the bottom panel, the proposed method combines E2 detection with salt-induced aggregation

by the sample of minimal salts media.
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6.3.2 AuNP Characterisation

The size and concentration of the AuNPs were determined by several techniques. DLS analysis
determined the cumulative average size of the nanoparticles to be 25 + 5 nm and the polydis-
persity index (PDI) as 0.34 £ 0.06 (n = 9). The average particle size of the dominant peak
(84 + 9%) was measured as 25 + 2 nm. Based on this index value, the AuNPs are classed as
moderately polydispersed [297]. Although monodispersed particles (PDI < 0.1) are preferable,
this did not appear to impact assay performance. The LSPR wavelength was determined to be
519 nm from the absorption spectrum (Figure 6.6). In addition, the absorbance ratio A, /A4s0
was determined to be 1.50, which correlates with a particle diameter of 10 nm [277]. However,
Haiss et al. (2007) measured the Agpgr near 520 nm for 25 nm particles. The concentration was
estimated using A4sp/c450 to be 25.8 nM, where e450 is the molar absorptivity for AuNPs of
the calculated particle diameter (6.15x10” M~'cm™! for 10 nm) [277]. The protocol used to
synthesise the nanoparticles was designed to produce particles with 13 nm diameter and Agpr
of 520 nm [276]. Although the true diameter could not be ascertained due to variable results
depending on the sizing method, the intended Agpr for the gold nanoparticles was successfully

obtained.
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Figure 6.6: Absorption spectra of stable and aggregated AuNPs (mean, n=3). The red line
represents stable nanoparticles, the blue line is AuNPs aggregated with 125 mM NaCl, and the
purple line is AuNPs aggregated with 25 u. MMB (108 mM). Inset photo shows microplate wells
containing stable AuNPs (top row), NaCl-aggregated (middle), and MMB-aggregated (bottom).
The closest measured wavelength to Aspgr (519 nm) is noted with the dashed line.

6.3.3 Aptasensor Method Development

The colorimetric aptasensor was developed for simultaneous target binding and gold nanoparti-
cle aggregation. The approach in method development was generally consistent with colorimet-

ric estrogen aptasensors from the literature [200, 278]. The Agpr and Aag, used for measuring
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absorbance during method development varied depending on the analysis and reactions condi-
tions. The rationale for the selected wavelengths are explained in the sections below, however, a

summary is provided in Table 6.4 for convenience.

Table 6.4: Absorbance wavelengths used for the different analyses during method development.

Analysis Reaction Reagents Aspr /lAgg
AuNPs only
520 nm 700 nm
Absorbance AuNPs + Aptamer
Spectra

AuNPs + Aptamer + E2~ 520nm  Varies“

AuNPs only
AuNPs + Aptamer

Aggregation 5199 nm 700 nm

Response

(Ange/Aspr) AuNPs + Aptamer + E2 519 nm  Varies?

“The Aagg for E2 detection was optimised for each aptamer concentration and sample volume. The different
wavelengths used were 615 nm, 620 nm, 630 nm, 640 nm, or 645 nm.

6.3.3.1 LSPR Shift Determination

The first parameter optimised for the aptasensor method was selecting the absorbance wave-
length which would capture aggregation of the nanoparticles. After adding an excess of NaCl
and MMB to the particles, the resulting absorbance spectra did not reveal a clear LSPR band for
the aggregated particles (Figure 6.6). This broadening of the LSPR is observed when particle
aggregates exceed 100 nm, at which point peak wavelengths of the aggregates overlap and there
is radiative damping of the electron oscillations [298]. Aggregation in colorimetric AuNP as-
says is often measured as Aage /Aspr, Where A Agg 18 the absorbance at the red-shifted wavelength
(Aage) that increases in intensity with aggregation. To determine the optimum Ay, first, the ra-
tio A, /Aspo was calculated for the absorbance across the spectrum (here, A is 450 to 850 nm in
5-nm steps) for both stable and aggregated AuNPs (Figure 6.7a). Next, the difference between
the NaCl- or MMB-aggregated and stable AuNPs was calculated (Figure 6.7b) as follows:

A/l,{NacuMMB} B A)L,Stable 6.1)

A(Al /A520){NaC1 | MMB} — ,
As20,(Nact | MMB)  A520, Stable

where {NaCl | MMB } indicates the calculation is performed for either NaCl or MMB aggregated
particles. The difference between the absorbance ratio of between the aggregated and stable
particles was used to ensure the largest dynamic range was used. Based on the results, 700 nm

was selected as the optimum Ag,.
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Figure 6.7: (a) Absorbance spectra normalised to the absorbance at 520 nm. (b) The nor-
malised spectral difference between aggregated and stable particles. The red line represents
stable AuNPs, blue lines show AuNPs aggregated with 125 mM NaCl, and purple lines show
AuNPs aggregated with 25 uL MMB (108 mM). The selected Augz, is noted with the dashed line.

6.3.3.2 Salt Induced-Aggregation

This aptasensor design uses the ionic strength of the culture media to induce aggregation of the
AuNPs. The ionic strength of the media (/) Was calculated to be 345 mM by Equation 6.2:

1=05 Zn: ciz?, (6.2)
i=1

where c is the molar concentration and z is the charge of each electrolyte (i). Based on this value,
the ionic strengths in the AuNP aggregation reaction (lry,) were calculated from the volume of

MMB media sample (vymg):
s = v 'VMMB’ (6.3)

VRxn

with a total reaction volume (vrx,) of 80 uL. Thus, the optimal sample volume (and ionic
strength) required to induce AulNP aggregation was determined from a range of 5-17.5 uL MMB
(Figure 6.8). The minimum volume of sample required to rapidly induce aggregation was 15 pL,
with an approximate Iy, of 65 mM (Figure 6.8c). A similar ionic strength of NaCl (60 mM) was
required to induce complete aggregation. Interestingly, MMB of higher ionic strengths did not
completely aggregate immediately as with NaCl (Figures 6.8a and 6.8b). Instead, aggregation
gradually progressed for 30 minutes before plateauing. It is understood that different electrolyte
properties — such as asymmetry, valency, and mixtures — can impact aggregation, which might
explain the different kinetics from NaCl [299]. However, in this case, the critical coagulation

concentration was roughly conserved regardless of the complexity of the ion solution.
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Figure 6.8: Salt-induced aggregation of AuNPs at different ionic strengths (a) of MMB or (b)
NaCl over time. (c) Immediate (0 min) aggregation of AuNPs. Points are mean and error bars
are standard deviation (n=3).

6.3.3.3 Aptamer Selection

The optimal volume of minimal salts media to induce rapid aggregation of the AuNPs (15 uL)
was just 18.8% of the total reaction volume. This is considerably less than sample volume for
the colorimetric E2 aptasensor developed by Liu et al. (2015), which used 50 uL. of sample
in a total reaction volume of 160 pL (31.25%) [278]. A smaller quantity of sample used for
the aptasensor would mean that a smaller amount of analyte would be available for detection.
In order to determine if the low sample volume would have an impact on sensitivity and the
detection limit, a range of sample volumes and aptamer concentrations were compared for each
aptamer (Figures 6.9 and 6.10).

The aptamer-sample volume combinations with the most similar degree stabilisation (i.e.,
the most similar A7p9/As9 values) were selected to evaluate the effects of these reagents on the

dynamic range. Here, "dynamic range" is the broad range of concentrations which produce a
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concentration-dependent response, in contrast to the analytical range which is bounded by the
calibration standards and is fit to the calibration equation. In analytical instrument detectors,
high sensitivity (i.e., the slope of the response versus concentration) and low variance in the
baseline (i.e., noise) improve the limit of detection [151]. For the aptasensor, the response of the
blank is equivalent to an instrument baseline response. By using the combinations with a similar
blank response, we are eliminating one of the variables which influences the limit of detection.

Of the 12 combinations tested using the 76-base aptamer (Figure 6.9a), 15 uL MMB with
50 nM of aptamer and 20 uL. MMB with 100 nM of aptamer had the most similar stabilisation
from aggregation in the absence of E2. These two conditions were further tested with a 10-fold
dilution series of E2 (3.2 nM-320 uM) to determine the dynamic range (Figure 6.9b), i.e., the
range between the maximum and minimum analyte concentrations which generate a detectable
response.

In the presence of E2, aggregation following aptamer-target binding produced a clear shift in
the LSPR peak wavelength (Figure 6.9¢). This is in contrast to aggregation of AuNPs solely by
MMB or NaCl, where no clear peak was observed (Figure 6.6). Following the same approach
to determine A, as before, the aggregation wavelength was determined to be 620 nm for 15 uL
MMB/50 nM aptamer combination and 645 nm for 20 uyL. MMB/100 nM aptamer combina-
tion (Figure 6.9c). Therefore, the optimal A,g, for each aptamer concentration/sample volume
combination was used in estimating the dynamic range.

The dynamic range was estimated as the concentrations which generated a change in re-
sponse (Aagq/As19), and the baseline was the concentrations which did not induce a change in
response. Both aptamer concentration/sample volume combinations presented a dynamic range
from 3.2-320 uM E2, which was linear using the logarithm of concentration (Figure 6.9b). The
dynamic range for both conditions was comparable to the range reported in the study by Liu
et al. (2015) for the same 76-base aptamer, which also used the log concentration to linearise
the response [278]. While the dynamic ranges were similar, the 20 uL MMB/100 nM aptamer
combination showed slightly higher sensitivity.

For the 35-base aptamer (Figure 6.10a), three combinations produced a similar stabilisation
of the nanoparticles: 15 uL MMB/50 nM of aptamer; 20 uL MMB/100 nM of aptamer; 25 puL
MMB/150 nM of aptamer. The conditions were tested with the same dilution series of E2 to
determine the dynamic range (Figure 6.10b). The 15 uL MMB/50 nM aptamer and 25 uL. MMB
/150 nM aptamer combinations produced a similar dynamic range at 3.2-320 uM E2. However,
the dynamic range for 20 uL/100 nM was only apparent from 32-320 uM E2. As with the 76-
base aptamer, aggregation following E2 binding the 35-base aptamer produced unique LSPR
shift for each sample volume/aptamer concentration combination (Figure 6.10c).

Broadly, the two aptamers had a very similar dynamic range and sensitivity (Table 6.5).

The response range — i.e., the difference of the maximum and minimum Aage /As19 obtained
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Figure 6.9: Effects of the 76-base aptamer concentration and sample volume on aptasensor
dynamic range. (a) Aggregation of AuNPs varying aptamer concentration and MMB volume.
(b) E2 dilutions using selected MMB volume/aptamer concentration combinations, shown with
least-squares regression (dashed lines) to illustrate the dynamic range. Points are the individual
measurements (n=2). (c) Absorbance spectra of AuNPs with E2 for the selected media vol-
ume/aptamer combinations. The Mg, for E2 detection by the specific sample volume-aptamer

combination is indicated with the dashed line.
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Figure 6.10: Effects of the 35-base aptamer concentration and sample volume on aptasensor
dynamic range. (a) Aggregation of AuNPs varying aptamer concentration and MMB volume.
(b) E2 dilutions using selected MMB volume/aptamer concentration combinations, shown with
least-squares regression (dashed lines) to illustrate the dynamic range. Points are the individual
measurements (n=2). (c) Absorbance spectra of AuNPs with E2 for the selected media vol-
ume/aptamer combinations. The Mg, for E2 detection by the specific sample volume-aptamer
combination is indicated with the dashed line.
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for the dynamic range — improved with higher sample volume and aptamer concentration. The
sensitivity (i.e., the linear regression slope of the dynamic range) also increased with greater
sample volumes and aptamer concentrations. However, increasing sample volume and aptamer
increased the variability of the baseline. This would have a detrimental effect on the limit of

detection, which is proportional to the error of the blank.

Table 6.5: Dynamic range properties for the sample volume/aptamer concentration combina-
tions evaluated.

E2 Aptamer  Volume/Aptamer Comb.  Dynamic Range = Response Range  Sensitivity =~ Baseline %RSD

76-b 15 uL/50 nM 32-320 uM 0.260 0.130 3.00
-base

20 uL/100 nM 32-320 uM 0.345 0.172 4.68

15 uL/50 nM 32-320 uM 0.254 0.127 3.25

35-base 20 uL/100 nM 32-320 uyM 0.159 0.159 5.52

25 /150 nM 32-320 uM 0.333 0.167 8.29

In the literature, the aptamer and salt concentrations are optimised separately, since salt-
induced aggregation is a distinct step from sample addition [278]. Since this is a novel attempt
at concurrent aptamer-ligand binding and salt-induced aggregation, the combined effects of ap-
tamer concentration and ionic strength/sample volume were explored in detail. The relationship
between AuNP concentration, aptamer concentration, and sample volume was investigated fur-
ther with the 35-base aptamer in Appendix F by design of experiments. The results, which
are presented in full in Appendix F, established that while the combination of 25 uLL AuNPs,
25 pL sample volume, and 100 nM of 35-base aptamer produced the best sensitivity, the lowest
estimated detection limit (582 nM) was three orders of magnitude greater than the literature —
0.2 nM E2 reported by Alsager et al. (2015) and 0.1 nM E2 by Pu et al. (2019) [192, 200].

Although the dynamic range for both aptamers was comparable, the 76-base aptamer was se-
lected to carry forward in method development, as it has been used more widely in the literature
[197, 278]. In addition, the 76-base aptamer performed better than the 35-base aptamer in the
dynamic range metrics (Table 6.5). Lastly, the concentration of 50 nM of 76-base aptamer was

confirmed as suitable for AuNP stabilisation against salt-induced aggregation (Figure 6.11a).

6.3.3.4 Reaction Time

This aptasensor method was designed for buffered samples where the ligand-aptamer binding
occurs simultaneously with aggregation of the particles. The optimal colour development time
was determined by evaluating the aggregation of 5 different concentrations of E2. Aggregation
at the lowest concentration (20 uM) had stabilised by five minutes, however, higher concentra-

tions continued to aggregate for up to 25 minutes (Figure 6.12a). In addition, linear regression
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Figure 6.11: (a) Stabilisation of the AuNPs with 76-base aptamer against 15 ul. MMB. Points
are mean and error bars are standard deviation (n=3). The dashed line indicates the response
of AuNPs without MMB. (b) Spectra of the aptamer-stabilised nanoparticles in the presence of
15 uL. MMB; control AuNPs without added MMB are included for comparison (mean, n=3).

was performed at each time-point, and good linearity (R?> >0.97) of the concentrations versus

response was achieved within 10 minutes after sample addition (Figure 6.12b).
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Figure 6.12: Optimisation of the color development time. (a) Aggregation of 5 concentrations
of E2 over time. Points are the individual measurements (n=2). (b) The R? values from linear
regression of the same five E2 concentrations.

The spectrophotometer requires about 2 min to record a full 96-well plate, and the time
delay between the calibration standards’ measurement and the samples could affect the accu-
racy of higher concentrations if the reaction has not concluded. Although good linearity was
achieved within 10 minutes, a 30-minute incubation following sample addition was selected to

ensure complete aggregation without sacrificing the speed of the assay to an appreciable extent.
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This decision was motivated by the time required for bare AuNPs (i.e., no bound aptamers) to
completely aggregate in the presence of MMB, with no observable change in A, /Aspr after 30

minutes (Figure 6.8a).

6.3.3.5 Cyclodextrin Supplementation

The dynamic ranges observed during the aptamer selection process revealed that the working
range of the assay is largely above the solubility limit of E2. The reported solubility limit of E2
in water is 3.6 mg/L (13.2 uM) [300]. Preliminary work showed that while higher concentrations
of E2 could be analysed immediately, 100 uM E2 in MMB media precipitated within 24 h.
This presented an obstacle for the intended application, as biodegradation experiments may be
conducted over extended periods. Therefore, in order for the aptasensor to be fit for purpose, a
cyclodextrin (CDX) was included to provide E2 solubility and stability at high concentrations.
Since 2% (w/v) HP3-CDX was shown to not interfere with E2 biodegradation (see Chapter 4),
this cyclodextrin was included here to solubilise E2 above its natural limit in aqueous solution.

Media supplemented with 2% HPB-CDX did not aggregate the gold nanoparticles, even
without aptamer (Figure 6.13). Thus, E2 was not detectable when 2% HP3-CDX was added to
the media. A ten-fold dilution of HP3-CDX permitted aggregation of the AuNPs and detection
of E2. However, the absorbance intensity at Aspg Was reduced compared to MMB media without
cyclodextrin. The modification of AuNPs with CDX is well-documented in the literature; it is
used as a capping agent to stabilise AuNPs and to aid in controlling particle size distribution
during synthesis [301-303]. Colorimetric assays based on CDX-capped AuNPs —i.e., where the
cyclodextrin has been immobilised onto the particle surface — were based on aggregating AuNPs
by cross-linking the target analyte-CDX inclusion complexes[301, 302]. This mechanism was
not considered for this application since CDX is a non-specific receptor. However, there is
limited information available about the effects of CDX as a mediator for target analyte solubility
within an AuNP-based colorimetric aptasensor.

The phase solubility test showed 0.2% HP3-CDX maintained a solution of 360 £ 10 uM E2
(Figure 6.14). The next lowest concentration tested (0.1%) maintained 190 4+ 10 uM E2 in so-
lution, and 12 + 3 uM E2 was recovered without any added cyclodextrin. Although 0.1% HP[-
CDX would be sufficient for the aptasensor linear range (5—-160 uM E2), a working concentration
at 0.2% HPB-CDX was selected to ensure E2 solubility in the presence of biological material and
potential interferences. In addition, the A4, shifted slightly to 615 nm for detecting E2 in MMB
with 0.2% HPB-CDX (Figure 6.15a). The dynamic range of the aptasensor was unaffected by
including the selected concentration of CDX (Figure 6.15b).
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Figure 6.13: Absorbance spectra demonstrating the effects of HP3-CDX on the aptasensor.
MMB media containing 0, 0.2, or 2% HP{3-CDX was added to the following conditions in du-
plicate: AuNPs only; AuNPs with 50 nM aptamer; or AuNPs with aptamer and 160 uM E2.
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Figure 6.14: Phase solubility test of 500 uM E2 in MMB media with HPB-CDX. Points are
individual measurements (n=2).
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Figure 6.15: (a) Absorbance spectra of AuNPs with E2 in MMB with 0.2% HP3-CDX. The new
Aug is indicated with the dashed line. (b) E2 dilutions in 0.2% HPB-CDX, shown with regression
(dashed line) to illustrate the dynamic range. Points are individual measurements (n=2).
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6.3.4 Aptasensor Method Evaluation

The aptasensor method was evaluated following the ICH Guidelines M10 for ligand binding
assays [140]. Although the developed aptasensor method requires an additive to fully solubilise
E2 in the working range of the assay, concurrent target binding and AuNP aggregation has not
yet (to our knowledge) been reported in the literature. Therefore, the method was evaluated both
with and without the use of 2% HP(3-CDX using the appropriate Asq, — 620 nm for neat MMB
and 615 nm for MMB with 2% HP3-CDX. The figures of merit for the aptasensor method using
only MMB media or MMB supplemented with cyclodextrin are summarised in Table 6.6. The
aptasensor has a logarithmic relationship between response and concentration and is linearised
by using the log of the concentration. Therefore, the figures of merit for accuracy and calibration
statistics are given for the log value of the concentration, where the reported LOD and LOQ are

the antilog concentration values.

Table 6.6: Results of E2 aptasensor method evaluation using standards in MMB media, with
and without 2% HP3-CDX supplement.

Precision Accuracy Calibration Statistics

Sample QC  Repeat.  lMer- % % LOD LOQ R
Matrix Assay  Recovery  Error

vH 0.2-2 1 97 4.8

H 0.3-1 2 99 3.6 2.0+03 944
Neat MMB 0.986 + 0.006

M 0.3-3 3 96 6.5 0.5+0.1 2+1

L 1-3 3 100 8.9

vL 7-20 10 10 90

vH 0.2-2 2 94 5.7
MMB with H o052 ! % >3 341 50450

0.96 £ 0.02

2% HPB-CDX M 2-6 4 110 10 09+£03 10 £ 10

L 1-6 4 110 11

vL 4-6 4 120 37

Precision values are percent relative standard deviation; repeatability is the range of %RSD within the three
individual batches. Limits of detection (LOD) and quantitation (LOQ) are reported in micromolar (bold, top
values) and mg/L (bottom values). Linearity and limit values are the means of the three different batches (n=3)
and include standard deviation (&4 value).

The analytical performance of the aptasensor showed good precision and accuracy for most

of the linear range, except for the lowest QC at 5 uM. Per the ICH Guidelines, ligand binding
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assays should have a precision and accuracy within 20% RSD or error (25% permitted for lowest
QC), respectively. In addition, the aptasensor showed linearity on three different batches, with
an average R> > 0.96, however, not to the degree observed with the chromatographic (R? >0.992)
or fluorometric methods (R? > 0.996) from the previous chapters. A pooled calibration curve for
the three batches is shown in Figure 6.16. In the literature, AuNP-based aptasensor responses are
fitted using linear regression, however, other ligand-binding assays are commonly fitted using 4-
or 5-parameter logistic models [140]. Since anchor calibration points near the upper and lower

limits were not included, a nonlinear curve could not be accurately fit for comparison.
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Figure 6.16: (a) Calibration curve of the developed aptasensor for E2 in MMB media with 2%
HPB-CDX. Points are the mean of calibration standards measured in three batches and error
bars are standard deviation. Point on the y-axis represents the the blank. (b) Photo of the
calibration standards’ microplate wells.

The method detection limits were comparable for MMB media with (3 + 1 uM) and without
cyclodextrin (2.0 £+ 0.3 uM). The LOD and LOQ values obtained in this work are greater than
some colorimetric aptasensor methods using the same 76-base E2 aptamer from the literature.
This may be due to different approaches used in establishing the detection limit. In the study by
Liu et al. (2015) — which this assay design drew heavily upon — the reported LOD is 0.01 mg/L
(0.037 uM). However, their LOD determination was done primarily by visual observation, and
the presented linear dynamic range actually appears to fall between 1-100 mg/L (3.7-367 uM),
which would be in closer agreement with our results [278]. The method by Li ef al. (2015) used

a more conservative NaCl concentration (10 mM) and whose response was the decrease in Agpg
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rather than the more prevalent A 5g, /Aspr, reported an LOD of 3 ug/L (0.01 uM) [199]. However,
this approach had a narrower concentration range (10-90 pg/L) and response range (<0.1 units).
The dynamic range observed by Kim e? al. (2011) was between 10-100 uM, with a visual LOD
of 50 uM [197]. Thus, we can conclude the developed method’s detection limit approximately
corresponded with at least two independent studies from the literature [197, 278].

6.3.4.1 Chemical Specificity

According to ICH Guideline M 10, ligand-binding assay specificity is where "the binding reagent
specifically binds to the target analyte but does not cross-react with coexisting structurally re-
lated molecules" [140]. Therefore, other estrogens, as well as the specific media supplements
used in culturing the bacteria, were used to assess chemical specificity against potential abiotic
interferences. The aptasensor responded to the major natural forms of estrogen, with a compa-
rable response between 160 uM E2 and E1 (Figure 6.17). This aptamer has been shown to bind
specifically to E2 compared to E1 and E3 in several published aptasensors from the literature
[199, 278, 294, 304], however, previous observations from Nasri (2020) found that the aptamer
responds to other estrogens [305]. Although the aptamer was not specific for E2, the aptasensor

could be used as a general estrogen sensor which could detect estrogenic metabolites.
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Figure 6.17: (a) Chemical specificity of the developed E2 aptasensor against other estrogens
and media supplements. Empty circles are the individual measurements (n=2), and the inverted
triangles are the mean of the two points. Blank media added to AuNPs with (4) or without ap-
tamer (—) were included as controls; the control responses’ means and standard deviations are
indicated with the dashed line and shaded region, respectively. (b) Structures of the chemicals
tested for selectivity.

In addition, the aptasensor produced a strong response for thiamine (B;). Interestingly, the
response to thiamine was greater than the aptamer-free control for aggregation. Thiamine is

capable of inducing aggregation of bare citrate-capped AuNPs [306]. Thus, the energy barrier
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for aptamer-bound particle aggregation appears to be surpassed by the combination of thiamine
and the media salts. Because thiamine is an essential vitamin for E. coli MG1655 growth, this

strain could not be used to evaluate biological selectivity.

6.3.4.2 Biological Selectivity

The ability of the aptasensor to detect E2 in the presence of biological interferences — such
as bacteria cells and the biomolecules bacteria secrete into the media — was assessed using
estrogen-degrading reference strains C. tardaugens 16702 and N. europaea 11850, with and
without 160 uM E2 spiked in immediately before measurement. Without the addition of E2, the
bacteria culture showed a reduced response compared to sterile MMB media, as evidenced by
the Ag15/As19 values below the E2-free media control (Figures 6.18b and 6.18c).
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Figure 6.18: (a) Schematic of preparing samples for selectivity; (RCF—centrifugation). Aptasen-
sor selectivity of E2 detection in the presence of (b) C. tardaugens or (c) N. europaea culture
components. Points are individual measurements (n=2). The media control responses’ mean
and standard deviation are indicated with the dashed line and shaded region, respectively. Ct—
C. tardaugens, Ne—N. europaea.
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In the presence of MMB media, aptamer-bound AuNPs destabilise to a small degree, as
evidenced by the increase in absorbance >600 nm shown in Figure 6.11b. However, the bacteria
cultures showed an impeded ability to induce aggregation of the AuNPs. By separating the
bacteria from the spent media, it was revealed that this was due to changes to the culture media
rather than the bacteria cells.

After spiking the cultures with E2, there was a reduced response to E2 compared to the E2-
negative bacteria cultures, particularly for C. tardaugens. In C. tardaugens culture, E2 was com-
pletely undetectable, while in the cell-free media, a weak response was observed (Figures 6.18b).
The aptasensor produced a slightly greater response to E2 when spiked in N. europaea culture;
however, the response was substantially lower than an equivalent concentration of E2 in sterile
MMB (Figures 6.18c). Interestingly, the mechanisms for disruption appear different for the two

strains.

6.3.5 Effects of Bacteria on Aptasensor Response

The inhibition of the aptasensor response by bacteria cultures was further investigated. First, the
Aspr of the AuNPs in the presence of culture media with the bacteria removed was confirmed as
unchanged (Figure 6.19a). Neither the aptamer nor cyclodextrin were included to exclude any
other sources of stability for the gold nanoparticles. Thus, we can confirm the Agpg of 519 nm
remains appropriate for the aptasensor response.

Since the AuNPs failed to aggregate even without aptamer stabilisation, two potential rea-
sons were explored: the loss of ionic strength in the media or the release of some metabolite by
the bacteria which increases the stability of the AuNPs against salt-induced aggregation. Both
possibilities could account for the increased energy barrier to aggregation. The loss of ionic
strength was tested by adding an excess of salt with 15 pL of sterile MMB media to the AuNPs
in addition to 15 pL of culture sample (Figure 6.19b). The AuNPs with N. europaea culture
media successfully aggregated with excess MMB media (a total of 30 uL of MMB media in
110 pL reaction), which suggests that there was a loss of ionic strength in the Nitrosomonas
culture. This theory is supported by the impeded response to E2 observed in Figure 6.18c.

Conversely, aggregation remained inhibited with the C. tardaugens culture media when an
excess of MMB media was added. This suggests that C. tardaugens had likely introduced
something into the media which prevented the nanoparticles from aggregating. The different
mechanisms for aptasensor inhibition explain the difference in the responses by the two strains
observed in Figures 6.18b and 6.18c. Unlike with N. europaea, the aptasensor response did not
change with E2 spiked in the C. fardaugens culture and spent media.

After the general mechanisms for aptasensor interference by N. europaea and C. tardaugens

were identified, the specific causes for loss of ionic strength or AuNP passivation by bacterial
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Figure 6.19: (a) Absorbance spectra of bare AuNPs in the presence of water, MMB media, or
the cell-free media of bacteria cultures (mean, n=3). (b) Absorbance spectra of bare AuNPs in
the presence of the cell-free media after supplementing with an additional 15 ul. MMB (mean,
n=3).
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Figure 6.20: (a) Conductivity and (b) pH of the spent media. Points are the individual measure-
ments (n=3). Ne-N. europaea, Ct—C. tardaugens.

metabolites were investigated. The loss of ionic strength was first evaluated by measuring con-
ductivity and pH of the culture media. C. fardaugens’s culture media had greater conductivity
than N. europaea, however, the conductivity of the two cultures were greater than the sterile me-
dia control. This may be due to the evaporation of the media increasing the salt concentrations;
the sterile media was not incubated alongside the cultures. Since the sterile media was capable
of aggregating the AuNPs, conductivity was not linked to the loss of aggregation potential. The
pH of N. europaea was approximately one unit less than both the control and C. rardaugens’s
culture media. Ammonia oxidation into nitrite by Nitrosomonas is an acidifying process which

i1s mediated by ammonia monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO)
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enzymes [307]:

NH; + 0, +2H" +2e~ 2M9 NH,0H 4+ H,0 222 NO,~ + 5H* +4e- (R6.7)

The main components of MMB media are ammonium sulphate (10 mM) and potassium
phosphate (43 mM), with a total [PO, ] of 50 mM. While NHI and SO, would not be affected
by the pH change, H,PO, has a pKa of 7.20. Solvent composition — particularly, the types and
concentrations of constituent electrolytes — has a significant impact on nanoparticles’ surface
charges and colloidal stability. A study by Afshinnia and Baalousha (2017) noted that phosphate
ions can substitute with citrate ions on citrate-stabilised silver nanoparticles [308]. As ammonia
oxidation decreased the media pH below 7.20, the charge of the dominant phosphate species
changed from —2 to —1, altering the surface charge of the AuNPs.

The surface charge of nanoparticles affects their energy barrier to aggregation. A review
by Wagner et al. (2014) on nanoparticle behaviour specifically noted that "adsorption of ions
onto the NP surface can modify the surface charge of a particle, even if the ionic strength does
not change" [309]. Therefore, we can reasonably conclude that the decreased sensitivity of the
AuNPs to aggregation by N. europaea’s culture media was due to changes of the surface charge
of the phosphate anions as a result of media acidification by microbial metabolism. Bacteria
commonly alter the pH of their environment during growth, and therefore, this interference
presents broad implications for the application of this aptasensor design in microbial samples
[310].

Next, we revisited the literature for possible explanations of the interference by C. tardau-
gens. However, nanobiosensors for estrogens and other organic micropollutants are usually
studied in the context of environmental and food matrices, not microbiological samples. There-
fore, we looked specifically for colorimetric nanobiosensors of microbial metabolites; microbial
toxins, in particular, are a popular target for nanobiosensors. Using a recent review by Geleta
(2022) of colorimetric sensors for microbial toxins as a resource, no examples of colorimetric
nanobiosensors were identified which measured a target in a microbiological sample without
removing the sample matrix [311]. Most studies procured the toxins from commercial vendors
and investigated matrix effects without including microorganisms [312-315].

One notable exception was a study by Mondal et al. (2018), which conducted a rigorous
validation of a colorimetric aptasensor for enterotoxin B and was the only study which explicitly
tested for biological interference [316]. However, their method used an extraction procedure to
remove the sample matrix — in this case, the bacteria culture or food product — prior to analysis
[316]. Although Mondal et al. (2018) did not explicitly state their motivations for including an
extraction procedure, the reason could be related to the biological interferences observed with

C. tardaugens. Thus, biological interference may be a known issue, however, it has not been
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explicitly reported. The majority of published methods from the Geleta (2022) review did not
evaluate biological selectivity and interference, by neither the culpable organism nor control
organisms [311-315]. Therefore, in order for colorimetric AuNP-based aptasensors to be fit
for the purpose of directly measuring organic micropollutants in microbial cultures, biological

selectivity must be addressed.

6.4 Conclusion

In this chapter, a simple nanobiosensor, constructed from gold nanoparticles and an aptamer for

E2, was developed and evaluated for the purposes of measuring estrogen biodegradation.

* A colorimetric AuNP-based aptasensor for quantifying E2 by Liu et al. (2015) was se-
lected from the literature to adapt for our purposes of measuring E2 biodegradation in

bacteria cultures.

* The aptasensor was adapted from the original published method for measuring E2 in water
samples to buffered bacterial culture media. Building upon the methods in the literature,

two novel changes were incorporated for this application:

— First, the developed method combined aptamer-target binding and the colorimetric

response into a single step by exploiting the high ionic strength of the culture media.

- Second, HPB-CDX was added to the media to solubilise E2 within the working range

of the assay.

* The aptasensor was evaluated according to ICH Guidelines for ligand-binding assays and
demonstrated good analytical performance overall. While the aptasensor was considerably

faster than analysis by HPLC-PDA, the method working range was much higher.

» The aptasensor showed broad reactivity for all three natural estrogens, and thus, the plat-
form could be used as a general estrogen sensor. However, thiamine — a well-known media

supplement — interfered with the assay by causing the nanoparticles to aggregate.

» The aptasensor suffered from biological interferences by the estrogen-degrading bacte-
ria N. europaea and C. tardaugens. Interestingly, the two bacteria each used a different

mechanism to interfere with E2 detection.

» The causes for biological interference from the bacteria were broadly identified. N. eu-
ropaea altered the pH of the culture media, which impacted AuNP aggregation. Con-
versely, C. tardaugens likely introduced a metabolite into the culture media which com-

pletely inhibited aggregation.
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While the aptasensor developed in this chapter was not fit for the purpose of measuring E2
concentrations in bacteria cultures, this study took a rigorous approach towards a novel appli-
cation in micropollutant nanobiosensors. In particular, two different mechanisms of biological
interference by two estrogen-degrading bacteria were identified. While the aptasensor generally
satisfied the analytical figures of merit for quantitation when using the abiotic biological matrix
(i.e., the inherent ionic strength of the media) to induce the colorimetric response, the response
mechanism was impacted by changes in the media caused by the bacteria. Thus, this study high-
lights the importance in evaluating biological selectivity when biological targets or matrices are
concerned.

In addition, the analytical range of the assay was too high for the practical purposes of mea-
suring estrogen micropollutants. Many in vitro biodegradation studies were performed using
>1 mg/L E2 (see Tables 2.4 and 2.6) — i.e., several orders of magnitude above environmentally
relevant concentrations (0.001-30 ng/L). However, few studies were conducted above the solu-
bility limit of estradiol [97, 99]. Therefore, the analytical sensitivity and limit of detection need
to be improved before the method is suitable for measuring estrogen biodegradation in bacteria

cultures.
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Conclusion

The aim of this thesis was to develop fluorometric and colorimetric trace analysis methods for

monitoring biodegradation of estrogens in microbial communities with the potential for high-

throughput analysis. To achieve this aim, four primary objectives were set, which were ad-

dressed sequentially across Chapters 3—6. In summary, the aim of the thesis was met by de-

velopment of the two spectroscopic methods (Figure 7.1). Due to the highly interdisciplinary

approach undertaken, this thesis provides novel contributions towards several fields, such as an-

alytical chemistry, environmental biotechnology, and sensor technology. The key results from

this thesis and the main research contributions are summarised herein.

Gold Standard

Spectroscopic Assays

Throughput 12 Samples in 22 h 30 Samples in 6 min 41 Samples in 32 min
(1 Sample per 2 h) (300 Samples per h) (76 Samples per h)
Selectivity/ Good Moderate Poor
Specificity ID with retention time Possible uptake of other Responds to other estrogens
and wavelength BODIPY molecules and biological interferences
Sensitivity Good Good Poor
- Analytical Range 0.1-1 mg/L 0.1-1 pg/L & 0.1-1 mg/L 1.4-44.6 mg/L
- Slope Uptake detected at 1 mg/L
E1: 0.0010 No CDX: 0.2
E2: 0.0012 High Range: 1.9 With CDX: 0.2
BDP-E1: 0.0008 Low Range: 5.0
BDP-E2: 0.0011 High with KI: 0.3
Fit for Purpose Yes Yes No

Natural and fluorescent
estrogens were measured
in bacteria cultures,
determined degradation
efficiency and biological
transformation product

Fluorescent probe uptake
was selectively detected
by estrogen catabolising
bacteria in individual and
heterotrophic co-cultures

Assay demonstrated lack of
biological selectivity, response
is affected by changes to

the culture media

Figure 7.1: Comparison of the analytical methods developed in this thesis. The throughput
values are indicative of processing the maximum number of samples in a single batch in the
requisite incubation periods and instrument analysis times.
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7.1 Summary of Objectives and Key Results

7.1.1 Objective 1

Chapter 3 presents the development and validation of an analytical workflow based on liquid-
liquid extraction (LLE) and chromatographic analysis for measuring natural and BODIPY-labelled

estrogens in bacteria cultures, thereby addressing the first objective:

Objective 1 — Develop an analytical method based on gold standard chromato-
graphic methods to be used as the benchmark to compare the spectroscopic methods

against for characterising estrogen biodegradation.

The developed HPLC-PDA method could detect both natural and BODIPY-estrogens, and
the obtained instrument detection limits for E1 and E2 were comparable to the GC-MS method.
The HPLC-PDA analytical figures of merit for BODIPY-E1 and -E2 exceeded those of the nat-
ural estrogens, due to the enhanced sensitivity of the fluorescent derivatives. In addition, this
study determined that the poor hydrosolubility and aggregative properties of the BODIPY fluo-
rophore had substantial effects on extraction recovery. These effects were overcome by incorpo-
rating hydroxypropyl-3-cyclodextrin in the culture media to maintain the BODIPY-estrogens in
solution and diluting the extract with acetonitrile to fully solubilise the BODIPY-estrogens for
filtration. Notably, the developed traditional analytical workflow of LLE and HPLC-PDA allows
for the concurrent analysis of both natural and fluorescent estrogens with comparable recovery,
accuracy, and precision.

The main research contribution of this chapter was an exploration of the affects of BOD-
IPY conjugation on the traditional analytical workflow. When comparing the analytical perfor-
mance of BODIPY-estrogens against the natural estrogens, the BODIPY fluorophore provided
a greater signal-to-noise and, thus, increased sensitivity in HPLC-PDA detection. While fluo-
rophore derivatisation has been utilised for HPLC-FLD analysis, these results support the use
of BODIPY for enhanced absorbance for photodiode array detectors. In addition, this thesis de-
veloped an extraction method which could recover both natural and BODIPY-labelled estrogens
concurrently. Previously, there were no available extraction methods specifically for BODIPY
fluorescent probes. In particular, the poor hydrosolubility and aggregative properties of BOD-
IPY were addressed in the extraction method design. The approach towards extraction method
development in this thesis could serve as a reference for other researchers seeking to perform
biochemical analysis on other BODIPY-labelled substrates.
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7.1.2 Objective 2

Chapter 4 presents the degradation and fate of BODIPY-estradiol compared to natural E2 using
a synthetic community of estrogen-degrading reference bacteria strains, thereby addressing the

second objective:

Objective 2 — Characterise the degradation and fate of natural estrogen compared to
a fluorescently-labelled estrogen by a synthetic community of estrogen-degrading

bacteria.

While C. tardaugens, the estrogen catabolising organism, rapidly degraded natural E2, the
bacteria could only partially metabolise BODIPY-E2 into BODIPY-EI1. In addition, C. tardau-
gens required an abundant co-substrate (pyruvate) to transform the fluorescent estrogen, and the
transformation rate was much slower than the natural E2. Conversely, N. europaea showed min-
imal degradation of both E2 and BODIPY-E2. Notably, the cometabolism rate and efficiency
of E2 was less than published studies for N. europaea. Lastly, fluorescence microscopy showed
that C. tardaugens actively transports both BODIPY-E2 and BODIPY-azide tag. In addition, the
BODIPY-estrogen and tag appear to associate with non-degrading E. coli, however, we hypoth-
esise the fluorophores are interacting with the cell membrane.

The main novel contribution of this work was in validating use of BODIPY-labelled estradiol
as a potential surrogate to detect estrogen-degrading bacteria. While fluorescent probes of com-
mon biomolecules (e.g., glucose [317], glycans [202], and lipids [224]) have been utilised pre-
viously to investigate biochemical processes, fluorescent probes of xenobiotics and other exoge-
nous chemicals have not been implemented to the same extent. Since the use of fluorescently-
labelled micropollutants has not been previously explored, this thesis provides a framework with
which to evaluate the biochemical fate and distribution of micropollutant fluorescent probes.

This chapter also established the culturing conditions for a synthetic microbial community
to evaluate estrogen biodegradation. The synthetic community — which consisted of an estrogen
cometabolising, catabolising, and a non-metabolising organism — were cultured both indepen-
dently and in pairwise and trio consortia. Instead of isolating degrading bacteria de novo, this
thesis utilised publicly available reference bacteria strains to encourage reproducibility. Es-
trogen biodegradation studies from the literature utilise individual strains, mixed communities
from an environmental sample, or individual strains augmented into an environmental sample.
The synthetic microbial community — which can be used to determine the effects of microbial
interactions on biodegradation — is a compromise between controlled experiments with individ-
ual strains and uncharacterised environmental inocula. In addition, the synthetic community of
estrogen degraders included chemolithoautotrophic nitrifying bacteria. The co-culture of Nitro-
somonas europaea with specific heterotrophic bacteria has been performed very few times in

the literature and never in the context of estrogen biodegradation [252, 253].

180



Chapter 7. Conclusion 181

7.1.3 Objective 3

Chapter 5 presents the development and validation of a high-throughput fluorometric assay
which can be used to detect the uptake of BODIPY-estradiol by estrogen-catabolising bacte-
ria C. tardaugens, thereby addressing the third objective:

Objective 3 — Develop and evaluate a fluorometric method based on the fluorescently-

labelled estrogen which can be used to monitor biodegradation.

Two different approaches were tested to identify uptake of BODIPY-E2. The first approach
sought to detect a decrease in free BODIPY-E2 in the media by physically removing the bacte-
ria, however, this method was unable to detect the uptake of BODIPY-E2. The second approach,
based on the use of iodide quenching of extracellular BODIPY-E2, successfully detected an in-
crease in fluorescence in C. tardaugens cultures compared to the non-degrading bacteria E. coli
or the cometabolising bacteria N. europaea. A clear response to BODIPY-E2 uptake by C. rar-
daugens was detected in co-culture with competitive bacteria, E. coli. However, uptake by
C. tardaugens was not detected in co-cultures with N. europaea.

In co-cultures, N. europaea appeared to interfere with uptake of BODIPY-E2 by C. tardau-
gens. However, the relative microbial abundance used in this work for N. europaea was not
accurately reflective of nitrification treatment systems, which are estimated to contain 0.5-3%
relative abundance of nitrifying bacteria [267, 268]. The synthetic community used in this work
was selected to validate the mechanisms of the developed methods and did not accurately reflect
environmental community distribution. However, the influence of N. europaea on the fluoro-
metric assay highlights the value of studying estrogen biodegradation within a microbial com-
munity with realistic representation. While this is the first experiment testing biodegradation
of fluorescently-labelled estrogens by individual catabolising and cometabolising organisms,
further investigation is needed to understand why the competitive interaction interferes with
detecting the uptake of BODIPY-labelled estrogen by C. tardaugens.

The main research contribution of this chapter is the development of a simple and high-
throughput assay which could be used to detect the selective uptake of BODIPY-labelled estro-
gen. The fluorometric method is supported by knowledge of the biochemical fate and distribu-
tion of the fluorescent probe. When performed in a 96-well microplate, the method could be
used to screen up to 30 test conditions in triplicate within 5 minutes (Figure 7.2). In order to
process the same 30 test conditions in duplicate using the developed HPLC-PDA method (which
had a 28 min run-time), analysis would require 28.5 hours on the instrument, in addition to the
extraction time (2-3 hour per batch). While the autofluorescence of the cultures used in this
thesis did not interfere with the method, it is recommended that non-fluorescent biological con-
trols (i.e., samples with natural E2) be included in future work, particularly with uncharacterised

microbial communities.
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Fluorometric Assay
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Figure 7.2: Example microplate layout for utilising the developed fluorometric assay, which
highlights the increase in throughput.

7.1.4 Objective 4

Chapter 6 presents the development and validation of a simple, high-throughput colorimetric
gold nanoparticles-based biosensor for the purposes of measuring estrogen in cultures with de-

grading bacteria, which addresses the final objective:

Objective 4 — Develop and evaluate a colorimetric method based on available colori-
metric biosensors for environmental samples which has been adapted for measuring

estrogen in bacteria cultures.

The method published by Liu et al. (2015) was adapted for measuring E2 in buffered culture
media [278]. This was achieved by combining sample addition and colour development into a
single step and including HPB-CDX to solubilise E2 within the working range of the assay. The
aptasensor was evaluated in accordance with industry method validation guidelines for ligand-
binding assays. While the developed aptasensor demonstrated acceptable accuracy (<11% error,
except at lower end of the analytical range) and precision (<6.1% RSD), the method detection
limit (10 + 10 mg/L) is several orders of magnitude above environmentally relevant concentra-
tions. The method evaluation process revealed that the aptasensor did not have biological se-
lectivity, as the response was impeded by changes to the bacteria culture media during growth.
Interestingly, N. europaea and C. tardaugens each used a different mechanism to interfere with
E2 detection. N. europaea altered the pH of the culture media, which impacted AuNP aggrega-
tion. Conversely, the culture media from C. tardaugens completely inhibited AuNP aggregation,
which we hypothesise was due to the secretion of a metabolite.

The primary research contribution of this chapter was a validation of the developed colori-
metric aptasensor designed to measure estrogen concentrations in microbial cultures using in-

dustry guidelines for ligand-binding assays. The nanobiosensors in the literature often evaluate
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the concentration-dependent response of the sensor by sensitivity, detection limit, and chemical
specificity. However, the means by which the published methods were evaluated are inconsistent
and are often not done to the rigour recommended by the relevant guidelines. Since the method
validation allowed us to directly compare the analytical performance with traditional analysis by
HPLC, we have a more quantitative understanding of the benefits and limitations of colorimet-
ric aptasensors for estrogen quantitation — in particular, the significant increase in throughput

(Figure 7.3), as well as the increase in limit of detection.

Colorimetric Assay

Bank2 10 18 26 34

S1 3 11 19 27 35

S2 4 12 20 28 36

Calibration standards —» S3 5 13 21 29 37

S4 6 14 22 30 38

Test Samples: S5 .7 15 123 31 39
« Lab-scale treatment system S6 8 16 24 32 40
influent/effluent 1 9 17 25 33 41

* Sterile controls
41 samples 2x in 30 min
(including calibrators, blank)

Figure 7.3: Example microplate layout for utilising the developed colorimetric assay, which
highlights the increase in throughput.

In addition, this thesis reported interferences of microbial growth on AuNP colloidal sta-
bility. The interferences identified in this thesis were the changing of the media pH and the
addition of a nanoparticle passivating agent, which we hypothesise is a metabolite of C. tar-
daugens. The interferences observed from the bacteria highlight the importance of conducting
rigorous, systematic method validation — particularly for biological selectivity when the methods

are designed for biological samples.

7.2 Recommendations for Future Work

This thesis developed two high-throughput fluorometric and colorimetric methods for monitor-
ing biodegradation of estrogen. The fitness for purpose of the methods were evaluated against
relevant industry guidelines for their respective applications and validated using a synthetic mi-
crobial community. However, there is scope for improvement and further development for both
of the methods developed in this thesis.

The fluorometric method developed in this thesis was validated using a specific culture me-
dia. In theory, the method should be effective for any optically compatible matrix. However, this
should be tested with different water sources — e.g., tap water, surface water, or possibly even

clarified secondary treatment effluent — to determine if the dissolved organic matter interferes
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with the fluorescence of the BODIPY probe. Using a sample matrix which is more analogous to
the target environment for remediation would reduce the bias of selecting for estrogen-degrading
bacteria which thrive better in laboratory culture media. In addition, the fluorometric method
was validated with only one bacteria strain for estrogen biodegradation. This represents only
one true biological replicate, as the triplicate cultures of the strain were only technical replicates.
Therefore, the method should be assessed with more bacteria — for example, with an inoculum
from a treatment system, compost, or sediments which is positive for estrogen biodegradation;
new estrogen-degrading reference strains; or estrogen-degrading bacteria isolated de novo.

The fluorometric method can be further improved by eliminating the need for cyclodextrin,
as we hypothesise that the inclusion complex interferes with Nitrosomonas estrogen cometabolism.
This may be achieved by derivatising the BODIPY core with polar groups to facilitate hydrosol-
ubility. Another aspect of the fluorometric method which could be further developed is the
quenching agent. While potassium iodide was an effective quenching agent, the high concentra-
tion is most likely toxic to the cultures. A non-toxic quenching agent could allow for real-time
detection in a microplate culture, eliminating the need for sampling from a batch culture.

The developed colorimetric aptasensor was ultimately not fit for the purpose of measuring
estrogen removal in bacteria cultures. In hindsight, the decision to develop a method which
utilised properties of the culture media to mediate the colorimetric response was not appropri-
ate, since bacteria modify their environment during growth. However, the systematic literature
review identified other approaches which do not rely on salt-induced aggregation. In colorimet-
ric sensors, the deaggregation of cross-linked nanoparticles may be more appropriate. Another
limitation of the developed aptasensor was the high analytical range, which was mostly above
the solubility limit of 173-estradiol in water. Since two of the most common E2 aptamers from
the literature produced a similar dynamic range and response in this study, other recognition
elements, such as molecularly imprinted polymers (MIPs) could be explored. In addition, the
systematic literature review showed that colorimetric sensors had the highest detection limits.
Therefore, other optical sensors based on fluorescence or surface enhanced Raman spectroscopy
(SERS) could also be tested for this application.

Ultimately, the fluorometric assay could be deployed on more diverse microbial communities
from the natural and built environment to screen for estrogen-degrading organisms. This tech-
nique could be used to support at least two key factors of successful bioaugmentation identified
by Herrero and Stuckey (2015) [109]. The rapid method for screening samples for metabolically
competent organisms will help expedite the selection of suitable bacteria for bioaugmentation.
In addition, the fluorometric method could be used as a monitoring technique to supervise the
survival and activity of the inoculum. While the colorimetric method requires additional devel-
opment to be fit for purpose, a suitable quantitative method would be immensely advantageous.

In addition to providing removal rates and efficiencies for computational models, a validated
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spectroscopic method for estrogen quantitation could be used as an assay in synthetic biology
approaches to bioremediation. For example, directed evolution — where microorganisms are ge-
netically modified for enhanced micropollutant metabolism — could use the quantitative method
to screen variant organisms for metabolically competent strains [318]. In conclusion, the spec-
troscopic methods developed and validated in this thesis represent an important step towards
the design of new bioanalytical methods which address specific methodological gaps around

engineering estrogen biodegradation.
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Supplementary Data (Chapter 4)
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Figure A.1: Example images of (a,b) aerobic serum bottle cultures and (c) microplate in an
air-tight container.
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Figure A.2: Abiotic controls for N. europaea growth in the presence of different carbon sources.
HPB-CDX and thiamine (CDX + B1), pyruvate (PYR), and glucose (GLU) or no added organic

carbon (NONE). Growth was assessed by (a) ODgoy and the metabolism of (b) NHI into (c)
NO, . Error bars are the standard deviation (n=3).
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Figure A.3: Abiotic controls for growth of the three strains as pairwise and consortium co-
cultures. Growth was assessed by (a) ODg, the metabolism of (b) NH;lIr into (¢) NO, was also
evaluated. Error bars are the standard deviation (n=3).
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Figure A.4: Abiotic controls for N. europaea growth in the presence of different concentrations
of (a,b,c) E2 and (d,e,f) BODIPY-E2. (g,h,i) Controls with no added estrogen were also assessed.
Growth was assessed by (a,d,g) ODgo and the metabolism of (b,e,h) NH;{ into (¢,f,i) NO, . Error

bars are the standard deviation (n=3).
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Figure A.5: (a) Ammonium and (b) nitrite levels during biodegradation of E2 (green) versus
BODIPY-E2 (blue) by C. tardaugens (solid circle, solid lines) with 0.1 mg/mL Na pyruvate. E2-
free controls (red) and abiotic controls (open square, dashed lines) were also evaluated. Error
bars are the standard deviation (n=3).
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Figure A.6: (a) Ammonium and (b) nitrite levels during biodegradation of E2 (green) versus
BODIPY-E2 (blue) by E. coli (solid circle, solid lines). E2-free controls (red) and abiotic con-
trols (open square, dashed lines) were also evaluated. Error bars are the standard deviation

(n=3).
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Figure A.7: Representative composite (DAPI-blue, BODIPY-green) fluorescence microscopy im-
ages of N. europaea cultured with natural and fluorescent estrogen or BODIPY-azide. Images
were background subtracted for each filter separately prior to merging. Scale bars are 10 um
(lower left) and 1 um (lower right).

Figure A.8: Representative composite (DAPI-blue, BODIPY-green) fluorescence microscopy im-
ages of E. coli cultured with natural and fluorescent estrogen or BODIPY-azide. Images were

background subtracted for each filter separately prior to merging. Scale bars are 10 um (lower
left) and 1 um (lower right).
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Figure A.9: Representative composite (DAPI-blue, BODIPY-green) fluorescence microscopy images of C. tardaugens cultured with natural
and fluorescent estrogen or BODIPY-azide. Images were background subtracted for each filter separately prior to merging. Scale bars are
10 um (lower left) and 1 um (lower right).
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Appendix B

Flow Cytometry Pilot Test (Chapter 4)

In Chapter 4, fluorescence microscopy was used to visualise BODIPY-E2 within estrogen-
degrading bacteria. Flow cytometry (FCM) analysis — which combines optical detection with
microfluidics to enumerate cell populations based on various characteristics — has been used in
the literature to detect cellular uptake of fluorescent probes [201, 202, 319]. Therefore, a pilot
test for using FCM to detect the selective uptake of BODIPY-E2 using the three reference strains
was conducted. FCM analysis was intended to complement the results obtained by fluorescence
microscopy and to explore the applicability of the technique in screening microbial populations

for metabolically competent bacteria using fluorescently labelled micropollutant.

This work was done with the assistance of Laura Cossu and Dr Marta Vignola. Laura assisted
in operating the FCM instrument and running the samples. The experiment design, culturing of

the bacteria, and data analysis (reviewed by Dr Vignola) was performed by Celeste Felion.

Methods

The bacteria samples used in this pilot test were from the experiment in Section 5.2.5.1, in which
the bacteria cultured with 1 ug/L of E2 or BODIPY-E2. Refer to the Materials & Methods of
Chapter 5 for the detailed methods for culturing the bacteria used in this pilot test.

After the conclusion of the experiment described in Section 5.2.5.1, the cultures were sam-
pled for FCM analysis. Briefly, 1 mL from each of the replicate cultures were combined together
in 15-mL tubes. The pooled cultures were centrifuged at 2000xg for 5 m to pellet the bacteria.
The supernatant was discarded, and the pellets were resuspended in 3 mL of sterile phosphate
buffered saline. The washed cells were fixed by adding a 1:1 volume of 1% (v/v) glutaraldehyde
in deionised water. In order to test for background, a pooled control sample was prepared by

combining 1 mL of each fixed bacteria culture together in a 15-mL tube. An aliquot (1 mL) of

192



Appendix B. Flow Cytometry Pilot Test (Chapter 4) 193

each fixed culture and the pooled control was added to individual microcentrifuge tubes. The
remaining volume of the pooled control was filtered using a sterile 0.22-um syringe filter, and
an aliquot of the filtrate (1 mL) was added to a microcentrifuge tube. Thus, the filtered sample
would show the non-cellular background fluorescence. Sample aliquots were maintained in the
dark at 4°C and analysed within 2 h.

The bacteria were stained by adding 5 L. of Nile red solution (10 mg/mL in DMSO, Sigma
Aldrich UK) to the 1-mL aliquots and incubating in the dark for 15 m at room temperature. FCM
measurements were performed using BD Accuri C6 Plus flow cytometer (BD Biosciences) using
488 nm laser. A 50-uL aliquot of sample was injected and analysed at 60 uL/min. Density and
dot plots using forward scatter (FSC) versus FITC filter (533 &+ 30 nm) for green fluorescence of
BODIPY-E2 and PerCP filter (670 nm, long pass) for orange-red fluorescence of Nile red were
used to characterise uptake of the fluorescent estrogen.

Results

The FSC/PerCP density plots of the pooled control (Figures B.1B and E) and individual strains
(Figures B.3B and E; B.4B and E; B.5B and E) suggest that the bacteria were stained with Nile
red, based on the fluorescence intensity and size relative to the filtered pooled control (Fig-
ures B.2B and E) and abiotic control (Figures B.6B and E). The red boundary in the FSC/PerCP
plot contains the population of putative bacteria stained with Nile red; the boundary was selected
based on the C. tardaugens distribution (Figures B.4B and E).

A distinct population of green fluorescent bacteria was not detected in any FSC/FITC density
plots with BODIPY-E2 (Figures B.1A, B.3A, B.4A, B.5A). The green fluorescence intensity of
the counts were relatively low compared to that of the Nile red. While this could be due to
the low working concentration of the fluorescent estrogen, interactions between fluorophores
(e.g., energy transfer) could be interfering with detection of BODIPY. The blue boundary of the
FSC/FITC plots contains the population of putative bacteria with BODIPY-E2, and the yellow
boundary contains intense green fluorescence of smaller particles. The boundary was selected
based on the C. tardaugens distribution (Figure B.4A) Although this pilot experiment did not
detect the uptake of BODIPY-E2 by estrogen-degrading bacteria, a more thorough investigation

with the following controls would give better insight into why detection did not occur:

» A separate suite of samples labelled with SYBR green DNA stain, which is the preferred
fluorescent marker for bacteria numeration, should be used to validate the Nile red.

* The individual samples should be filtered to distinguish the cells from the abiotic fluores-

cent signals.

193



Appendix B. Flow Cytometry Pilot Test (Chapter 4) 194

* A separate suite of controls which contain only BODIPY-E2 but no Nile red, as well as

controls with no fluorophores at all, should be used to evaluate dual-fluorophore interac-

tions.
v Plot 11: A02 BDP-E2 Pool — & v Plot 12: A02 BDP-E2 Pool — & v Plot 14: A02 BDP-E2 Pool — Zg‘
A(‘i_ GATE  [No Gating] v B @  BATE [No Gating] — Coo_ GATE = [No Gating] o
% ] %3 & -
E P4 3
3 1.3% 2 ] <
%
E 9 N
] @ 35 e
Loy e : €%
273 5% g
> 4 o 3 o LY
g %4
2-3 B 0 1 % —IIITIII TTIT TTIT T TTmm Trrmm T ?33
2.2 u 5 1 % Wb BT b2
FSC-A FSC-A FITC-A
gookEx EFQE|COCEY EFaH|CO0RY =E&E
[V Plot11: C02 E2 Pool — [V Plot 12 C02 E2 Pool — [V Plot14: C02 E2 Pool —
~ | BATE [No Gating] — & «  GATE [No Gating] o ‘YL‘ «  BATE [No Gating] e K“
(DER E-- F= =
E P4 3
3 0.6% o] @
%]
1 %
: R
14 x 3 0 %
£l ‘ %4 g
S @ 3 ' ey
% E % ;
] © 3 ©
"3 TTTIm T TTOmT T T e T "’g T TTTm TTIme T T T "3
22 P w13 ] B
FSC-A FSC-A

golol+ EaX|iaooly Ead||idool+f =aX

Figure B.1: Flow cytometry results for the pooled control with BODIPY-E?2 cultures (A-C) and
E2 cultures (D-F). Results include the gradient plots of (A,D) FITC-A (BODIPY) vs FSC-A,
(B,E) PerCP-A (Nile red) vs FSC-A, and (C,F) dot plot of PerCP-A vs FITC-A.
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Figure B.2: Flow cytometry results for the filtered pooled control with BODIPY-E2 cultures
(A-C) and E2 cultures (D-F). Results include the gradient plots of (A,D) FITC-A (BODIPY) vs
FSC-A, (B,E) PerCP-A (Nile red) vs FSC-A, and (C,F) dot plot of PerCP-A vs FITC-A.
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Figure B.3: Flow cytometry results for N. europaea cultured with BODIPY-E2 (A-C) and E2
(D-F). Results include the gradient plots of (A,D) FITC-A (BODIPY) vs FSC-A, (B,E) PerCP-A
(Nile red) vs FSC-A, and (C,F) dot plot of PerCP-A vs FITC-A.
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Figure B.4: Flow cytometry results for C. tardaugens cultured with BODIPY-E2 (A-C) and E2
(D-F). Results include the gradient plots of (A,D) FITC-A (BODIPY) vs FSC-A, (B,E) PerCP-A
(Nile red) vs FSC-A, and (C,F) dot plot of PerCP-A vs FITC-A.
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Figure B.5: Flow cytometry results for E. coli cultured with BODIPY-E2 (A-C) and E2 (D-F).
Results include the gradient plots of (A,D) FITC-A (BODIPY) vs FSC-A, (B,E) PerCP-A (Nile
red) vs FSC-A, and (C,F) dot plot of PerCP-A vs FITC-A..
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Figure B.6: Flow cytometry results for abiotic culture controls with BODIPY-E2 (A-C) and E2
(D-F). Results include the gradient plots of (A,D) FITC-A (BODIPY) vs FSC-A, (B,E) PerCP-A
(Nile red) vs FSC-A, and (C,F) dot plot of PerCP-A vs FITC-A.
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Appendix C

Metabolomics Pilot Test (Chapter 4)

In Chapter 4, the fate of E2 and BODIPY-E2 in N. europaea cultures could not be determined by
HPLC-PDA analysis, since the levels of potential degradation were so low. In addition, E2 and
the fluorescent surrogate showed similar toxicity and metabolic inhibition of the Nitrosomonas.
In order to determine the degradation products the fluorescent estrogen and the impact of estro-
gens on the bacteria, we elected to try non-targeted analysis of the excreted metabolites. The
work presented here is the pilot test to determine if we could recover metabolites for LC-MS

analysis.

This work was done with the assistance of Dr Clement Regnault and Prof Phil Whitfield at the
University of Glasgow Polyomics Facility for Lipidomics and Metabolomics. The experiment
design, culturing of the bacteria, sample extraction, and data analysis was performed by Celeste
Felion. Dr Regnault analysed the samples by LC-MS using a method developed by Polyomics
and processed the instrument data using the IDEOM application [320]. The IDEOM file and an

experiment report was then provided to Celeste for analysis.

Methods

The bacteria samples used in this pilot test were from the experiment in Section 4.2.5.1, in
which N. europaea was cultured with 10, 100, and 1000 pg/L of E2 or BODIPY-E2. Refer to
the Materials & Methods of Chapter 4 for the detailed methods for culturing the bacteria used
in this pilot test. The specific cultures used for this pilot test are listed in Table C.1; the samples

were collected from only one replicate flask.

Sample Preparation

Samples were extracted according to the "Sample Preparation for Liquids (August 2013)" pro-

tocol from Polyomics. Briefly, 10 puL of culture sample was added to a microcentrifuge tube on
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Table C.1: List of samples used for LC-MS analysis.

ID Sample Substrate
AC000200 Abiotic Control None
AC010200 Abiotic Control 100 uyg L=! E2
AC020200 Abiotic Control 100 ug L~'L BDP-E2
NE000200 N. europaea None
NE010200 N. europaea 100 uyg L=! E2
NE020200 N. europaea 100 ug L~! BDP-E2

Pooled QC Samples Pooled E2 and BDP-E2

Matrix Blank Extraction Solvent —

ice with 400 pL of extraction solvent (chloroform/methanol/water in 1:3:1 ratio). For the pooled
QC, 5 L of each culture sample was added to a microcentrifuge tube with 1.2 mL of extraction
solvent. The matrix blank contained 1.2 mL of extraction solvent and was processed alongside
the test samples. The extraction tubes were vortexed in a cold room (4°C) for 5 min, then cen-
trifuged for 3 min at 13,000xg and 4°C. An aliquot of supernatant (360 uL for the samples and
1080 pL for the pooled QC and matrix blank) was added to a cryovial and stored at -80°C until
analysis.

Instrument Analysis and Data Processing by Polyomics

Chromatography was carried out on a Dionex UltiMate 3000 RSLC system (Thermo Fisher
Scientific, UK) using a ZIC-pHILIC column (150 mm X 4.6 mm, 5 um column, Merck Sequant).
The column was maintained at 25°C and samples were eluted with a linear gradient between
(A) 20 mM ammonium carbonate in water and (B) acetonitrile over 26 min at a flow rate of
0.3 mL/min (Table C.2). The injection volume was 10 ul and samples were maintained at 5°C
prior to injection.

For the MS analysis, a Thermo Orbitrap QExactive (Thermo Fisher Scientific) was operated
in polarity switching mode; the MS settings are given in Table C.3. For positive mode ionisation:
source voltage +3.8 kV, S-Lens RF Level 30.00, S-Lens Voltage -25.00 (V), Skimmer Voltage
-15.00 (V), Inject Flatopole Offset -8.00 (V), Bent Flatapole DC -6.00 (V). For negative mode
ionisation: source voltage -3.8 kV. In addition, lock-mass correction was applied: three m/z for
positive mode, 83.0604, 149.0233, 445.1200; and one m/z for negative mode, 89.0244.
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Table C.2: Gradient elution profile used for LC-MS analysis.

Time (min) %A %B

0 20 80
15 80 20
15 95 5
17 95 5
17 20 80
24 20 80

Table C.3: Mass spectrometer settings.

Setting Value
Resolution 70,000
AGC le6
m/z Range 70-1050
Sheath gas 40
Auxiliary gas 5
Sweep gas 1
Probe temperature 150°C

Capillary temperature 320°C

Results

The total ion chromatograms (Figure C.1) did not reveal a significant difference between the
matrix blank, abiotic controls, and the biotic test samples. There were two distinctly large peaks
detected in negative ionisation which were not observed in the matrix blank (Figure C.1b). The
large peak observed at 770 s contained [M-H] ™, [2M-H] ", and [3M-H]™ ions from orthophos-
phate (H3PO4) and [M-H]™ ion from pyrophosphate (H4P,0O7). The large peak at 864 s con-
tained the [M-H]~, [M+Na-2H] ", and [2M-H]™ ions from sulphate (H,SO4). Since MMB
media contains phosphate and sulphate salts, these peaks were attributed to the sample matrix.
According to the analysis report provided by Polyomics, "IDEOM performs metabolite an-
notation by matching the exact mass and retention time (RT) of a metabolic feature to the exact

mass and predicted RT of compounds in the [[DEOM] database." In order to enable analysis
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by the IDEOM application, the LC-MS data for each sample was artificially triplicated. The
IDEOM analysis revealed up to 118 putative metabolites across the six test conditions. How-
ever, the ion abundance values (~ 10%) of the metabolites were lower than expected; for example,
an ion abundance 10°—10 is expected for amino acids. The abiotic control with BODIPY-E2
(AC020200) contained very high quantities of multiple metabolites compared to the other test
samples; this sample may have become contaminated during sample preparation. Comparing
the biotic samples with the other two abiotic controls, eight unique m/z-retention time combi-
nations were identified and are shown in Table C.4. The metabolites have not been confirmed
with a standard, however, the putative identification determined from the molecular formula in-
dicates they are primarily associated with amino acid metabolism. Further work is required to
improve the extraction recovery and increase the number and abundance of metabolites before

the metabolic footprint of N. europaea can be investigated thoroughly.
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Figure C.1: (a) Positive and (b) negative total ion chromatograms for the abiotic controls (AC)
and bacteria (NE) samples with E2 (010200), BODIPY-E2 (020200), or no substrate (000200).
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Appendix C. Metabolomics Pilot Test (Chapter 4) 202

Table C.4: Detected m/z values which were selectively present in the biotic samples.

m/z Ret. Time (min)  Formula Putative Metabolite Pathway Max Intensity
142.0379 7.818872 CsHgN,03 4-Imidazolone-5-acetate His metabolism 33920
720.4948 2.815961 CsgH7300P 1-16:0-2-trans-16:1-phosphatidylglycerol - 26081
146.1055 17.00576 CeH14N,0, D-Lysine Lys degradation 67483
162.1005 16.90647 CeH14N,03 N6-Hydroxy-L-lysine Lys degradation 63958
175.0482 9.671172 CgH9oNOs N-Acetyl-L-aspartate Ala and Asp metabolism 25967
236.1272 7.127528 Ci1HigN4O2  CPX - 266296
173.0689 7.234117 C7H|NOy4 N-Acetyl-L-glutamate 5-semialdehyde Arg and Pro metabolism 103575
166.0849 7.279616 Ci3H24N4O¢  Leu-Asn-Ser Hydrophobic peptide 1584574

202



Appendix D

Supplementary Data (Chapter 5)
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Figure D.1: Calibration curve of the spectrofluorometer for measuring BODIPY-E2 in MMB
media with 2% HPB-CDX for the (a) low analytical range and (b) high analytical range. Points
are the mean of calibration standards measured in three batches and error bars are standard
deviation.
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Figure D.2: Growth results (ODg) for testing 1 mg/L E2 (a) and BODIPY-E2 (b) with physical

separation.
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Figure D.3: (a) Growth results (ODg ) for testing 1 mg/L BODIPY-E2 with 1 M KI quencher. (b)
The production of NO, by N europaea was also measured. Results are the mean and standard

deviation (n=3).
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Figure D.4: (a) Growth results (ODg) for testing mixed cultures containing 1 mg/L BODIPY-
E2 with 1 M KI quencher. (b) The production of NO, by N europaea was also measured. Results

are the mean and standard deviation (n=3).
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Figure D.5: Calibration standard curve for the high analytical range of BODIPY-E?2 in in MMB
media with 2% HPB-CDX, with (grey) or without (black) 1 M KI. Points are the mean of cali-
bration standards measured in triplicate (one batch) and error bars are standard deviation.
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Appendix E

Publications for Systematic Literature
Review (Chapter 6)

Table E.1: Master key for systematic literature review results.

Field Type Description

ArticlelD Text Unique number for each article

1stAuthor Text First author in author list

PubYear Date Publication year

DOl Text Article DOI

Design Y/N "Y"= method development; "N"= no method development

"Y"= spectroscopic technique was used for an experiment related to measuring or characterizing
Application Y/N the contaminant, recovery experiments not included; "N"= not used in an experiment

Micropollutant; "EE2"= 17alpha-ethinylestradiol; "E2"= 17beta-estradiol; "E1"= estrone; "ERY"=
erythromycin; "CLA"= clarithromycin; "AZI"= azithromycin; "AMO"= amoxicillin; "CIP"=

MP Text ciprofloxacin

Quant/Qual QT/QL "QT"= quantitative analysis; "QL"= qualitative analysis

Type of biosensors; "A"= absorbance; "E"=electrochemical; "F"= fluorescence; "IR"= infrared;
"L"=luminescence; "P"= piezoelectric; "R"= Raman or Rayleigh scattering; "RI"=refractive index;

SensorType Text "O"=other
SensorSubtype Text Subtypes of the biosensors; more specific descriptors
NanoType Text Type of nanomaterials used in the method
Recognition Text Biological recognition element; Aptamer or Antibody
RangeLow Numerical The lowest concentration (in ug/L, AKA ppb) in the method's analytical range
RangeHigh Numerical |The highest concentration (in ug/L, AKA ppb) in the method's analytical range
The low limit concentration (in ug/L AKA ppb); if bot LOQ and LOD are reported, the lowest of
LowLimit Numerical these (LOD) is reported
LimitType Text The type of the reported low limit; "LOD"= limit of detection; "LOQ"= limit of quantitation
LODdetermination Text The calculation or method used to estimate LOD
Matrix Text The type of sample matrices tested
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Table E.2: List of publications from systematic literature review, continued to next page.

ArticlelD | 1stAuthor PubYear |DOI Design MP_|Quant/Qual __|SensorTvpe [NanoTvpe RangeLow LowLimit _|LimitTyoe __|LO Matrix

1/su0 202010.1016/i.5nb.2020.128586 Y N £2 |ar F FRET NCB/ARNC Aptamer 5.45E-03 4.09E+02|  4.09E-03|LOD SIN=3 Buffer

2]vao 2020/10.1016/j.5nb.2020.128308 Y N €2 |ar R SERS AuCOF Aptamer 3.54E-02 7.27€01]  2.18E-03|LOD Not stated Water

2|Yao 2020110.1016/i.5nb.2020.128308 Y N E2_|aT R RRS AuCOF Aptamer 817603 8.99E02|  5.45£-03|LOD Not stated Water

2|vao 202010.1016/i.5nb.2020.128308 17 N £2 |ar R SERS,RRS AuCOF Aptamer 817603 9.07E01|  1.63£-03/LOD Not stated Water

3/Song 202010.1016/i.hazmat.2020.122024. Y N AmO QT E ElS Ti02¢C3NA@AUNP Aptamer 1.83E-01 1.10E+00|  7.31E-02|LOD Buffer,

4zhang 202010.1039/d0nr01901a Y N E2_|aT 3 DPV AuDODA Aptamer 2.72E:02 2.726+02|  9.75E-05|LOD |3 Blank Sd/Slope |Water, Serum

5 Minopoli 2020110.1016/i.5nb.2020.127699 Y N £2 |ar A LSPR AuNP Antibody 3.00E-03 2.726+01|  3.00E-03|LOD |Not stated |Water, Tap Water

6 Feng 202010.1016/i.5nb.2019.127443 Y N E2 |ar E PEC BIVO4/Bi2S3 NA Aptamer 2.72€:07 136601  8.72E-08/LOD Not stated Water, Urine

7 Brognara 202010.3762/binano.11 Y N E2_|aT R SERS Ti02/AuUNP Aptamer 2.72E:01 2.726+03|NA NA Water

8|zaid 2020/10.3390/nan010071346 Y N £2 |ar E ElS [} Aptamer 272604 2.726+01|  136E-04|LOD 3Blank Sd/Slope Buffer, River Water

9]vao 201910.1016/i.51b.2019.03.078 Y N €2 |ar A IcA MNP Antibody 2.00E-01 5.00E+00|  2.00E-01|LOD Visual Buffer,Milk, Prawn, Fish, Chicken
Water, Fishpond Water, Lake Water, Tap

10/Pu 201910.1007/511270-019-4171-4 Y N £2 |ar A LSPR AuNP Aptamer 5.45E-02 1.36E:00|  2.72E-02|LOD Not stated Water
Water, Aquaculture Water, Lake Water, Tap

11pu 201910.1016/j talanta.2018.10.021 Y N £2 |ar R SERS Au@AgNP Aptamer 272605 272601|  7.49E-07|LOD Not stated Water

12 Singh 201910.1016/i.bi05.2018.10.004 Y N £2 |ar 3 ElS ZnONR Antibody 1.00E-04 2.00E-01|  1.00E-05/LOD SIN=3 Water, Tap Water, Packaged Water

13 [Kumbhat 201910.1016/1.ipba.2018.10.015 Y N E2_|aT RI SPR Au Film Antibody 1.00E-02 1.00E+03|  1.00E-03|LOD S/IN=3 Buffer

14| Wang 2018 10.1016/j.bi0s.2018.02.012 Y N E2 |aT 3 DPV MWCNT/THI/AuNP Antibody 1.00E-02 1.00E+02|  1.00E-02|LOD S/N=3 Buffer, Serum

15U 201810.1016/51872-2040(17)61079-X Y N £2 |ar A LSPR AUNP-AUNP-UCNP Aotamer 1.00E+01 1.50E+02|  5.00E-01LOD Not stated Water, River Water

16 Scala-Benuzzi 201810.1021/acs.analchem.8b00028 Y Y EE2_|QT 3 SWv Antibody 5.00E-04 1.206-01|  1.00E-04]LOD Water, River Water, Tap Water

17|Du 2018 10.1021/acs.analchem.8b00162 Y N E2 |aT L ECL Eu203/gC3N4 Aptamer 2.72E-06 2.726+400|  9.07E-07|LOD S/N=3 Buffer, Ethanol, Milk Powder

18 |Jia 2018/10.1016/i.51b.2017.07.061 Y N £2 |ar A LSPR spioMNP. Antibody 3.91E+00 1.00E+03|  3.4E+00|LOD SIN=3 Water, Milk

19 Liu 2017 |10.1021/acsami.7b07047 Y N E2_|aT E PEC Ti02/BiVO4 Aptamer 272605 6.81E02]  6.81E-06|LOD S/N=3 Buffer, Urine

20]Lee 2017/10.1016/j.bi05.2017.03.061 Y N E2_|aT F MEF Ag/Al Film Aptamer 1.00E-03 1.00E+02|  1.00E-03|LOD Not stated Water, Wastewater

21]Tan 201710.1002/chem.201702220 Y N £2 _|ar L ucL UCNPs Aptamer 272602 272601 2.726-02[10Q Buffer, Serum

22/ Alsager 2017 |10.1021/acs.analchem. 7600906 Y N E2_|aT A LFA AuNP Aptamer 1.36E+01 2726402|  136E+01|LOD S/N=3 Water, River Water

23/Du 201710.1016/j.bi05.2017.01.034 Y N E2_|aT 3 PEC Fe203/NG/AUNR Aptamer 272607 2.72E01]  8.99E-08/LOD S/N=3 Buffer, Ethanol, Milk Powder

24/Boltovets 2017|10.1016/.bi05.2016.11.01 Y N £2 _|ar RI SPR AuFilm Antibody 1.00E-01 1.00E+03|  1.00E-03|LOD Not stated Buffer

25 Peng. 2016|10.1007/512274-016-1270-2 Y N cp_|ar A LSPR AuNP Antibody 1.00E-01 250E400|  2.50E-01|LOD Buffer, Milk

26 Huang 201610.1016/j.bi05.2015.12.024 Y N E2_|aT F ao CdTe QC/Ru Aptamer 2.18E+01 1.09E+02|  1.01E+01LOD 3sd Buffer, Serum

27| zhang 201610.1038/srep23391 Y N £2_|ar E ov Au@PDNI/CoFe206/rGO | Antibody 1.00E-02 1.80E+01  3.30E-03/LOD Not stated Buffer, River Water

28] Duo 2016|10.1039/c5cc09066k Y N E2_|aT F FRET Go Aptamer 272605 272601]  1.91E-05/LOD 35d Ethyl Acetate

29/Na 2016/10.1039/c6tb0089 7f Y N E2_|aT 3 FET UCPPYNT Aptamer 272607 2.72E01]  2.72E-07|LOD Not stated? S/N=3? Buffer

30| zhang 2016/10.1071/CH14735 Y N £2_|ar A LSPR AuNP Aptamer 4.28E-01 9.536+01|  4.286-01|LOD 3 Blank Sd/Slope Water. Water

31 zhang 2016 |10.1016/j.microc.2015.08.024 Y N ap ar F FRET AuNP/UCP Antibody 1.00E+00 8.00E+01|  2.00E-01|LOD Water, Tap Water, Pond Water, River Water

32[L 2015/10.1016/i.matlet.2015.06.079 Y N £2_|ar A LSPR AuNP Aptamer 1.00E+01 9.00E+01|  3.00E+00|LOD Not stated Water, Tap Water

33|Chen 2015 10.1039/c5nr04987¢ Y N AmO QT A IcA AuNP Antibody 2.50E-01 5.00E400|  2.50E-01|LOD Buffer, Milk

34|zhu 201510.1016/.bi0s.2015.03.050 Y N £2_|aT 3 Els NPore Polymer Aptamer 2.72E:07 2.726402|  2.72E-07|LOD S/N=3 Buffer, Urine, Tap Water

35 Alsager 2015/10.1021/acs.analchem.5b00335 Y N £2_|ar A LSPR AuNP Aptamer 5.45E-02 2186-01|  5456-02|LOD Not stated Water

35 Alsager 2015 |10.1021/acs.analchem.5b00335 Y N E2|aT A LSPR AuNP Aptamer 1.36E+01 2.18E+02|  136E+01|LOD Not stated Urine

36| Monerris 2015/10.1016/i.50b.2014.11.048 Y N £2|aT 3 SWV AUNP-cys-Au Disk Antibody 5.40E-04 1.36E+01|  8.40E-04|LOD 3Blank Sd Buffer, Bovine Serum

37| Chavez 201410.1039/c4an01376i Y N £2 |ar A LSPR AuNP Aptamer 2.72E+02 1.36E+03 | NA NA Buffer

38| Huang 201410.1016/i.5nb.2014.05.055 Y N E2_|aT E DPV AUNP/VS2NF Aptamer 272603 272E+400|  2.72E-04|LOD 3Blank Sd/Slope Buffer, Urine

39/ Alsager 201410.1016/j.bi0s.2014.02.004 Y N €2 |ar 3 TRPS PSNP Aptamer 1.36E+00 2.726+01|  1.36E+00|LOD Not stated Buffer

39 Alsager 201410.1016/i.bi05.2014.02.004 Y N £2_|ar R DLS PSNP Aotamer 1.36E+00 2.726+01|  1.36E+00|LOD Not stated Buffer

40/Fan 201410.1021/es405685y Y Y E2_|aT 3 PEC CdSeNP/TIO2NT Aptamer 1.36E-05 4.09E-03|  8.99E-06|LOD 38lank Sd Buffer, Hospital , Lake Water

41 Huang 201410.1039/c4ay01478b Y N €2 |ar 3 DPV WS2NS/AuNP Aptamer 2.72€-03 2.726+400|  2.72E-04|LOD 3Blank Sd/Slope Buffer, Serum, River Water
Buffer, Tap Water, Bottled Water,

42| Long 201410.1039/c3rad5554h Y N E2 |ar F FRET ao Aptamer 223601 5.58E+00|  5.99E-02|LOD S/N=3

43 Ricciardi 201310.1016/j.bi0s.2012.08.043 Y N €2 |ar P MC mc Antibody [ 1.00E-05 4.00E-03|  2.00E-05|LOD S/N=3 Buffer, Serum

44 201310.3390/bi0s3010157 Y N £l |aL RI SPR AgNL Antibody NA NA NA NA

45 Liu 2009 |10.1016/i.talanta.2008.09.027 Y N E2 |ar 3 SWv AuNP Antibody 2.50E-02 4.00E+00|  6.00E-03|LOD

46/ Adrian 200910.1016/.trac.2009.04.011 Y N ap ar RI EV wach Antibody 4.40E+00 7.036+01|  1.00E+00|LOD

47]sun 200810.1021/ac7024893 Y N £l |aT 3 DPV MOSI NW Antibody 2.00E-03 2.00E-02|  1.40E-03/LOD

48| Dutta 2007 |10.1039/b704723a Y N E2_|aT P mC MC Antibody 2.72€:03 2.72601]  2.72€-03]LOD Visual?

49 zhang 2020/10.1016/i.prochio.2020.08.012 Y N €2 |ar A LSPR AuNP Antibody 272602 1.09E+01  2.72E-02|LOD Visual Water, Serum

50| Cezaro 2020110.1109/JSEN.2020.3000582 Y N £l |ar P mC MC Antibody 1.00E-02 5.00E+01|  2.60E-02|LOD Water, Tap Water

50| Cezaro 2020 |10.1109/JSEN.2020.3000582 Y N E2_|aT P mC MC Antibody 1.00E-02 5.00E+01|  9.00E-03|LOD Blank mean + 3Blank Sd Water, Tap Water

51 Huang 2020/10.1002/bab.2008 Y N €2 |ar A ELISA AuNP Antibody+Aptamer 4.09E-01 1.36E+01|  4.00E-01LOD SIN=3 Buffer, Serum

s52]Li 202010.1016/i.bi0s.2020.112089 Y N £2 |ar 3 PEC FeOOH/Culns2 Aptamer 1.00E-05 1.00E+03|  3.65E-06|LOD SIN=3 Water, Tap Water, Lake Water

53 Yan 202010.1016/i.bios.2019.111739 Y N E2_|ar 3 PEC NzIn2S4@NH2MIL125(Ti) | Antibody 5.00E-04 2.00E+01|  3.00E-04|LOD S/N=3 Water, Lake Water

54| Ming 201910.1021/acssensors.9b01633 Y Y €2 |ar 3 DPV NH2SWCNT/NMB/AUNP | Aptamer 1.00E-02 5.00E+02|  5.00E-03|LOD S/N=3 Buffer, Serum

55|Chen 201910.1021/acssensors.9b00963 Y N £2 |ar F DNAdve AUNP@Fe304 Aptamer 107604 9.53E01|  3.21E-05/LOD S/N=3 Buffer, Milk, Fish, Pork

56 Hu 201910.1007/500604-019-3629-9 Y N ap |ar F FRET CNT/Mose2 Aptamer 6.30E-01 8.00E+01|  6.30E-01|LOD Buffer, Milk

57 Hendrickson 2019 10.1002/isfa.9605 Y N ap ar A LSPR AUNP/ICA Antibody 4.00E-02 2.20E+400|  5.00E+00|LOD Buffer, Milk

58 Liu 201910.1007/500604-019-3465-y Y N £2 |ar E DPV AUNP-Thi-CNT Aptamer 327603 1.63E+01|  4.09E-04|LOD Not stated Buffer, Serum

59Li 201910.1016/i.bi05.2018.10.047 Y N E2 |ar E FET GFET Aptamer 1.36E-01 1.36E+02]  1.01E-02|LOD 38lank Sd Buffer, Tap Water

60| Yao 201910.1007/500604-018-3114-x Y N €2 |ar R SERS Au@AeNP Aptamer 2.72E-04 2.726+00|  2.72E-05|LOD Not stated Buffer, Urine

61]Cao 201810.1016/i.2b.2018.06.027 Y N E2 |ar RI SPR Cr/Au Film Antibody 272603 5.45E01|  8.17E-05/LOD Blank mean - 3Blank Sd Buffer

62 Hu 201810.1016/i.5nb.2018.03.155 Y N ap ar 3 Els MWCNT/N205 Aptamer 5.00E-01 8.00E+00|  5.00E-01|LOD Buffer, Milk

63 Jiang 201810.1007/500216-018-1095-6 Y N €2 |ar R Etalon NIPAM/Au Aptamer 5.00E-03 2.00E-01|  1.20E-03/LOD 3Blank Sd Water, Milk

64/ Rather 201810.1039/c7an02092a Y N £2_|ar 3 SWV ERGO/GCE Aptamer 272607 272601 1.36E-06/LOD 3 Blank Sd/Slope Buffer,

65 Li 201810.1166/inn.2018.14235 Y N E2_|aT F FRET QD/AuNP Aptamer 5.00E-01 1.50E+02|  5.70E-02|LOD Water, Tap Water, Swine Feed Water

66/ Liu 201810.1016/j.50b.2017.08.003 Y N €2 |ar R SERS AU@ARCSNP Aptamer 2.72E:05 2.726+400|  136E-05|LOD Not stated Buffer, Sewer Water, River Water

67 Lavace 201710.1007/500604-017-2213-4 Y N cp |ar A LSPR AuNP Aptamer 1.09E+00 1.36E:02|  3.27€-01LOD Water, Serum, Milk

68| Ni 201710.1016/.ab.2017.01.021 Y N E2 |ar F FRET AuNP Aptamer 131E-01 5.45E+01|  1.31E-01/LOD |3Blank Sd/Slope | Water, Envi Water

69| Monerris 201610.1016/j.microc.2016.06.001 Y N €1 QT 3 SWV PNAP/AUNP Antibody 8.00E-05 2.00E+02|  6.10E-05|LOD Buffer, Tap Water

70| Chen 201610.1080/03067319.2016.1264582 Y N £ |ar P mC MC Antibody 1.00E+02 1.00E+04|  4.00E+01LOD 3Blank Sd/Slope? Buffer, Facial Cleanser, Skin Milk

71 |zheng 201510.1116/1.4935246 Y N £ |ar E FET oNT Aptamer 1.36E+01 436E402|  136E+01|LOD Not stated Water

72Fan 2015 |10.1016/1.bi0s.2015.01.015 Y N €2 |ar 3 DPV NiHCFNP/AUNP Aptamer 272604 2.72601|  2.18E-05|LOD 38lank Sd Buffer, Wastewater

73 Zhang 2014/10.1039/c4ra13066a Y N £2__laT 3 SWY Cus2 Antibodh 2.50E:02 7506400 7.50E-03|LOD Not stated Buffer, River Water, Lake Water
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List of publications from systematic literature review, continued from previous page.

ArticlelD | 1stAuthor PubYear |DOI Design MP_|Quant/Qual __|SensorTvpe [NanoTvpe RangeLow LowLimit _|LimitTvoe __|LO Matrix
74| zhang 201410.1016/i.bi0s.2013.08.042 Y N £2_|ar 3 SWASV FeO4-NH2NP/GS Antibody 5.00E-05 L1.00E+02|  1.50E-05|LOD SIN=3 Buffer, Tap Water, River Water
75 Dharuman 2013 |10.1016/i.electacta.2013.10.128 Y N E2 Qar E cv ErG/AuNP Antibody 2.72E-04 2.72E+05 2.72E-07 |LOD Not stated Buffer
76|Ma 201310.1039/c3tb20932f Y N £2_|aT 3 ov Pt@SBA-15 Antibody 5.00E-03 8.00E+00|  1.20E-03|LOD SIN=3 Buffer, River Water
77 schirlagl 2012(10.1016/i.51b.2012.07.036 Y N £2 |ar P mC Mc/MIP Antibody 5.00E+02 5.00E+03|  5.00E+02|LOD Not stated Water
78 | Olowu 2010 |10.3390/5101109872 Y N E2 Qar E SWvV. PEDOT/AuNP Aptamer 2.72€-02 2.72E+01 5.45E-03 |LOD Not stated Buffer
79| Martinez 2010/10.1016/i.bi05.2009.10.031 Y N EE2_|QT 3 Amp MNP Antibody 1.00E-04 1.50E+00|  6.00E-06|LOD Buffer, Tap Water, Water, River Water
80/ Liu 2010/10.1016/i.bi05.2009.10.047 Y N £2 |ar 3 SwWv AuNP Antibody 1.80E-02 1.20E+00|  1.80E-02|LOD Blank mean - 3Blank Sd Buffer
80 |Liu 2010 |10.1016/i.bios.2009.10.047 Y N E2 Qar E EIS AuNP Antibody 5.00E-02 1.00E+00 2.60E-02|LOD Blank mean - 3Blank Sd Buffer
81/S0h 201510.1021/acs.analchem.5b00875 Y N £2_|aT A LSPR AuNP Aptamer 272602 2726403 2.72E-02|LOD 38lank Sd Methanol, Synthetic Saliva
82| Huang 2015/10.1016/i.bi05.2014.08.010 Y N £2 |ar E DPV CoS/AuNP Aptamer 272604 272601 1.91E-04|LOD 3Blank Sd Water, Urine
83 Huang 2015 |10.1007/s00604-014-1352-0 Y N E2 Qar E DPV GOx/AuNP/Cus Aptamer 1.36E-04 1.36E+00 1.63E-05 |LOD 3 Blank Sd/Slope Buffer, Urine
84 Zhu 2020 |10.1039/d0tc04202a Y N cp |ar E EIS AuCOF Aptamer 1.00E-05 5.00E-01 2.34E-06 |LOD Buffer, Milk
85| zhang 202010.1016/j.5nb.2020.128458 Y N AMO QL A LFIA ACN Antibody 2.00E+00 2.00E+00|  2.00E+00 |LOD Milk
85|zhang 2020 10.1016/j.5nb.2020.128458 Y N AMO |aL A LFIA AuNP Antibody 5.00E+00 5.00E+00|  5.00E+00 |LOD Milk
86/Zeng 2019|10.1039/c9qm00429g Y N ERY |QT A IcA AuNP Antibody 1.00E-01 5.00E+00|  8.50E-02|LOD Milk
86/zeng 2019/10.1039/c9qm00429¢ Y N ca |ar A IcA AuNP Antibody 1.00E-01 250E+400|  9.50E-02|LOD Milk
86/zeng 2019|10.1039/c9qm00429g Y N Azl |ar A IcA AuNP Antibody 2.50E-01 1.00E+01|  1.756-01|LOD Milk
87|vu 201910.1039/c9ay00657e Y N cp |ar A IcA AuNP Antibody 7.80E-01 250E+401|  7.50E-01|LOD Buffer, Fish, Shrimp, Beef
Water, Farm Wastewater, Mat. Hospital
Wastewater, Tap Water, Surface Water near
88 Liu 201910.1021/acs.analchem.9b00534 Y N el |ar R SERS AuNP Aptamer 272603 1.36E+01)  136E-03|LOD Farm, Surface Water near Mat. Hospital
Water, Farm Wastewater, Mat. Hospital
Wastewater, Tap Water, Surface Water near
88 Liu 201910.1021/acs.analchem.9b00534 Y N E2 |ar R SERS AuNP Aptamer 272603 1.36E+01)  136E-03|LOD 3 Blank_Sd/Slope Farm, Surface Water near Mat. Hospital
Water, Farm Wastewater, Mat. Hospital
Wastewater, Tap Water, Surface Water near
88 Liu 201910.1021/acs.analchem.9b00534 Y N EE2_|QT R SERS AuNP Aptamer 272603 1.36E+01)  136E-03|LOD Farm, Surface Water near Mat. Hospital
89 Yao 2019 10.1016/].5nb.201903.078 Y N E2 Qar A ICA MNP Antibody 2.00E-01 5.00E+00 2.00E-01|LOD Visual Buffer, Milk, Fish, Chicken, Prawn
90 |Ren 2019 10.1007/500604-019-3266-3 Y N E2 |ar F UCF BP-AU@T-CDNA/UCNP Aptamer 1.00E-01 1.00E+02|  9.20E-02|LOD Not stated Buffer, Milk, Serum, Urine, River Water
91 Liu 201910.1016/j talanta.2018.10.035 Y N E2 |ar 3 DPV Graphene Aptamer 1.90E-05 270E-03|  1.40E-05|LOD 3Blank_sd Water, Tap Water
92 Suaebah 2019|10.18494/5AM.2019.2231 Y N E2_|ar F FQ NCD Aptamer 2.726+01 2726+404|  2.72€+01|LOD Visual Buffer
93U 2019/10.1039/¢9nj05435a Y N £2 |ar E PEC In253/CeTi02/Cds Aptamer 1.00E-05 1.00E+02|  4.00E-06|LOD S/N=3 Buffer, Tap Water, Lake Water
94 Hendrickson 2018|10.1134/5000368381806008X Y N cp |ar A IcA AuNP Antibody 2.00E-01 8.00E01|  1.00E-02|LOD Buffer, Milk
95|Wang 201810.1039/c8qm00336j Y N £2 |ar A IcA AuNP Antibody 1.00E+00 1.00E+01]  1.10E+00|LOD [0.1Blank ? | Buffer, Milk
95| Wang 201810.1039/c8qm00336; Y N EE2_|QT A IcA AuNP Antibody 5.00E+00 5.00E+01|  4.85E+00|LOD Buffer, Milk
9|ai 2018|10.1039/c8an00591e Y N £2 |ar F FQ GNP Aptamer 1.02E+00 200E+01|  1.02E+00|LOD Not stated Buffer, Groundwater
Water, River Water, Tap Water, Bottled
97 Scala-Benuzzi 2018 10.1016/j,microc.2018.05.038 Y N EE2 QT F FPAD SBA-15 Antibody 1.00E-04 1.00E-01 5.00E-05 |LOD Water
98 | svobodovd 2017 |10.1016/j.jsbmb.2016.09.018 N Y E2 laL RI SPR Au Film Aptamer NA NA NA NA Water
99/Du 201510.1039/c4an01952k Y N E2 ot F FQ DC-AUNP/MMP Antibody 1.00E-05 LO0E+00|  6.37E-06|LOD Not stated Buffer, Urine
100 Ke 2014|10.1016/j.electacta.2014.06.014 Y N E2 |ar 3 Els dAu/BDD Aptamer 272606 272601 1.36E-06/LOD 38lank_sd Buffer, Surface Water
101 Chaisuwan 2013/10.1016/j.bi0s.2013.02.041 Y N E2 |ar 3 DPASV a Antibody 5.00E-02 1.00E+00|  5.00E-02|LOD Not stated Water, Tap Water, Wastewater
Buffer, Bottled Water, Lake Water, Raw
102 Kanso 2013|10.1021/ac303406¢ Y N E2 |ar 3 swv MMB Antibody 1.00E-04 1.00E-01|  1.00E-03|LOD 0.15Blank ? , Treated
Buffer, Bottled Water, Lake Water, Raw
102 Kanso 2013|10.1021/ac303406¢c Y N EE2|QT 3 SwWv MMB Antibody 1.00E-02 L1.00E+00|  1.00E-02|LOD , Treated
Buffer, Bottled Water, Lake Water, Raw
102 Kanso 2013|10.1021/ac303406¢ Y N E2 |ar A ELISA MMB Antibody 1.00E-01 1.00E+02|  3.60E-02|LOD 0.158lank ? Wastewater, Treated
Buffer, Bottled Water, Lake Water, Raw
102 Kanso 2013|10.1021/ac303406¢ Y N EE2 |aT A ELISA MMB Antibody 1.00E-01 1.00E+02|  5.00E-02|LOD Wastewater, Treated Wastewater
103 He 202010.1007/500604-020-4155-5 Y N E2_|ar F RCA/MCE AUNP/Fe304NC Aptamer 2.00E-01 2.00E400|  6.80E-03|LOD Buffer, Milk
104 Cincotto 2016|10.1016/j.talanta.2015.09.061 Y N EE2 |aT E Amp AgNP/Si02/GO Antibody 1.00E-01 1.00E+01|  6.50E-02|LOD Urine
105 Yang 2015|10.1016/j.1wt.2015.04.022 Y N E2|ar A IcA AuNP Antibody 6.256-02 2.00E400|  3.71E-02|LOD Visual Buffer, Milk
106 Liu 2014/10.1038/5rep07571 Y N £2 |ar A LSPR AuNP Aptamer 1.00E-01 1.00E+05|  1.00E-01|LOD Visual Water
107 Kim 2011 10.1016/j bios.2011.03.030 Y N E2__laT A LSPR AuNP. Aptamer 1.36E+04 2726404 136E+04|LOD Blank_mean + 3Blank_Sd Water
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Appendix F

Design of Experiments for Aptasensor
Optimisation (Chapter 6)

Since the 35-base aptamer was expected to have a lower limit of detection than the 76-base
aptamer according to the literature, a face-centered central composite design of experiments
(DoE) was used to confirm the ratio of AuNPs, aptamer, and sample volume used in this work
were optimal [192, 279]. The central composite design (CCD) tests the low and high levels
of each factors’ working ranges, as well as axial points which allow for estimating quadratic
effects [321]. In a face-centered CCD, the tested axial points are in the center of the face of each
factorial space, so that three levels are tested for each factor. By using CCD, we can employ
response surface methodology (RSM) to optimise the three selected parameters.

Other parameters, such as reaction times and temperatures, do not vary between published
methods. However, the AuNPs are often independently synthesised in each study, with varying
sizes and concentrations [192, 199, 200]. In addition, the concentration of aptamer and NaCl
are also independently validated. However, as noted in Chapter 6, NaCl has been replaced here
with the sample media which contains buffering salts; therefore, since the ionic strength of the
sample is fixed, we can only vary the volume of sample added to the reaction.

Three levels were used for each factor: 15, 25, or 35 uLL of AuNPs (x1); 50, 100, or 150 nM
of 35-mer aptamer (x2); 15, 25; 35 uL of MMB media (x3). Fifteen permutations were anal-
ysed in random order in two experimental blocks, with three replications of the centre point in
each block (Table F.1). In order to determine the best combination of reagents, we specifically
evaluated the analytical sensitivity and limit of detection. These metrics were determined by
measuring the response of six concentrations of E2 (0.032, 0.32, 3.2, 32, 320, and 360 uM)
analysed in duplicate.

Since the data points available for each permutation were limited, a four-parameter logistic

curve was fit to the data in lieu of a linear regression:
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a—d
y:d—i_T(J_C)b’ (Fl)

where y is the measured response, x is the concentration of E2, a is the parameter for the lower
bound response, d is the parameter for the upper bound response, b is the slope, and c is the con-
centration at the midpoint between a and d. Four-parameter logistic models are commonly used
for describing bioreceptor-ligand binding [222]. The goodness-of-fit for each concentration-
response curve (n = 20) was evaluated using Pearson’s correlation coefficient (R), with a mean
correlation value of 0.956 and median of 0.996, indicating that the model is acceptable. Only
two experimental tests — runs 6 and 7 from block 1 — were poorly fit by the model, with an R
of 0.495 and 0.748, respectively. From this equation, the slope b and the x value at 10% greater
than a (x99 ) are used to estimate sensitivity and detection limit, respectively. The parameter re-
sults from the non-linear regression as well as the goodness-of-fit and LOD estimates are shown
in Table F.2 and Figure F.1.

Response surface methodology was then used to determine the optimum combination of
AuNP volume, aptamer concentration, and sample volumes [280, 321]. Interaction plots showed
clear interactions by each of the three parameters for both the LOD and slope (Figures F.2 and
E3). A first-order RSM was performed for both the LOD and slope (Figures F.4a and F.4b).
Both first-order models obtained very poor R? values and non-significant p-values (Figures F.5
and F.6). However, the lack of fit p-value for both models were both > 0.05, indicating the
first-order models did not have lack of fit. After performing a second-order RSM ((Figures F.7a,
F.7b, F.8, F.9)), the R? for both responses improved from the first-order RSM, but were still poor.
While the second-order RSM model’s p-value for LOD remained insignificant, the second-order
RSM model’s p = 0.027 for the slope. The lack of fit p-values for both second-order models
further increased.

In using RSM, the objective was to find the minimum LOD and maximum slope. This
is given as the stationary point of response surface by the second-order RSM. The stationary
point of response surface for the LOD values were 1.06 for x1, 0.17 for x2, and —1.55 for x3
— two of which are outside the coded limits of —1 to +1. Given the poor correlation of the
model and the calculated inflection points being outside the experimental range, RSM was not
useful in identifying the optimum combination of reagents for LOD. Furthermore, the calculated
minimum, median, and maximum x;gg were 2.76, 3.45, and 4.30 log;o nM E2 (or 582, 2800,
and 19500 nM E2), respectively. Each of these is substantially greater than the reported LOD of
0.2 nM obtained by Alsager et al. (2015) [192]. Therefore, other parameters may be influencing
the lower limits of the method, such as nanoparticle size, shape, or uniformity.

The stationary point of response surface for the slope values were all within the experimental

range. The optimum combination of reagents for the greatest slope were: 25 uL. AuNPs, 100 nM
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of 35-base aptamer, and 25 pL of sample in MMB media. These observations are supported by
the results in Chapter 6 Figure 6.10b, which showed a slightly steeper slope when a higher
sample volume was used. Interestingly, the optimum slope combination was the centre-point
of the face-centered CCD. Of the six centre-point experiment replicates, one slope value of 70
was calculated by the regression; this is a statistical outlier. However, the other five b values
had a mean of 12 £ 4. The overall median slope from the DoE was 14, or 9 when the five
experiments which calculated slopes of 70 were excluded. Here, the optimum combination of
AuNPs, aptamer, and sample volumes is not a remarkable improvement of the slope obtained
for each combination.

In Chapter 6, a smaller sample volume (which was selected as the minimum volume required
to induce particle aggregation) was used, as was a smaller aptamer concentration (which was
deemed sufficient to stabilise the particles against salt-induced aggregation). However, the final
aptasensor in the main text used a different aptamer, which may perform differently. Nonethe-
less, the aptasensor appears to be fairly robust against modifications to the concentrations of
reagents used. It is unclear why the limit of detection of the 35-base aptamer from the literature
could not be reproduced. However, we can be confident that the combinations of AuNP vol-
ume, sample volume, and aptamer concentration are practical, and any further refinement and
development of the chosen parameters would be ineffectual, particularly to the main aims of the
thesis.
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Table F.1: Face-centered central composite design of experiments for testing the volumes of
AuNPs and samples in MMB media (uL) and aptamer concentration (nM).

Block Run  AuNP (x1)  Aptamer (x2) Sample (x3) x1 x2 X3

1 35 50 15 1 -1 -1
2 25 100 25 0 0 0
3 15 50 15 -1 -1 -1
4 25 100 25 0 0 0
5 35 50 35 1 -1 1
1 6 15 150 15 -1 1 -1
7 15 50 35 -1 -1 1
8 35 150 35 1 1 1
9 15 150 35 -1 1 1
10 35 150 15 1 1 -1
11 25 100 25 0 0 0
1 25 150 25 0 1 0
2 35 100 25 1 0 0
3 25 100 35 0 0 1
4 25 100 25 0 0 0
2 5 25 50 25 0 -1 0
6 15 100 25 -1 0 0
7 25 100 25 0 0 0
8 25 100 25 0 0 0
9 25 100 15 0 0 -1
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Table F.2: Results of the four-parameter logistic regression fit for the E2 dilutions tested by the
design of experiments.

Run Set a b c d R X10%

B1S1 0.61 8.47 429 099 09999  3.31
B1S2 0.58 1753 413 097 1.0000 3.64
B1S3 0.50 3.61 720  1.55  0.9981 3.92
B1S4 0.43 9.09 468 0.78 09986  3.68
B1S5 0.89 70.00 353 1.08 09619 342
B1S6 0.89 70.00 444 096 04950 4.30
B1S7 094 70.00 350 1.07 0.7484  3.39
B1S8 0.80 1330 3.89 1.06 09963 3.30
B1S9 0.73 70.00 443 106 09868  4.29
B1S10 075 18.00 397 105 09987 3.1
B1S11 0.73 15.18 4.06 1.07 09998  3.51
B2S1 0.74 5.02 428 1.15 09964  2.76
B2S2 074 1639 417 106 09985  3.65
B2S3 0.87 70.00 3.60 1.07 09904 3.49
B2S4 0.68 9.21 422 1.07 09994 332
B2S5 0.56 8.22 437 082 09957 334
B2S6 0.87 2236 4.01 1.06  0.9805  3.63
B2S7 0.74 7.55 4.11 I.11 ~ 0.9900  3.08
B2S8 0.76 6.62 466 1.14 09988  3.34
B2S9 0.74 9.70 4.11 1.08  0.9940  3.28

The run set refers to the block (B#) and run (S#). Parameters a-d refer to Equation F.1, where b is the slope and
X10% 1s used to represent the limit of detection in /og¢ of nanomolar E2. R is the correlation coefficient of the
model.
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Figure F.1: Results from the DoE showing the aptasensor response for the different conditions
given in Table F.1. The data is labelled for each run set by block (B#) and run (S#). Points
are the mean of duplicates and error bars are standard deviation. The 4-parameter curve fit is
shown with the blue curve, and the x10q, is indicated with the dashed red line.
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Figure F.2: Interaction plots for limit of detection comparing (a) aptamer concentration versus
AuNP volume, (b) aptamer concentration versus sample volume, and (c) sample volume versus
AuNP volume.

215



Appendix F. Design of Experiments for Aptasensor Optimisation (Chapter 6) 216

(a)
Q -
AuNP (uL)
| 15
B — 35
---- 25
o _|
[ N
o
o
0
o0 |
-
o
—
0w -
50 100 150
Aptamer (nM)
(b)
S
Sample (uL)
3 15
— 35
3 - ---- 25
2 g
g ¥
[
o _|
o™
o _|
N
o
-
50 100 150
Aptamer (nM)
(c)
S
AuNP (uL)
3 - ---- 25
— 35
o _| 15
[T
[}
Q. o _|
o =
[
o _|
o™
o _|
N
o
-

15 25 35

Sample (uL)

Figure F.3: Interaction plots for slope comparing (a) aptamer concentration versus AuNP vol-
ume, (b) aptamer concentration versus sample volume, and (c) sample volume versus AuNP
volume.
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Figure F4: First-order response surface method contour plots of AuNP volume, aptamer con-

centration, and sample volume on (a) limit of detection and (b) slope.

217



Appendix F. Design of Experiments for Aptasensor Optimisation (Chapter 6) 218

Call:
rsm(formula = EC10x ~ FO(x1l, x2, x3), data = CCD1)

Estimate Std. Error t value Pr(>lt|)
(Intercept) 3.508000 0.079725 44.0011 <2e-16 **x

x1 -0.100000 0.112749 -0.8869 0.3883
x2 -0.030000 0.112749 -0.2661 0.7936
x3 -0.184000 0.112749 -1.6319 0.1222

Signif. codes: 0 “#*%*’ 0.001 ‘**’ 0.01 ‘x> 0.05 ‘.’ 0.1 ¢ > 1

Multiple R-squared: 0.1804,Adjusted R-squared: 0.02667
F-statistic: 1.174 on 3 and 16 DF, p-value: 0.3508

Analysis of Variance Table
Response: EC10x

Df Sum Sq Mean Sq F value Pr(>F)
FO(x1, x2, x3) 3 0.44756 0.14919 1.1736 0.3508

Residuals 16 2.03396 0.12712
Lack of fit 11 1.38843 0.12622 0.9776 0.5500
Pure error 5 0.64553 0.12911

Direction of steepest ascent (at radius 1):
x1 x2 x3
-0.4726878 -0.1418063 -0.8697455

Corresponding increment in original units:
AuNP Apt Sample
-4.726878 -7.090317 -8.697455

Figure F.5: First-order response surface method output for limit of detection. In the code, LOD
is referred to as "EC10x".
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Call:
rsm(formula = Slope ~ FO(x1, x2, x3), data = CCD1)

Estimate Std. Error t value Pr(>|t|)

(Intercept) 26.0125 6.4458 4.0356 0.0009577 *x*x
x1 0.8850 9.1157 0.0971 0.9238646
x2 0.9780 9.1157 0.1073 0.9158950
x3 -0.3620 9.1157 -0.0397 0.9688144

Signif. codes: 0 ‘*%x> 0.001 ‘*%’ 0.01 ‘x> 0.05 ¢.”> 0.1 ¢ > 1

Multiple R-squared: 0.001405,Adjusted R-squared: -0.1858
F-statistic: 0.007504 on 3 and 16 DF, p-value: 0.9991

Analysis of Variance Table
Response: Slope

Df Sum Sq Mean Sq F value Pr(>F)
FO(x1, x2, x3) 3 18.7 6.24 0.0075 0.9991

Residuals 16 13295.4 830.96
Lack of fit 11 10446.0 949.64 1.6664 0.2986
Pure error 5 2849.4 569.88

Direction of steepest ascent (at radius 1):
x1 x2 x3
0.6470458 0.7150405 -0.2646673

Corresponding increment in original units:
AuNP Apt Sample
6.470458 35.752024 -2.646673

Figure F.6: First-order response surface method output for slope.
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Figure F7: Second-order response surface method contour plots of AuNP volume, aptamer
concentration, and sample volume on (a) limit of detection and (b) slope.
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Call:
rsm(formula = EC10x ~ Block + SO(x1, x2, x3), data

Estimate Std. Error t value Pr(>|tl)

(Intercept) 3.81448 0.36619 10.4166 2.545e-06 *
Block -0.15692 0.19324 -0.8120 0.4377
x1 -0.10000 0.11009 -0.9084 0.3874
x2 -0.03000 0.11009 -0.2725 0.7914
x3 -0.18400 0.11009 -1.6714 0.1290
x1:x2 -0.01000 0.12308 -0.0812 0.9370
x1:x3 0.22250 0.12308 1.8077 0.1041
x2:x3 -0.11000 0.12308 -0.8937 0.3947
x172 0.21070 0.21448 0.9824 0.3516
x272 -0.37930 0.21448 -1.7685 0.1108
x372 0.01070 0.21448 0.0499 0.9613

Signif. codes: 0 ‘*xx’> 0.001 ‘**> 0.01 ‘%’ 0.05 ¢.

Multiple R-squared: 0.5604,Adjusted R-squared: O.
F-statistic: 1.148 on 10 and 9 DF, p-value: 0.4229

Analysis of Variance Table

Response: EC10x

Df Sum Sq Mean Sq F value Pr(>F)
Block 1 0.02948 0.029480 0.2432 0.6337
FO(x1, x2, x3) 3 0.44756 0.149187 1.2310 0.3541
TWI(x1, %2, x3) 3 0.49365 0.164550 1.3577 0.3165
PQ(x1, x2, x3) 3 0.42007 0.140024 1.1554 0.3789
Residuals 9 1.09076 0.121195
Lack of fit 5 0.44689 0.089379 0.55563 0.7340
Pure error 4 0.64387 0.160967

Stationary point of response surface:
x1 x2 x3
1.0611267 0.1715922 -1.5525549

Stationary point in original units:
AuNP Apt Sample
35.611267 108.579612  9.474451

Eigenanalysis:

eigen() decomposition

$values

[1] 0.2614364 -0.0322412 -0.3870943

$vectors

[,1] [,2] [,3]
x1 0.90974502 -0.4147713 -0.01813168
x2 -0.04254903 -0.1365908 0.98971337
x3 0.41298133 0.8996153 0.14191088

= CCD1)

* %

2 @4 ¢ °

07206

1

Figure F.8: Second-order response surface method output for limit of detection. In the code,

LOD is referred to as "EC10x".
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Call:
rsm(formula = Slope ~ Block + SO(x1, x2, x3), data = CCD1)

Estimate Std. Error t value Pr(>|tl)

(Intercept) -0.57417 17.60974 -0.0326 0.974701
Block 14.81401 9.29289 1.5941 0.145373

x1 0.88500 5.29406 0.1672 0.870933

x2 0.97800 5.29406 0.1847 0.857532

x3 -0.36200 5.29406 -0.0684 0.946979
x1:x2 -14.43750 5.91894 -2.4392 0.037413 *
x1:x3 13.63750 5.91894 2.3040 0.046689 *
x2:x3 -17.35750 5.91894 -2.9325 0.016688 *
x172 -9.21909  10.31393 -0.8938 0.394677

x272 -21.97409  10.31393 -2.1305 0.061969 .
x372 41.40591 10.31393 4.0146 0.003043 **
Signif. codes: 0 ‘x*x> 0.001 ‘**> 0.01 ‘x> 0.05 ¢.” 0.1 ¢ > 1
Multiple R-squared: 0.8105,Adjusted R-squared: 0.6

F-statistic: 3.85 on 10 and 9 DF, p-value: 0.02734
Analysis of Variance Table

Response: Slope
Df Sum Sq Mean Sq F value Pr(>F)

Block 1 461.5 461.54 1.6468 0.23146
FO(x1, x2, x3) 3 18.7 6.24 0.0222 0.99517
TWI(x1, x2, x3) 3 5565.6 1855.21 6.6194 0.01179
PQ(x1, x2, x3) 3 4745.8 1581.94 5.6443 0.01870
Residuals 9 26522.4 280.27

Lack of fit 5 59.0 11.79 0.0192 0.99971
Pure error 4 2463.5 615.87

Stationary point of response surface:
x1 x2 x3
0.0405844743 0.0090823174 -0.0004084495

Stationary point in original units:
AuNP Apt Sample
25.40584 100.45412 24.99592

Eigenanalysis:

eigen() decomposition

$values

[1] 43.711319 -7.849931 -25.648657

$vectors

[,1] [,2] [,3]
x1 0.1458840 0.9165920 -0.37225916
x2 -0.1453269 -0.3523476 -0.92451678
x3 0.9785693 -0.1889715 -0.08180364

Figure F.9: Second-order response surface method output for slope.
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