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ABSTRACT

The work presented herein provides quantitative data related to bacteria exposed in situ to
two radionuclides relevant to nuclear sensing: plutonium-239 (**°Pu) and iron-55 (*°Fe).
Originally motivated by the fundamental science underlying biosensing, liquid cultures of
Pseudomonas putida and Escherichia coli were exposed to radionuclides over the course of 15-
day experimental periods with the intent of gaining insight into the response of these bacteria.
An essential component of characterizing or utilizing this response in a meaningful way is an
understanding of the dose leading to that response. This dissertation narrows the knowledge gap
associated with dose-response of microorganisms at environmentally relevant radionuclide
concentrations through consideration of factors that influence the local dose, i.e.,
microdosimetry, experienced by the bacteria. These studies found that 2**Pu accumulation in P.
putida cells increased initially but plateaued after about 5 days, whether or not complexed with
citrate. Moreover, 2>’Pu concentration in E. coli cells was greater than that in P. putida cells which
may be the result of a stronger complexing agent made by E. coli for the purpose of Fe uptake. In
cultures grown with *Fe, over 75% of %°Fe was located in cell samples because of internal and
external accumulation. When P. putida cultures were grown with 22Pu and >*Fe in combination, as
well as 2*°Pu in combination with stable Fe, results indicate that 23°Pu inhibited the uptake of >°Fe,
and that the presence of Fe in cultures may promote pathways for Fe accumulation that are used
by 2*Pu. Finally, consideration of RNA extractions specifically suggested that >*Pu and *°Fe
detected in RNA extraction samples is the result of binding to RNA prior to the time of
extraction, as opposed to flow through or binding after cell lysis, and it highlights the practical

importance of nucleic acid sample characterization to radiation protection, more generally. The



work presented in this dissertation supports a more robust understanding of the behavior of *°Pu
and >°Fe in bacteria systems and provides the groundwork necessary for the development of

appropriate microdosimetric models for bacteria as well as more informed interpretation of

transcriptomic analysis.
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CHAPTER ONE

INTRODUCTION

The work presented in this dissertation originated from efforts to evaluate the potential of
common microorganisms to act as biosensors and aid efforts related to the non-proliferation of
nuclear weapons. The use of common environmental microorganisms as biosensors is appealing
for their potential use in scenarios where traditional electronic or passive radiological detection
devices cannot be used. The potential for microorganisms to maintain a record of past exposure
based on analysis of gene expression is of particular interest. For microorganisms to serve as
effective aids in non-proliferation efforts, we must be capable of relating changes in gene
expression to absorbed dose and the specific radionuclides to which the microorganisms were
exposed so we can differentiate between exposures to materials related specifically to the
production of nuclear weapons and radiological exposures from natural radioactivity and
peaceful applications of nuclear technology.

The work presented herein is a subset of data collected in the Martinez and Blenner
laboratories examining the response of different bacteria and yeasts to alpha, beta, gamma, and
neutron radiation. Specifically, this dissertation examines physical, radiological data from
Pseudomonas putida and Escherichia coli grown in liquid culture with 2*°Pu and *°Fe, both alone
in combination. Both radionuclides are metals and have similarities in their expected behavior in
liquid bacteria cultures, however 2*°Pu provides the opportunity to examine exposures to high
Linear Energy Transfer (LET) alpha radiation, while *Fe provides the opportunity to examine

low-LET, low-energy beta and gamma radiation.
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The task of evaluating microorganisms for their potential use as discriminating
biosensors of radiological exposure is challenging and cannot be evaluated without examining
more fundamental questions regarding the exposure of microorganisms to different sources of
radiological material in various environments. As such, beyond the goals of the project related
to the non-proliferation of nuclear weapons, the chapters to follow provide support for the utility
of this data for a variety of other radiological science applications. In particular, the work
supports efforts to describe the biological response of P. putida and E. coli by developing dose
estimates that reflect the specific conditions of radiological exposure in the form of a dose
response model.

A first step in the process of understanding a dose-response was to determine the
fractionation of *°Pu and *Fe between the growth media and the cells. In the following studies,
dose estimates to bacteria were used to determine the quantities of radionuclides to add to each
culture. The dose estimates were based on absorbed dose in water, where the water was both the
source and receptor, assuming a homogenous distribution of radionuclides in the water. Because
of the, relatively, local deposition of energy from >*°Pu and >>Fe emissions, any accumulation of
the 2*Pu or *°Fe on the cell surfaces or inside the cells (via uptake) would render the assumption
of a homogenous distribution inaccurate. As expected, 2**Pu and >Fe both concentrated in the
cells justifying the need for more rigorous examination of dose via microdosimetry as opposed to
an absorbed dose calculation in a fluid. The work presented in this dissertation attempts to
characterize the similar and dissimilar ways that **Pu and >Fe concentrate in cells over a 15-day
experiment.

When samples of ribonucleic acid (RNA) extractions were analyzed for radioactivity for

the purpose of radiological materials handling, the results were unexpected. The RNA extraction
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process is highly selective for RNA to maintain sample purity, so it was not expected that these
samples would contain detectable concentrations of 2>’Pu or >°Fe. Instead, the observation that
the RNA extracts did, in fact, contain >*’Pu and *°Fe indicated that further analysis was
warranted. In the chapters to follow, analysis of RNA extracts for radiological content is
undertaken to examine their utility as a tool for comparing uptake versus sorption of
radionuclides in the cells. The analysis of RNA extractions includes an experiment designed to
examine the extraction process itself, because of the possibility that process flowthrough was
responsible for the results observed.

In Chapter 2, 2*Pu accumulation with and without citrate was examined in P. putida
cultures, and the fractionation of 2*°Pu when complexed with citrate was examined in P. putida
and E. coli cultures. The accumulation of 2*°Pu in P. putida cells was found to increase both with
and without citrate complexation for the first five days and then plateau until the end of the study
period (15 days). Citrate complexation was found to sufficiently increase the solubility of >*°Pu
in P. putida cultures. The activity concentration of *°Pu in E. coli cells was greater than that in
P. putida cells which may be the result of a stronger complexing agent made by E. coli for the
purpose of Fe uptake. In Chapter 3, 2*°Pu accumulation was considered in combination with *>Fe
and stable Fe. In cultures grown with *Fe, over 75% of **Fe was located in cell samples because
internal and external accumulation. When P. putida cultures grown with 2*°Pu and °Fe in
combination, as well as *°Pu in combination with stable Fe, and the results support hypotheses
regarding uptake of both radionuclides with supporting data from the analysis of ribonucleic acid
(RNA) extractions. Results indicate that >*’Pu inhibited the uptake of *Fe, and that the presence
of Fe in cultures may promote pathways for Fe accumulation that are used by >**Pu. Chapter 4

investigates the hypothesis that radiological content in RNA extractions presented in Chapter 3
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were the result of process flow-through. RNA extractions were performed on bacteria growth
media with and without bacteria cells (i.e., with and without RNA) at several different
concentrations of 2°Pu and *Fe. Results of the study suggest that *°Pu and *°Fe detected in
RNA extraction samples during long term cell studies is the result of binding to RNA prior to the
time of extraction, as opposed to flow through or binding after cell lysis, and it highlights the
practical importance of nucleic acid sample characterization to radiation protection more
generally. Chapter 5 provides an overall summary of the dissertation conclusions and a
discussion of future work. The final five appendices provide supplemental information for
Chapters 2, 3, and 4.

The data presented herein has undergone peer review and published in the literature prior
to the publication of this dissertation. Chapters 2, 3, and 4, are adaptations of papers published
under the same titles as the chapter titles as provided below.

e Chapter 2: Health Physics Journal, Volume 121(5), Pages 484-493
e Chapter 3: Journal of Radiological Protection, Volume 41(4), 1199

e Chapter 4: Journal of Radiological Protection, Accepted January 4", 2023
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CHAPTER TWO
PLUTONIUM-239 ACCUMULATION IN E. COLI AND P. PUTIDA

GROWN IN LIQUID CULTURES

Abstract

Understanding of the behavior and effects of plutonium (Pu) in the environment is an
important aspect of developing responsible and effective strategies for remediation and
environmental stewardship. This work studies the sorption and uptake of *°Pu by common
environmental bacteria, Escherichia coli DH10B and Pseudomonas putida KT-2440. Plutonium
was directly incorporated into growth media prior to inoculation (0.12 kBq mL "), and samples
from the liquid cultures of E. coli and P. putida were analyzed over a 15-d growth period
through liquid scintillation counting (LSC) of Pu in cell pellets and cell culture media following
centrifugation. To improve its solubility in the liquid cultures, Pu was complexed with citrate
prior to inoculation. P. putida cultures were also grown without citrate to examine potential
impact of P. putida’s ability to use citrate as a food source. The accumulation of Pu in P. putida
cells was found to increase both with and without citrate complexation for the first 5 d and then
plateau until the end of the study period (15 d). A higher activity concentration of Pu was found
in P. putida cells grown with citrate complexation than without. The activity concentration of Pu
in E. coli cells was greater than that in P. putida cells, which may be the result of a stronger
complexing agent made by E. coli for the purpose of iron uptake. There are a variety of factors
that influence Pu behavior in bacterial systems, and results confirm that even in a simple system,

multiple mechanisms are at play.
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Introduction

Plutonium in the Environment

Plutonium (Pu) is primarily found in the environment anthropogenically, released
through nuclear weapons production and testing, nuclear fuel reprocessing and storage, nuclear
accidents, and the re-entry of satellites powered by radioisotope thermoelectric generators' ™ .
Environmental stewardship requires effective strategies for management and remediation of such
actual or potential releases, and responsible decision-making necessitates understanding of the
behavior and effects of Pu in the environment. Although Pu has long been studied in
ecosystems’’ there are still many knowledge gaps regarding its environmental behavior® that
continue to be of interest due to the long-term human and environmental health concerns
associated with legacy Pu contamination as well as potential future contamination. This study
considers exposure of Escherichia coli and Pseudomonas putida to **°Pu (ti2 = 24,110 y) which
is a fissile nuclide that is used in the production of nuclear weapons. Plutonium-239 is also
present in high-level radioactive waste, and its mobility is a significant factor influencing long-

term risk of geological disposal °.

Bacteria of Interest

E. coli and P. putida are both gram-negative, rod-shaped bacteria that are commonly
found in a variety of environmental habitats. The E. coli strain used in this work was derived
from a K-12 strain which is a model organism that has been studied over the nearly one-hundred
years since the first isolation of K-12 E. coli in 1922 '°. E. coli is a versatile model organism that
has held a key role in understanding many foundational principles of genetics''. The specific
strain selected for this work, E. coli DH10, is a non-pathogenic strain that is frequently selected
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for laboratory experiments and is primarily used for DNA cloning because of its suitability as a
host for large foreign DNA fragments'?. E. coli cells are approximately 1-2 um long with a
radius of 0.5 um '3, as seen in Figure 1a.

P. putida is ubiquitous in soil and fresh water ecosystems and has a versatile metabolism
that allows it to grow in a variety of environments'®. The strain of P. putida selected, KT2440, is
a biological safety strain of that has been fully sequenced since 2002 and has been used in a wide
variety of research activities, so it is well characterized and suited for bioinformatic
investigations'>. P. putida are generally found to have a length of about 2 um and a radius of

about 0.5 pm!6 as seen in Figure 1b.

Figure 1 Images of (a) E. coli and (b) P. putida collected from liquid cultures. Images were
collected by at the Clemson Electron Microscopy Facility in June 2019 via Transmission
Electron Microscopy (Hitachi HD 2000).

Plutonium in liquid cultures of bacteria

For practical purposes, absorbed dose is typically averaged over a volume of interest!”. It
is conventionally assumed that deoxyribonucleic acid (DNA) is the primary and critical target for

induction of dose-related effects, whether directly or indirectly produced. As summarized in a
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thorough review paper by Dauer et al.!8, the current literature suggests that while this assumption
is warranted in many cases, interactions with the cell membrane, proteins, mitochondria, cell
signaling pathways, and other organelles may also be responsible for inducing effects as a result
of ionizing radiation, and these effects may be highly relevant to understanding the mechanisms
of effect of chronic low doses of radiation.

Plutonium-239 decay results primarily in the emission of 5.14 MeV alpha particles '
which travel about 49 um on average in water or tissue, depositing energy along their path of
interaction. Plutonium-239 concentrated within the cells internally (via uptake) or externally on
the cell surfaces (sorption) would mean that a larger portion of alpha interactions will occur at
sensitive locations within the cells including, but not limited to, bacterial DNA, the cell

membrane, and other organelles.

The influence of citrate on plutonium chemistry

To utilize *°Pu in an aqueous solution, previous work in the Martinez lab using citrate
with Pu indicated that a complexing agent would be required to maintain proper solubility.?
While many complexing agents are capable of making this oxidation state change, the use of
citrate was determined to meet my needs in this experiment as the biological impact was
assumed to be minimal as compared to other options such as ethylenediaminetetraacetic acid
(EDTA). The use of citrate as complexing agent transforms Pu(V) into Pu(IV), which is
generally soluble at near neutral pH when complexed with an organic ligand like citrate?!. There
is ample evidence in the literature that Pu will readily bind to the surfaces of cells or other
organic matter?. Although Pu has many interactions with cells that are similar to those of other
metals, Pu also has many unique behaviors because of its complicated variety of oxidation states

at near-neutral pH ranges and large physical size, and as such, Pu is generally more likely to
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bond to surfaces than be transported through the cell membrane 3. A complicating factor in Pu
transport, however, is siderophore complexes that are produced by bacteria for the purpose of
transporting iron across the cell membrane. Biotransformation of Pu(IV) organic complexes is
expected in the presence of Pseudomonas bacteria®*. Evidence of Pu transport through the cell
membrane has been observed in P. putida by a variety of siderophore complexes including via
hydroxamate complexes which are the strongest natural Pu chelating compounds °. The use of
citrate as a complexing agent provides an interesting scenario when examining partitioning of Pu
in P. putida cultures. While both bacteria studied herein have pathways to transport iron and
presumably Pu across the cell membrane, P. putida’s robust metabolism allows it to use citrate
as an energy source providing further pathways for Pu mobility in and around the cells 2
whereas E. coli cannot use citrate as an energy source under aerobic conditions 2’.

Our work, therefore, starts by examining the impact of citrate complexation on the partitioning of
Pu in P. putida cell cultures so that this information can be utilized to improve dose modeling
efforts, an important step in the development of dose-response relationships. While the
assumption that the addition of citrate would maintain sufficient solubility, I found it prudent to
examine activity of cell culture samples as compared to the expected activity of the samples to
ensure that the *’Pu remained soluble during the work. General chemical models can determine
the solubility of >*’Pu based on the quantity of complexing agents, but the less predictable factor
of siderophore production by bacteria could alter the oxidation state ratios of *°Pu. I found that
comparing cultures with 2*°Pu not complexed with citrate as well as *°Pu complexed with citrate

would provide more confidence in this and future analyses.
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Motivation

The work described herein was part of a larger effort that sought to identify transcriptional
changes in ribonucleic acid (RNA) expressed by model environmental microorganisms that were
exposed to low radiation dose rates (~9 mGy d!) of select radionuclides relevant to
anthropogenic, nuclear-related activities. This process afforded the opportunity to gain
fundamental knowledge concerning the (1) low dose effects to model microorganisms, and (2)
influence of these organisms on Pu behavior in a simple aquatic system. The utility of this
knowledge can be applied to the broad environmental problems inherent with the use and
disposal of materials that contain Pu. The study of common microorganisms provided insight
into the effects of ionizing radiation at low-doses in environmental settings as these organisms
are often indicators of environmental health and can provide pathways to the food-chain via low-
trophic level organisms?®.

A long-term goal of my study is to combine the results regarding the accumulation of
radionuclides with microdosimetric modeling to ensure that accurate doses are connected to
observed changes in gene expression. The system of interest was environmental bacteria grown
in liquid culture, and the first step in developing an appropriate dose response model for this
system was to examine the partitioning of the radionuclide between the growth media and the
organism to enable the development of microdosimetric models. Specifically, the objectives of
the study were

e To examine the impact of citrate complexation on Pu accumulation in P. putida over an

exposure duration of 15 days (as P. putida can use citrate as a food source) and

e To examine Pu accumulation in the common environmental bacteria E. coli and P. putida

over an exposure duration of 15 days.
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Materials and Methods

Bacteria culture

Non-pathogenic strains of bacteria, P. putida KT-2440 (Nelson et al., 2002) and E. coli
DH10B!2, were grown from glycerol stocks in 100 mL of M9 minimal media (recipe provided in
Appendix C) in 250 mL baffled flasks on a New Brunswick 124R (Eppendorf AG, Hamburg,
Germany) temperature-controlled shaker/incubator at 215 rpm and 28 °C for 15 days. M9
minimal media was supplemented with 0.5% glucose, 1% thiamine hydrochloride, and 1%
casamino acids. As mentioned previously, these microbes were chosen because they would be
expected to be exposed to radioisotopes in their natural ecologies, and as they are ubiquitous in
nature, would make excellent sentinels. The health of the bacteria cultures was monitored with

routine optical density (OD) measurements on all sampling days at 600 nm.

Radiological treatments

Three treatment groups (control, 2**Pu, and 2**Pu complexed with citrate), each in
biological triplicate, were used in investigating Pu accumulation in P. putida. For investigations
of E. coli, two treatment groups (control and 2*°Pu complexed with citrate) also in biological
triplicate, were considered. At the time of experimentation with E. coli, it was already
determined that 2*°Pu complexed with citrate would provide sufficient solubility to conduct the
experiments. While a set of data including E. coli grown with **Pu not complexed with citrate
would have been ideal for my work, this exposure scenario was not determined to serve the
overall project’s goals and was not authorized at the time because of limited space on the

incubation platform.
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Prior to inoculation with bacteria, radionuclide treatments were added to growth media
from an in-house stock solution of >*’Pu in 0.01M HCI with a concentration of 69.9 kBq mL"!
(30.4 ppm). The Pu solution was provided by the radiochemistry group at Clemson University
and contained 99.919% 2*°Pu by mass as of 07 July 2015 as per personal correspondence (B.
Powell, August 28", 2017). The oxidation state was assumed to be primarily Pu(V) (~75%) with
some Pu (IV) and Pu(VI) prior to the addition of citrate, based on oxidation state analysis of the
stock solution. Based on oxidation state measurements of growth media spiked immediately
prior to inoculation, the oxidation state of Pu in treatment groups where citrate was added was
found to be primarily Pu(IV) (75-80%) with the remainder mostly comprised of Pu(V).
Additional information regarding oxidation state analysis can be found in Appendix B.

All treatment groups were spiked to a concentration of Pu that would yield a uniform
absorbed dose rate to the growth media (including bacteria) of approximately 9 mGy d!,
assuming homogenous distribution of Pu (specifically, 0.12 kBq mL™! or 0.05 ppm). For
treatment groups containing Pu-citrate, citrate was added to an aliquot of *Pu stock solution
with which each Pu-citrate group was treated to ensure consistency between replicates. The
citrate-to-Pu mass ratio was approximately 1000:1. A citrate treatment was considered because
citrate acts as a chelating agent, and the propensity of Pu to bind with other organic substances
including cell surfaces may be limited as compared to Pu that is not complexed and more readily
available for binding?’.

The dose rate was selected to be just below Department of Energy’s upper end of
environmental dose rate guidelines (10 mGy d™! for terrestrial biota) which are considered safe
levels of exposure with respect to biota population effects 2°. The DOE dose rate guidelines are

based on seeing “no effect” on population attributes in terrestrial biota including mammals and
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birds, which are much more radiosensitive than bacteria®®. Although these guidelines do not
specifically address microorganisms or individual response, we consider these values to be
representative of “low dose rate” because they are appropriately conservative for the study of
bacteria, where the goal of our study is to observe individual responses in gene expression
without expression being dominated by DNA repair. The dose-rate of 10 mGy d! is also relevant
when compared to dose-rates at sites of historic environmental contamination. For example, the
average radiation doses in the top 1 cm soil layer at Kyshtym, the primary site of contamination
from a nuclear accident at the Mayak Pu production facility in Russia, were on the order of 5-12

mGy d' 3.

Sampling method for cell cultures

Sampling (0.5 mL aliquot) was conducted 24-hours post inoculation (day 1) such that the
bacteria had sufficient time to reach a stationary phase prior to sampling and then approximately
36- and 48-hours post-inoculation (days 1.5 and 2, respectively) and at days 5, 10, and 15.
Samples were centrifuged at 5500 relative centrifugal force (RCF) for 5 minutes at room
temperature. The supernatant was eluted from each sample and collected in a liquid scintillation
vial. Cell pellets were rehydrated in 0.5 mL of M9 minimal growth media and resuspended by
vortexing. Resuspended pellet samples were treated with 25-50 puL of H202 (30%) depending on
the amount of organic matter in the sample and lightly vortexed. The addition of H20> (30%)
was used to break down organic material and reduce potential effects of physical quenching
during liquid scintillation analysis. Samples were left (uncapped) with added H>O- for least 30
minutes prior to transferring samples to liquid scintillation vials for analysis. A graphical

depiction of this method is provided in Figure 2.
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Figure 2 Conceptual model depicting an overview of the sampling and analysis process.

Sample masses were collected for the total sample, cell pellet, and supernatant for the
purpose of mass balance calculations. All liquid scintillation vial samples were prepared for
liquid scintillation counting (LSC) analysis with the addition of 10 mL of Optiphase HiSafe 3
liquid scintillation cocktail (PerkinElmer, Waltham, MA, USA). The sampling process is a
destructive testing process such cells cannot be recovered from cell pellet samples after the

addition of H,O».

Determination of radioactivity content

Samples were analyzed for radioactivity using a Tri-Carb 4910 TR liquid scintillation
analyzer (PerkinElmer, Singapore). We assumed an efficiency of 100% for alpha emissions from
Pu decay, which is the expected and manufacturer recommended efficiency for alpha counting.
To ensure proper quantification of Pu in the samples, potential contributions to total activity
were considered based on the reported isotopic ratios of 2°Pu (99.919%), 2*°Pu (0.055%), 2**Pu
(0.002%), *'Pu (0.012%), and ***Pu (0.012%) as well as all potential ingrowth products: **U,
235y, 86y, 28U, and ! Am. The Pu stock used routinely undergoes a Pu separation process to

remove U and Am ingrowth products. Using the date of the last Pu separation, the date of the
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experiments, and the isotopic ratios at the certification date, the only isotopes with an expected
contribution of more than 0.1% of total activity were alpha emitters >**Pu (84.59% of total
activity), 2°Pu (0.46%), and **°Pu (0.17%) and the beta emitter >*'Pu (14.73%). The resolution of
the LSC method was insufficient to differentiate alpha peaks from the different Pu isotopes, and
as such an alpha peak region was used to collectively count all activity from 2*°Pu, **Pu, and
240py. While the peak resulting from >*!Pu beta emissions could be differentiated from the alpha
peak, we were unable to obtain a counting efficiency for these beta emissions to allow for true
quantification of >'Pu. To determine total Pu in samples, we used the assumption that the total
counts from the alpha region accounted for approximately 85% of total sample Pu activity, such
that the reported Pu concentrations are the result of the net counts from the alpha region divided
by 0.85. An example calculation to demonstrate this is provided in Appendix D.

All samples were normalized to a 1 mL sample volume for direct comparison by using
the total mass of each sample and the simplifying assumption that the density of the liquid
cultures was 1 g cm™. The net activity concentration of Pu was determined by using the average
of three biological replicate control samples for the given sampling day for background

subtraction.

Assumptions

As proof of principle that citrate improved Pu solubility, the measured activity of the
samples was normalized to 1 mL and compared to the expected activity of a I mL sample of
culture. The expected concentration was calculated assuming homogenous distribution of Pu in
solution such that the expected net total activity in the entire 100 mL flask was 120 kBq, and a 1
mL would contain 0.12 kBq. As such, the expected activity concentration would be 0.12 kBq

mL!. If the Pu did not remain in solution, one would expect sorption to the flask surface which
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would reduce the concentration of Pu to less than 0.12 kBq mL™!. A simplifying assumption

applied was that liquid bacteria cultures retain both a constant volume (accounting for sampling)

and density. The latter assumption of 1 g mL™! is likely a source of error in these calculations as

the density of individual cells varies between live, dead, and stressed cells*, and therefore, likely

varied over the course of the experiment. The density assumption was applied for the entire

volume of culture; while cell density will vary non-uniformly over the duration of a 15-day

experiment period, the density of the growth media will not, and as such we expect that this

assumption will result well below 10% error in all cases.

Terminology

In the analysis of data provided in the next section, the following terms are utilized.

Expected Activity- The expected activity of any sample is based the assumptions that 120
kBq of 2*Pu will be distributed homogeneously in 100 mL of growth media and that there
is no loss of 2*’Pu via sorption to the flask walls. As such, the expected activity of a 1 mL
sample was determined to be 0.12 kBq and the Expected Activity Concentration of the
solution is thus 0.12 kBq mL™! because

Total **°Pu added to flask(kBq)
Volume of growth media in flask(mlL)

= Expected Activity Concentration

Cell Pellet Activity The cell pellet activity is defined as the activity determined when the
cell pellet sample was analyzed by LSC as described in the above sections (Figure 2,
Bottom LSC vial)

Media Activity The media activity refers to the activity of sample comprised of eluted

growth media during sample processing (Figure 2, top vial).
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e Total Sample Activity The total sample activity is the activity of the entire sample
collected, which was defined as the sum of the cell pellet activity and media activity.
Total Sample Activity = Cell Pellet Activity + Media Activity
As described in detail in the previous sections, results in all cases were normalized based on the
sample mass to account for variation in pipetting. All results presented have been normalized for

direct comparison.

Statistical analysis

Statistical analyses were conducted with Minitab (Minitab18, State College, PA, USA)
and JMP Software (SAS Institute Inc., Cary, NC, USA). In all cases, significance was taken as p
< 0.05. Simple linear regression models and associated confidence / F-tests were computed using
JMP. All other analysis was completed with Minitab. Analysis of variance (ANOV A) statistical
tests were used to determine the significance of the effects of predictor variables such as
treatment duration or bacteria species on useful activity metrics (e.g., cell pellet activity
concentration). In such cases that treatment duration was a significant contributor to variation in
an activity metric of interest, additional analyses were conducted to provide further insight into
this variation. For example, comparisons of the means of relevant activity metrics on specific
sampling days were completed with two-sample, one-tailed t-tests without the assumption of
equal variance. Multiple linear regression was used to determine the statistical significance of
temporal trends and to compare trends as appropriate. Reported errors are standard error of the

mean.
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Results and Discussion

Citrate and Solubility in P. putida Cultures

The purpose of this portion of the experiment was to justify if a complexing agent was
needed by examining if the addition of citrate significantly increased solubility of *°Pu in the
cell cultures. To determine the impact of citrate on the solubility of >*°Pu in solution, total sample
activity as a fraction of expected activity was computed.

Total Sample Activity

Fraction of Expected Activity = Expected Activity

It was expected that samples without citrate would have a lower total activity, and thus a lower
fraction of expected activity, compared to the citrate samples because as Pu precipitates it is
likely to sorb to the surface of the flasks containing the culture, even with constant mixing on the

incubator platform. The time series of fraction of expected activity found in samples is shown in

Figure 3.
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Figure 3 Fraction of expected activity (where expected activity was 0.12 kBq) vs sampling day
for P. putida where treatment groups with citrate are indicated with “x” and treatment groups
without citrate are indicated with “e”. Data were fit with simple linear regression models and the
shaded area shows the 95% confidence interval for the model.
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As presented, the data indicates that samples from cultures containing >*°Pu with citrate
contain a larger percent of the expected activity, justifying the use of a complexing agent.
Because the flasks are constantly mixed on the incubator platform, samples of the cell cultures
would still be expected to contain insoluble 2*’Pu unless the insoluble form sorbed to the flask
walls, removing it from the solution. The simple linear regression models in Figure 3 were
added to determine if sample day was a significant predictor of the fraction of expected activity
and, if so, provide a quantitative analysis of the interaction. The linear regression models for
239py without citrate (y=0.5968+0.008553x) and with citrate (y=0.9163+0.02865x) both
demonstrate that sample day was a significant predictor of the fraction of expected activity via F-
test (p =0.0094 and p <0.001, respectively). The appropriate interpretation of these models in
terms of the experiments is that when citrate is not present samples contained an average of
59.7% of the expected activity at a theoretical “day 0, and that the percent of expected activity
increases at a rate of 0.9% per day. Similarly, when citrate is present, the model explains that
samples contained an average of 91.6% of the expected activity at a theoretical “day 0” with an
increase of 2.9% per day. The observation that the fraction of expected activity increases as a
function of time was unexpected from the perspective of *°Pu sorption to the flask walls. If the
amount of 23°Pu that sorbed to the walls remained constant, day would not be a significant
interaction term. If the amount of 2*°Pu that sorbed to the walls increased over time, then a
negative relationship with sample day would be expected, as >**Pu is removed from the solution.
Because the amount of >*’Pu sorbed to the walls was not directly measured, it is not possible to
statistically test for interaction between sorption to the flask walls and fraction of expected

activity.
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The positive relationship between fraction of expected activity and day indicates that
another factor is present, which I hypothesize was the result of the evaporation of water from the
cell cultures as evaporation was qualitatively observed during the experiment. A fifteen-day
exposure period is a long duration for bacteria studies of this nature, and evaporation of water
from the liquid cultures over time is expected. Evaporation, which would increase the
concentration of *°Pu relative to the decreasing water content in the flasks, is also indicated by
both the positive relationship between fraction of expected activity and sample day, as well as by
the multiple observations where the fraction of expected activity was greater than one in the case
of 2*?Pu complexed with citrate. The value used for expected activity in Figure 3 assumed that
the only liquid removed from the culture was for sampling purposes, and the expected activity,
accordingly, remained constant throughout the analysis. If evaporation were occurring, the
expected activity would increase as evaporation occurred. However, as there was no practical
way to ascertain the remaining volume of each culture on a given day without introducing a risk
of contamination of the cultures or an unacceptable level of stress to the bacteria, so the
evaporation rate was not quantitatively assessed. An additional complication related to
evaporation of liquid during the experiment is that the evaporation rate was not consistent across
the entire incubation platform, so a proxy flask could not be used to determine an evaporation
rate.

With no quantitative assessment of evaporation, any attempt to provide a correction would
be best described as a pseudo-correction, however I provided such a pseudo-correction to
examine the data further. If the concentration of >*’Pu is increasing as a function of time due to
evaporation, as hypothesized, then the total sample activity will also increase with time as the

same volume is sampled at each timepoint considered. When the total sample activity for both
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239py with and without citrate were plotted as a function of time and fit with a simple linear
regression model, the relationship between sample activity and time is determined to be
y=4936+79.19x for 2*’Pu without citrate (p=0.0078 based on F-test) and y=3583+127.5x

(»<0.001 based on F-test).
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Figure 4 Total sample activity of 2°Pu as a function of day, with simple linear regression

models. The shaded area indicated the 95% confidence interval for the model. Treatment groups
with citrate are indicated with “x” and treatment groups without citrate are indicated with “e".

The correction factors determined from these models were “pseudo” corrections because,
to use them, I was required to assume that the increase in activity over time is primarily
attributed to evaporation and that there was no significant change in the amount of **Pu sorbed
to the walls of the flask over time. The assumptions needed were reasonable, but the experiment
did not provide the quantitative data required to prove that they are justified, therefore the
corrections presented should be considered of utility for illustrative purposes only. The slopes of

the linear regression models (79.19 dpm d! for no citrate and 127.5 dpm d™! with citrate) show
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the rate of change for activity of the samples per day of the experiment. They were applied as
pseudo-correction factors for the expected activity of samples:

239py without Citrate
Expected Activity + (79.19 X Day) = Pseudo — corected Expected Activity
23%pu with Citrate
Expected Activity + (127.5 X Day) = Pseudo — corected Expected Activity
Finally, a pseudo-corrected fraction of expected activity can be computed as such:

Total Sample Activity

Pseudo — corrected Fraction of Expected Activity =
f Exp Y Pseudo — corrected Expected Activity

The pseudo-corrected fraction of expected activity is plotted as a function of time in Figure 5.
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Figure 5 Pseudo-corrected fraction of expected activity as a function of time for cell culture
samples containing 2*’Pu with and without citrate complexation using correction factor for
evaporation. The darker shaded area indicated the 95% confidence interval for the model, while
the lighter shaded area indicates the 95% confidence interval for observations. Treatment groups
with citrate are indicated with “x” and treatment groups without citrate are indicated with “e".
There is no significant interaction between fraction of pseudo-corrected fraction of expected
activity and day.

When the pseudo-corrected fraction of expected activity is statistically analyzed, there is

no longer any significant interaction with sample day (p= 0.3147 for no citrate and p=0.9920 for
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citrate). The average pseudo-corrected fraction of expected activity for samples without citrate
was found to be 0.617+0.012 and for samples with citrate the average was 0.905+0.013,
indicating that the citrate greatly improved the solubility of 2*Pu in the cultures and was
necessary for future work. The pseudo-corrected averages further support the use of a
complexing agent in our cultures. Note that because one replicate in the >*’Pu with citrate
exposure scenario on Day 15 was found to be a statistical outlier as it was outside of the
predicted region for observations (visually presented in Figure 5), it was excluded when the

average and associated standard error was calculated.

Accumulation of >*’Pu in P. putida cells with and without citrate

The accumulation of Pu in P. putida cells was examined in two different ways. The first
was by looking at the fraction of total Pu activity in the liquid culture sample that was found in

cell pellet sample such that:

Cell Pellet Activity

Fracti f Total Activity in Cell Pellet =
raction of Total Activity i Lefl Fetle Cell Pellet Activity + Media Activity

A comparison of the fraction of total activity in cells pellets between P. putida cultures grown
with and without citrate complexation is found in Figure 6a. In addition, the accumulation of Pu
in P. putida cells was examined based on the activity concentration of the cell pellet sample,

where:

Activity C trati (Bq) __ Cell Pellet Activity (Bq)
ctivity Loncentration g/ Mass of Cell Pellet (g)

The activity concentration of cell pellet samples from P. putida with and without citrate over the

sampling period is provided in Figure 6b.
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Figure 6(a) Fraction of total sample activity found in sample cell pellet vs sample day for P.
putida. (b) Activity concentration of cell pellets vs sample day for P. putida where activity
concentration is the activity of Pu in Bq of the pellet sample divided by the mass of the pellet
sample (g). Treatment groups with citrate are indicated with “x” and treatment groups without
citrate are indicated with “e "

In Figure 6b, the P. putida cells in cultures without citrate showed a high fraction of total
Pu activity in cell pellet samples, where most samples had more than 40% of Pu in cell pellet
samples with a range of 36.5-72.3% even though the cells only accounted for 2.8-8.1% of the
total samples by mass. Because there was no chelating agent added to the cultures, this high
accumulation fraction was likely the result of adsorption directly to the cell membrane surface.
However, some of the accumulation of Pu in the cells grown without citrate may also have been
the result of complexation with pyoverdines, which are produced by Pseudomonas bacteria that
aid iron uptake®®. Comparatively, in P. putida cultures grown with citrate complexation for 2*°Pu,
a much smaller fraction of total activity was found in the cell pellets with a range of 5.6-14.8%

of total activity in cell pellets (where cell pellets made up 0.5-0.9% of the samples by mass).
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The activity concentration of cell pellets was larger for cultures grown with citrate than
without. As discussed in the previous section, because the 2*°Pu with citrate was more soluble in
the growth media than the 2*Pu without citrate, the total activity of the samples when citrate was
not present was much lower than the total activity of samples with citrate. The higher activity
concentration in cultures grown with citrate may be due, in part, to the higher activity of the total
samples, such that more Pu was available for sorption or uptake, but the difference is not fully
explained by higher total activity alone and may be the result of P. putida metabolizing citrate.
Linear regression analysis was used to determine if activity concentration increased over time
(i.e., if the slope of the line is statistically different than zero) for treatments with and without
citrate. Considering the entire treatment duration, the rate of change of activity concentration
over time was significantly different than zero for both treatment groups (p = 0.02 for citrate and
p = 0.03 for no citrate). However when I considered only sampling days 5, 10, and 15 there was
no statistically discernable change (p = 0.52 for citrate and p = 0.14 for no citrate), statistical
confirmation of the visually apparent plateau that starts around day 5 as seen in Figure 6b. While
P. putida cultures should continue to produce pyoverdine for the entire study duration, the
majority of this siderophore is produced in the first four days®*, and this may account for the

apparent plateau of activity concentration in both cases after day 5 of the experiment period.

Accumulation of plutonium in E. coli vs P. putida

In Figure 7, the fraction of total activity in cell pellets as well as the activity

concentration of Pu in cells is shown for E. coli and P. putida grown with *°Pu
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Figure 7(a) Fraction of total sample activity found in the cell pellet for E. coli (left) and P.
putida (right) treated with 2°Pu complexed with citrate. (b) Activity concentration of >**Pu
complexed with citrate in cell pellets vs sample day for E. coli (left) and P. putida (right) where
activity concentration is the activity of Pu in Bq of the pellet sample divided by the mass of the
pellet sample (g).
complexed with citrate. A two-way ANOVA was run to examine the effect of sampling day and
bacteria species on both pellet activity concentration and pellet activity fraction in Pu-citrate
treated cultures. In both cases, the bacteria species and sampling day were significant
contributors to variation in these activity metrics, with no significant interaction terms. This
suggests that it is reasonable to consider and analyze our two bacteria species separately for
further analysis. Of note is that the fraction of activity in the cell pellet and the activity
concentration were much larger for E. coli than P. putida samples, which was confirmed with a
one-tailed, two sample t-test of the means ( p <0.001 ). In all cases, the pattern of plateau at
about day 5 remains consistent suggesting that siderophore production in E. coli follows a
similar timeline to production of siderophores in P. putida.

While P. putida produces pyoverdine as its primary siderophore®*=*, E. coli produces

enterobactin to mediate iron transfer®>. Considering the higher quantities of Pu found in E. coli

cells as compared to P. putida both as a fraction of sample activity and as an activity
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concentration, it is likely that the enterobactin produced by E. coli is more efficiently assisting
the uptake of Pu by cells than pyoverdine does for P. putida cells. Enterobactin is one of the
strongest natural chelators of iron and shares this high affinity for Pu, and the use of enterobactin
has been proposed as a mechanism for sequestration of Pu from living systems®¢. The hypothesis
that E. coli has increased uptake of Pu as compared to P. putida is also supported by the data

presented in Figure 8.
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Figure 8 Pellet activity concentration (Bq *’Pu per gram of cell pellet) vs total sample activity,
normalized to Bq per mL sample, for E. coli (left) and P. putida (right) for all samples collected

during the 15-day sampling period. Graphs show linear regression lines where the shaded region
is the 95% confidence interval for fit. 2°Pu was complexed with citrate in both cultures.

In Figure 8, the pellet activity concentration is plotted as a function of total sample
activity (Bq mL™"). When fit with a linear model, E. coli has a positive relationship where
activity concentration of Pu in cell pellets increases with total sample activity (p = 0.009),
however P. putida does not show any statistically significant relationship between the two

quantities
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Conclusions

This study was designed to consider the accumulation of Pu by P. putida and E. coli; the
results suggest that there may be uptake of Pu in the cells in addition to sorption to the surface,
especially in the case of E. coli, although work remains to definitively differentiate between
internal and external accumulation. Regardless, these results will be useful in developing
appropriate microdosimetric models for bacteria species as well as in informing hypotheses when
considered with the on-going body of work produced by this project, including ongoing
transcriptomic data processing. There are a variety of factors that influence Pu behavior in
bacterial systems ® and these results confirm that, even in a simple system, multiple mechanisms
are at play. The information provided by the study, including its implications on dosimetry, will
provide a necessary bridge to translate the results of transcriptomic analysis into implications

regarding effects of low doses of ionizing radiation on bacteria.
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CHAPTER THREE
ACCUMULATION OF RADIO-IRON AND PLUTONIUM, ALONE AND IN

COMBINATION, IN PSEUDOMONAS PUTIDA GROWN IN LIQUID CULTURES

Abstract

The impact of low doses of ionizing radiation on biological and environmental systems
have been historically difficult to study. Modern biological tools have provided new methods for
studying these mechanisms but applying these tools to a dose-response relationship may require
refinement of dosimetric techniques that incorporate a detailed understand of radionuclide
accumulation in biological cells, particularly when assessing the impact of low doses of ionizing
radiation. In this work Pseudomonas putida (KT2440) grown in liquid culture was exposed to
low dose rates (10-20 mGy d ™) of 2°Pu and >°Fe, both alone and in combination, for a period of
20 days, and the accumulation of >*’Pu and >°Fe in cell pellets was analyzed via liquid
scintillation counting. The study also considered of cells grown with 2*°Pu and stable Fe
(primarily *°Fe). In addition to the analysis of cell pellet and media samples, this work includes
analysis of the radiological content of RNA extraction samples to examine uptake of
radionuclides. Results indicate that *’Pu inhibited the uptake of *Fe, and that the presence of
stable and radioactive isotopes of Fe in cultures may promote pathways for Fe accumulation that
are used by *’Pu. The work herein provides foundational insight into future dosimetric models

for our work with environmental bacteria.
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Introduction

Motivation

In this work, Pseudomonas putida has been exposed to 2**Pu (t12 = 24,110 y) and >>Fe
(tix =2.7y), as well as stable Fe, in liquid culture. P. putida is ubiquitous in soil and fresh water
ecosystems and has a versatile metabolism that allows it to grow in a variety of environments®’,
Specifically, the strain selected, KT2440, is a biological safety strain of P. putida that has been
fully sequenced since 2002 and has been used in a wide variety of research activities, so it is well
characterized and suited for bioinformatic investigations '>. The work in this chapter supports the
larger project goals of develop a discriminating biosensor for detection of weapons-related
activities and additionally it affords the opportunity to gain fundamental knowledge concerning
the (1) low dose effects to model microorganisms, and (2) influence of a micronutrient, Fe, on

239Pu behavior in a simple aquatic system.

Plutonium-239 is an alpha emitting radionuclide with alpha energies of 5.156
(73.1%),5.143 (15%), and 5.105 (11.8%) MeV . Iron-55 is a common activation product that
undergoes electron capture 8. Iron-55 produces x-rays (5.9 (25%) and 6.5 (3.7%) keV), as well
as Auger electrons with energies 6.1 (140%) and 5.2 (61%) keV '°. Ionizing radiation emissions
from both radionuclides that have a concentration of either radionuclide on or in cells (i.e.,
internal or external accumulation) would increase the dose received because of the short range of
the 22°Pu and >°Fe emissions in water (as compared to a dose estimate based on a homogenous
distribution of these radionuclides in liquid culture). The radionuclides selected provide the
opportunity to examine both a high Linear Energy Transfer (LET) (**°Pu) and low LET (*°Fe)

source of radiological exposure.
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The objective of the presented study is to determine the relative activity of 2**Pu and *°Fe in the
common environmental bacteria P. putida to inform future efforts to characterize the dose from

ionizing radiation received by the bacteria in our cultures.

Relevance

The study of both high and low-LET ionizing radiation at low doses is poorly
characterized in biological systems such that even exposures of P. putida to ***Pu and **Fe alone
is of relevance®’. However, when studied in combination, the effects of Fe in stable and
radioactive forms on 2*Pu accumulation and 2*°Pu presence on 3Fe accumulation must be
considered to compare the results to studies where >*’Pu and 3°Fe are used singly because of their
shared pathways and chemical manipulation by siderophores. The utility of this knowledge is not
exclusive to applications related the non-proliferation of nuclear weapons and can be applied to
the broad environmental problems inherent with the use and disposal of materials that contain
Pu. The study of common microorganisms provides insight into the effects of ionizing radiation
at low-doses in environmental settings as these organisms are often indicators of environmental

health and can provide pathways to the food-chain via low-trophic level organisms %,

Material and Methods

Bacteria culture information

P. putida KT-2440 ATCC 47054 was grown from glycerol stocks in 100 mL of M9
minimal media in 250 mL baffled flasks on a New Brunswick 124R (Eppendorf AG, Germany)
temperature-controlled shaker/incubator at 215 rpm and 28 °C for 20 days. The recipe for M9

minimal media is provided in Appendix C. The dose rates selected for this study were selected to
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provide radiological exposures that did not result in population-level effects. The health of P.
putida cultures was routinely assessed at all sampling days by measurement of optical density to
ensure appropriate comparison to expected values based on growth curves. All cultures had

reached stationary phase by the first sampling point (24 hours after inoculation).

Radiological treatment

Radiological treatment groups utilizing different combinations of >*°Pu and 3°Fe were
considered for this study. Radionuclide treatments were added to growth media prior to
inoculation. For treatments with 2*°Pu, 2*°Pu was added from a stock solution in 0.01M HCI with
a concentration of 30.4 mg L' (69.9 kBq mL™"). The the solution contained 99.919% 23°Pu by
mass as of July 7%, 2015.

The use of 2*°Pu in this study necessitated the addition of citrate in a ratio of
approximately 1000:1 to ensure sufficient complexation of the >*Pu such that it maintained
solubility in the near-neutral bacteria cultures. Modeling efforts showed that a full complexation
of all *°Pu would not be achieved at this ratio, however the addition of more citrate than this
resulted in complications with aerated media in past experiments, and this was found to be the
ideal ratio for biological investigations *°.

The cultures studied in this chapter come from three different experiments because of
limited space on the incubator platform, though some exposure scenarios were repeated between
experiments to ensure that our results could be replicated. All experiments had associated control
groups, the use of which is discussed in further detail later in this section. Based on oxidation
state measurements of growth media spiked immediately prior to inoculation in similar
experiments, the oxidation state of Pu in treatment groups where citrate was added was found to

be primarily Pu(IV) (75-80%) with the remainder mostly comprised of Pu(V). After 1 day of
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culture growth, the oxidation state of Pu in treatment groups was primarily Pu(V) (73 to 96%,),
with the remainder Pu(IV), with similar results after 5 days of growth (90-95% Pu(V), remainder
Pu(IV)). Beginning with day 1 of this experiment, it was assumed that Pu was in a reasonably
soluble form.

The concentration of 2*Pu and >°Fe in the liquid cultures was determined based on target
absorbed dose rates that were determined assuming a homogeneous mixture of radionuclides.
The experiment considered exposures from 2*Pu and >°Fe, individually, at a dose rate of
approximately 10 mGy d-'. Combinations of the two radionuclides were considered at two
different total dose rates of approximately 10 mGy d! (5 mGy d! from **°Pu exposure and 5
mGy d! from °Fe exposure) and 20 mGy d! (10 mGy d! from #*°Pu exposure and 10 mGy d!
from >°Fe exposure). All solutions, including the control, included the same quantity of citrate
and Fe chloride (regardless of radiological or stable form) to be able to distinguish between
radiological and chemical impact, except for one >*Pu exposure group that had no Fe chloride
added. The various treatment groups are summarized in Table 1.

For treatment groups that included exposures to *°Fe, a solution of *>FeCl; (Perkin Elmer)
in 0.5M HCI was used. The stock solutions were shipped with a specific activity of 12.6 to 21.0
mg L' (1110 to 1850 MBq mL"!) and diluted with deionized and distilled water (DDI) to a
concentration of 0.42 mg L' (37 MBq mL™!) immediately prior to spiking the treatment flasks.
Both FeCls and citrate (used for complexation of 2*Pu) have the potential to chemically
influence the sorption and uptake of contaminants in the system, as well as the overall health of

the bacteria. As such, all treatment groups without >**Pu included the addition of citrate in a
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Table 1 Concentration of all contaminants in all exposure scenarios.

Treatment Group Dose Rate 2¥py Citrate >Fe Fe

(mGyd™)  (mgL') (mgL’) (mgL') (mgL")

Control 0 0 60 0 2.1x1073
239py + S0Fe 10 5.2x107 60 0 2.1x107
239py, 10 5.2%x102 60 0 0
55Fe 10 0 60 2.1x10° 0
239py + SFe 10 2.7x1072 60 1.0x10°  1.0x10?

239py + 55Fe 20 5.2x1072 60 2.1x1073 0

working solution consisting of 0.01 M HCI, including the control group. The working solution
contained approximately 35 mg L™! citrate.

All but one treatment group without *°Fe included the addition of stable FeCls; in one
treatment group, 2*°Pu with citrate was added without any Fe to examine the influence of the
presence of Fe on 2*Pu accumulation in and on bacteria. A stable FeCl; working solution was
made with 0.5 M HCI and FeCl; in solid powder form via serial dilution to produce a working
solution of 1.75x10° mg L™! Fe. This solution was diluted with 0.5M HCl to create a working
solution with a concentration that matched the >°Fe solution shipped from the supplier. The
working solution was diluted with DDI in the same volumes as the *°Fe solution immediately

prior to spiking to mimic the process completed for the radioactive treatments.
Cell culture sampling

Cell cultures were sampled in 500 pL aliquots from each culture at 24, 32, and 48 hours

post inoculation. Samples were then collected at Day 5 post-inoculation and every 5 days after
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for a 20-day growth period (days 5, 10, 15, and 20). The 500 pL samples were centrifuged for 7
minutes at 6000 RCF to form cell pellets. The supernatant fluid was eluted and collected in
liquid scintillation counting (LSC) vials. The cell pellets were centrifuged for a second time (3
minutes, 6000 RCF), and the elution step was repeated, where the eluted supernatant was
collected in the same LSC vial as the first step. The remaining cell pellets were resuspended in
500 pL of M9 minimal growth media by vortexing. To prevent physical quenching during LSC,
approximately 25 to 40 uL of 30% H>0O, was added to each sample to breakdown remaining
organic material. A graphical summary of how cell culture samples were prepared for LSC
analysis is provided in Figure 9. The total activity of the sample consisted of the addition of the

results of LSC analysis for both the elutant LSC vial and cell pellet LSC vial.
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Figure 9 Visualization of sample collection process

RNA extraction

The presented work is part of a larger study to examine transcriptional changes in P.
putida as a result of low-dose radiological exposure. Extractions of ribonucleic acid (RNA) were
collected from cell culture samples and analyzed for radiological content for the purposes of

controlling potential contamination of sequencing equipment with radiological materials. After



determining that RNA samples contained radiological materials, we opted to collect samples for
radiological characterization to determine if they could be instructive regarding uptake of >**Pu
or °Fe. Internal investigations of the RNA extraction process with 2*°Pu and **Fe determined
that the presence of these radionuclides in RNA samples is not the result of process flow through
and should be attributed to 2**Pu or *>Fe bound to RNA prior to the extraction process.

RNA was extracted using the RNEasy kit following manufacturer’s instructions (Qiagen,
Maryland, USA). RNA extractions were transferred from the collection vessel (centrifuge tube)
to an LSC vial with 10 mL of Optiphase HiSafe 3 cocktail. RNA extraction samples were
collected, in many cases, retrospectively from samples frozen at -80°C immediately after
collection and processing. I collected samples to represent the experiment period, however
samples were collected based on availability when concerns for replicates for bioinformatic
analysis was considered. As such, samples from Day 10 were analyzed for some exposure
scenarios, but other scenarios used Day 15 samples, but samples from Days 1 and 5 were

collected for all exposure scenarios.

Determination of radiological content

Samples were analyzed for radioactivity using a Tri-Carb 4910 TR liquid scintillation
analyzer (PerkinElmer, Waltham, MA). The average of 3 (biological replicate) control samples
for the given sampling day was used for background subtraction. All cell culture samples were
normalized to a 0.5 mL sample volume for direct comparison by using the total mass of each
sample and the simplifying assumption that the density of the liquid cultures was 1 g cm™ to
account for any variation in sample volume. RNA samples were also normalized to a 0.5 mL
sample because the RNA extraction process dictates sample volumes based on measurement of

optical density of the cultures to assure that the ideal amount of RNA is collected for
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transcriptomic analysis. As such sample volumes ranged from 150 to 300 puL and required this

normalization to be directly compared.

LSC was used as a counting method because of its ability to detect low concentrations of
alpha and weak beta emitting radionuclides. When calculating activity from count rate data, an
efficiency of approximately 100% for alpha emissions from 2*°Pu and 42.5% for electron
emissions from >°Fe was applied. Efficiencies were calculated prior to data analysis by using
aliquots of >*’Pu and >°Fe stock solutions and dividing counts by the known activity of the

aliquot.

Statistical Methods

Pearson’s correlation coefficients (7) were calculated to determine the correlations
between exposure duration, pellet mass, treatment, pellet fractional activity, and pellet activity
concentration. Pearson’s correlation coefficients are used to show the strength of correlation
between two variables with values between -1.0 (when one variable increases, the other
decreases) to 1.0 (both variables increase in response to the other increasing) where 0 indicates
no correlation *!. For the purpose of this work, two variables are considered to be highly
correlated when the Pearson’s correlation coefficient is » > 0.9 or » < -0.9, moderately correlated
when > 0.5, and weakly correlated if » < 0.5.

Linear regression analysis was conducted to determine if pellet activity concentrations
varied with total sample activity day or total sample activity for different treatment groups to
gain insight into the rate of uptake or sorption. The slopes of linear regression models were
compared using Analysis of Covariance (ANCOV A) which allows for the comparison of models
based on categorical values (treatment group) with adjustment for the covariate, a continuous and

independent variable (sampling day or total sample activity). The coefficient of determination,
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R?, is provided in some cases to indicate the amount of variation in the dependent variable that
can be explained by the independent variable. In all cases, significance was taken as p < 0.01
unless otherwise noted. All statistical analyses were conducted with Minitab (Minitab18, State
College, PA, U.S.), and JMP (SAS Institute, Cary, NC, U.S.) was used to generate all plots and

associated uncertainties.

Results and Discussion

Fraction of total **’Pu and > Fe activity in cell pellets

Figure 10 and Figure 11 show the time series of relative *°Pu and >>Fe concentration in
cell pellets, respectively. The fraction of total sample mass that the cell pellet comprises is also
included for comparison. A greater fraction of the radionuclides used was found in the pellet
portion of the sample than would be predicted by mass; while the mass of cell pellets made up
0.25-4.4% of the mass of the samples collected, 5.6-23.4% of 2**Pu and 57.6-93.3% of ¥Fe in
(individual) cell culture samples was found in the cell pellets. This indicates that the
radionuclides are not homogeneously mixed in the growth media, but instead concentrate on or

in the cells via uptake and/or sorption pathways.

Average relative activity of 2°Pu in the cell pellet gradually increases over the course of
the 20-day time series to 12-20% (Figure 10), whereas average relative activity of >°Fe in the
cell pellet is relatively constant at around 80% (Figure 11). The higher relative activity of >>Fe

compared to 2**Pu is to be expected, as Fe is an essential micronutrient.
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Figure 10 Data presented are means of total sample 2*°Pu activity in cell pellets at each sample
time. Error bars represent the standard error of the mean. The fraction of the total sample mass
that consists of the cell pellet after centrifuging and supernatant elution is provided for reference
and is denoted with the “—” symbol.
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Figure 11 Data presented are means of total sample >°Fe in cell pellets at each sample time.
Error bars represent the standard error of the mean. The fraction of the total sample mass that
consists of the cell pellet after centrifuging and supernatant elution is provided for reference and
is denoted with the “~” symbol.
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Activity Concentration of **Pu in Cell Pellets

While these results demonstrate accumulation of both 2**Pu and ¥Fe in P. putida, there is
not a clear indication of any difference between the exposure conditions on the relative activities.
To gain insight into potentially unobserved differences, we considered the concentration of
radionuclides in/on the cells as an activity concentration expressed as Bq of radionuclide per
milligram (mg) cell pellet. For 3°Pu activity, differences in the patterns of activity concentration,
Figure 12, are difficult to determine. While there may exist some difference between treatment
groups over the sampling time, ANCOVA tests indicate that the slopes of treatment group
models are statistically indistinguishable except that of the >**Pu + *Fe at 10 mGy d! and **°Pu +

stable Fe treatment groups.
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Figure 12 Activity concentration in cell pellets expressed as Bq >*’Pu per mg of cell pellet are
shown as a time series based on sampling time collected 1, 1.5, 2, 5, 10, 15, and days after
inoculation. Bacteria cultures contained approximately 122 Bq mL™"! or 61 Bq mL™! to result in 10
mGy d! or 5 mGy d’! dose rates from 2*°Pu, respectively.
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Activity Concentration of >’Fe in Cell Pellets

When examining *°Fe activity concentration in cell pellets there is a difference between
55Fe activity concentration as a function of time when 2*Pu is present and when it is not (Figure
13). When 23°Pu is not present, the >°Fe activity concentration rises steeply for the first 5 days,
and then appears to plateau, suggesting that the cells have reached a point of saturation. When
2399Pu is present, however, >°Fe activity concentration is about a factor of 4-5 lower and only rises
toward the end of the sampling period, which may be explained by stressors in the bacteria
culture related to evaporation of the liquid cultures. The cell pellet activity concentration is
different than the activity concentration of the total cell culture because the cell pellet activity
concentration is based on results after the cell culture samples were separated into media and cell
pellet samples (Figure 9), while the activity concentrations of the cell cultures given in the

Methods and Materials section were part of the experiment setup conditions.

Fe-55 Only Pu and Fe-55

25000 * Fe-55 Dose
x ¥ I *10 mGy/d
v5 mGy/d
* *
o 20000 s * *
o *
=
£ *
5 *
é" 15000 *
= *
= I
S 10000 v
5 X v
5 v
5000 * *
% % v %
0 x ¥
0 5 10 15 20 0 5 10 15 20
Day

Figure 13 Activity concentration in cell pellets expressed as Bq *°Fe per mg of cell pellet.
Bacteria cultures contained approximately 181 kBq mL! or 90.5 kBq mL"! to result in 10 mGy d-
! or 5 mGy d! dose rates from >°Fe, respectively.
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The large differences between activity concentration warranted further investigation, as the
fraction of total Fe activity in the pellet samples was generally 70-85% regardless of if >*’Pu
was present or not (Figure 11). The activity concentration of *Fe in cell pellets is plotted as a
function of the total *Fe sample activity in Error! Reference source not found.. Data were fit
with a linear model to examine the relationship of >>Fe uptake and sorption in the presence of
23%Pu. Linear regression models indicated that variation in activity concentration was well
accounted for in all three cases by total sample activity: >>Fe only (R?=0.84), 10 mGy d! >*Fe+
2Py (R?=0.97), and 5 mGy day™! >°Fe + 2**Pu (R>=0.94) (for all models, p <0.0001). The
slope (B) for the model of >*Fe without 2**Pu ( #=0.167) was about 2x the slope of both the 10
mGy d-1 (# =0.080) and 5 mGy d-1 (f =0.087) models and the results of ANCOVA tests
between the different treatment groups confirm that the slopes of both linear regression models
for 2*Pu+>Fe and *Fe only are statistically different. The ANCOVA test indicated that the
models for 10 mGy d! and 5 mGy d"! are statistically the same. These results indicate that the

presence of 22°Pu hinders or competes with the accumulation of >°Fe in cells.
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Figure 14 Cell pellet activity concentration shown in Bq *Fe per mg cell pellet plotted as a
function of total sample *°Fe activity (normalized to the same sample volume). Plotted data was
fitted with a linear regression model, where shaded areas show model uncertainty with a 95%
confidence interval.
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Analysis of correlation

Pearson correlation coefficients (r) were calculated for several combinations of variables

because statistically significant (p<0.01 unless otherwise noted) correlations provide insight into

potential dependencies or confounding factors. The most instructive statistically significant

coefficients are included in Table 2.

Table 2 Pearson correlation coefficients for different sets of variables. All values were
statistically significant where p<0.01 unless otherwise noted.

Exposure Scenario

239Pu 239Pu 239Pu+55Fe 239Pu+55Fe
Correlation Variables
5Fe Only Only  Stable Fe 20 mGyd!' 10mGyd!
239Py Pellet Bq mg! Day - 0.573 0.745 0.806 0.732
23%9Pu Pellet Activity
239py Pellet Bq mg'! - 0.781 0.839 0.835 0.732
Fraction
Total 2*Pu Sample
239py Pellet Bq mg'! - 0.343" 0.622 0.901 0.886
Activity
Total Fe Sample
55Fe Pellet Bq mg™! 0.937 - - 0.948 0.986
Activity
55Fe Pellet Bq mg™! 239Py Pellet Bq mg™! - - - 0.936 0.596
55Fe Pellet Activity 29Py Pellet Activity
- - - 0.757 0.493
Fraction Fraction
* p=0.028

While radionuclide activity concentration is correlated with the total sample activity of

that radionuclide in all cases, >°Fe activity concentration is highly correlated with total sample
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55Fe activity in all cases (=0.937, 7=0.948, and r=0.986 for >>Fe Only, >**Pu+>Fe 10 mGy d’',
and 2*?Pu+Fe’ 5 mGy d! respectively). Interestingly, however, the strength of correlation is
much less for 2*°Pu activity concentration, and total *’Pu sample activity as compared to >°Fe,
though the correlation is stronger when Fe is present (#=0.622 2*°Pu+Stable Fe; 7=0.901
299pyu+>Fe 10 mGy d''; 7=0.886 >*’Pu+>"Fe 5 mGy d!) than when it is not (+=0.343). Plutonium
activity concentration in cell pellets is also more strongly correlated with day (i.e. Bq mg™! 2*Pu
in cell pellets increased over the duration of the experiment) when Fe is present (=0.745
239py+Stable Fe; =0.806 »*°Pu+>°Fe 10 mGy d!; 7=0.732 °Pu+>Fe 5 mGy d!) than when it is
not ( 7=0.573).

Several metals, including Fe, are essential micronutrients for bacteria and other living
organisms. Aerobic organisms, such as P. putida, may have difficulty with obtaining Fe from the
environment because of its poor solubility at near-neutral pH. P. putida and other
microorganisms produce siderophore complexes (high-affinity chelating compounds) to aid the

uptake of insoluble Fe from their environment *?

. Most microorganism produce a range of
siderophores with different affinities for Fe, but a unique feature of P. putida is that its
siderophore production is exclusively in the form of pyoverdines ** which have an “extremely
high” affinity for Fe ** such that it binds with Fe in a 1:1 stoichiometric ratio *. In addition to
their high affinity for Fe, however, pyoverdine hydroxamate compounds are some of the
strongest natural Pu chelating compounds *°. Plutonium has a wide range of oxidation states and
a large physical size, such that it is often more likely to bond to cell surfaces than undergo
transport across the cell membrane in many cases 2°. In the case of P. putida, however, the

production of pyoverdine siderophores has previously been shown in the literature to effectively

transport Pu across the cell membrane #°. As such, itis expected that 2°Pu will use binding sites
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and pathways designed for Fe uptake and sorption when accumulating in cells, but the stronger
correlation of *°Pu activity to total activity and 2**Pu activity concentration to sample day when
Fe is present in some form suggest that the presence of Fe may activate additional pathways that
are used by >*’Pu.

There is a correlation between >°Fe activity concentration and 2*°Pu activity concentration
in cell pellets at both 20 mGy d! and 10 mGy d! dose rates, however the strength of correlation
is much higher for the higher dose rate (¥=0.596 10 mGy d'; /=0.936 20 mGy d™'). The strength
of correlation between the fraction of total >>Fe and 2*’Pu activity in cell pellets also increases
with increasing total dose (¥=0.493 10 mGy d'; 7=0.757 20 mGy d'!). While it is generally
assumed that these accumulation patterns are the result of chemical characteristics of Fe and Pu,
this data may provide limited evidence that there is a radiological component to the patterns of
accumulation. More likely, the differences can be attributed to increased >*’Pu in the cultures.
Pellet 2°Pu activity concentration is correlated with the fraction of total 2*°Pu activity found in
cell pellets (***Pu only r=0.781; 23°Pu + stable Fe 7=0.839, >*Fe+**Pu 10 mGy d™! 7=0.835, *Fe+
29%pu 5 mGy d! 7=0.732). Pellet °°Fe activity concentration is not correlated with the fraction of
total *Fe activity found in cell pellets in any case. This is consistent with Figure 10 and Figure
11 which show the fraction of total *°Pu activity in cell pellets increasing over time while the

fraction of total 3Fe activity in cell pellets remains fairly stable.

RNA Extraction Sample Analysis

The analysis of RNA extraction samples was instructive when considering our
hypotheses regarding *’Pu’s potential use of Fe pathways such that uptake of *°Pu into the cells
occurs in addition to sorption. Reports of bioavailable metals binding to electron-rich sites on

both phosphate-backbones and nucleotide bases of DNA and RNA have been reported in the
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literature *7, and this behavior has specifically been observed with both Fe 4% and Pu *°.
Because P. putida is a prokaryotic organism that lacks a cell nucleus and genetic material floats
freely inside the cell, >Fe and 2*°Pu found in RNA extraction samples is likely the result of >°Fe
and 2*Pu that became bound to RNA after uptake into the cells when the metals were in a
bioavailable form.

Analysis of 2°Pu in RNA extraction samples is shown in Figure 15. Because of the low
activity of the samples, the slope of linear regression models for *°Pu activity in cultures with
and without Fe was not statistically different from zero (p = 0.07 for samples from cultures
containing Fe and p = 0.11 for samples without Fe). However, for 2°Pu activity in RNA
extractions there was a significant interaction between sample day and whether the cultures

contained Fe.
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Figure 15 Plutonium-239 activity (Bq) over the sampling period found in RNA extraction

samples performed on samples of bacteria from cultures containing >*’Pu in the presence of Fe,
as well as with no additional Fe added to culture media.

The activity of *Fe in RNA extraction samples, shown in Figure 16, is even more

instructive. When 2*°Pu is not present, >°Fe activity in RNA extraction samples grows over the
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sampling period (p = 0.002, R?=0.77) whereas linear regression analysis of *Fe activity in RNA
extractions when 2*°Pu is present does not indicate a slope that is significantly different from

zero (p = 0.425, R>=0.09).
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Figure 16 Iron-55 activity (Bq) over the sampling period found in RNA extraction samples

performed on samples of bacteria from cultures containing *°Fe in the presence of 2**Pu, as well
as with no **’Pu added to culture media.

The analysis of 2*°Pu content was less quantitatively conclusive than analysis of *°Fe,
though this is to be expected in a radiological analysis as a result of their extremely different
specific activities. The increasing quantity of ¥Fe over time when 2*°Pu is not present versus the
low *Fe activity when 2*°Pu is present that has no apparent relationship to sample day supports
our hypothesis that 2*°Pu is competing with Fe and using Fe pathways to enter the cells. While
the measurement of 22°Pu when Fe is present in cultures than when it is not might require a larger
sample cell culture to demonstrate a truly quantitative measurement, the existing data suggests
that more 2*°Pu is present in RNA samples where Fe was added to cultures, and this is also
supportive of our hypothesis that the presence of Fe is triggering different pathways for 2*’Pu to

use.
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Conclusions

The results of this study demonstrate a measurable impact of *°Pu on the uptake of Fe in
P. putida. The results also suggest the presence of Fe may provide additional pathways and
mechanisms for the uptake and sorption of *°Pu in P. putida. Comparing the results of this work
to transcriptional results may further explain the patterns of accumulation of both radionuclides
based on the induction of metabolically intensive processes like flagella formation / use. While
this study cannot quantify or definitively determine uptake vs. sorption of radionuclides, the
differences in accumulation patterns suggest that both mechanisms are in play in many of our
cultures and the collection of RNA extraction data provided additional support for this theory.
The analysis of RNA extraction samples was a process initially proposed for the purpose of
radiological safety, and, as such, RNA extractions for this study were performed to mirror the
extraction of RNA for transcriptomic analysis. For transcriptomic analysis, bacteria culture
sample volumes are selected based on optical density to ensure an appropriate quantity of RNA
that allows for quality data collection. The analysis of RNA extraction samples, however,
provided an instructive set of data for our investigation and may prove useful in future
investigations. However, if this method were to be applied in future investigations, we would
advise the use of a larger sample for radiological analysis to improve counting statistics instead
of mirroring the sample volumes used for transcriptomic analysis.

Because both radionuclides deposit their energy over short distances relative to the size
of P. putida, evidence of uptake will influence the development of our microdosimetric models
such that multiple locations for radionuclides will be considered. The information provided by

the present study, including its implications on dosimetry, will provide a necessary bridge as we
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work to translate the results of transcriptomic analysis into implications regarding effects of low

doses of ionizing radiation on bacteria.
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CHAPTER FOUR

FLOWTHROUGH OF #*°PU AND **FE DURING RNA EXTRACTION

Abstract

Analysis of gene expression has become an important tool in understanding low-dose
effect mechanisms of ionizing radiation at the cellular level. Metal binding to nucleic acids needs
to be considered when interpreting these results, as some radioactive metals, particularly
actinides, may produce free radicals and cause oxidative stress damage via chemical means at
rates much higher than free radical formation related to their radiological properties. Bacteria
exposed in situ to low dose rates of plutonium-239 (***Pu) and iron-55 (*°Fe) were previously
analyzed for gene expression. The work herein was motivated by an interest in more precisely
identifying the distribution of radionuclides in these bacteria as well as the practical need to
ensure appropriate transport and handling of the associated ribonucleic acid (RNA) extractions.
RNA extractions were performed on bacteria growth media with and without bacteria cells (i.e.,
with and without RNA) at several different concentrations of 2°Pu and °Fe to inform the level
of specificity of the extraction membrane as well as provide insight into internal (uptake) vs
external (sorption) accumulation of these radionuclides in bacteria cells. Results of the study
suggest that 2*’Pu and >°Fe detected in RNA extraction samples during long term cell studies is
the result of binding to RNA prior to the time of extraction, as opposed to flow through or
binding after cell lysis, and it highlights the practical importance of nucleic acid sample

characterization to radiation protection more generally.
Introduction

lonizing radiation effects
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The genome of a cell, made of deoxyribonucleic acid (DNA), contains the full set of
genetic information for living organisms, with sequences that control everything from
morphology to function®'. If ionizing radiation interacts with DNA, any resultant damage that is
not successfully repaired by the cell may cause cell death or produce a non-fatal mutation.>>* In
humans, excessive cell death associated with high dose-rate exposures to ionizing radiation
results in tissue reactions which may occur acutely or years after exposure as observed in
radiation therapy patients>*, while non-fatal mutations, under the right conditions, may result in
carcinogenesis.>> >’ Studies of effects in individual cells cannot be used directly to develop a
dose-response relationship for carcinogenesis in humans, that belongs in the realm of

epidemiology,>® but cellular studies are important in understanding fundamental mechanisms,

particularly for low doses and low dose rates.>”

Radiobiological studies indicate that a combination of events may better explain low dose
radiation response, especially when there is damage to proteins, the cell membrane, and
mitochondria.'® One popular field for examining cellular response to damage is transcriptomics,
a branch of biological study that examines response through gene expression.>! An impacted cell
may differentially express (e.g. “turn off” or “turn on”) genes coded on its genome in response to
damage or stress to open repair pathways, protect the cell, send extra-cellular messages, etc.
Gene expression includes the transcription of ribonucleic acid (RNA) from DNA, and
differentially expressed genes are quantified by analysis of RNA produced in populations of cells

through sequencing or amplification of previously identified genes of interest.>!

Fe and Pu binding to nucleic acids

In general, DNA has a strong negative charge and consists of a cyclic sugar

(deoxyribose), purine (adenine and guanine) and pyrimidine (cytosine and thymine) bases, and a
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phosphate group. DNA is usually found in a double strand, where hydrogen bonds between the
purine and pyrimidine groups connect the two molecules. RNA is found in a single strand form
and 1s otherwise similar to DNA except that the cyclic sugar is ribose and uracil is used instead
of thymine.*’ The potential for redox-active species of Fe to bind to DNA in cells has been
studied because of Fe’s ability to accelerate free radical reactions that cause DNA damage. Iron
is known to bind to multiple sites on DNA molecules under physiologically relevant chemical
conditions.*” Both Fe(II) and Fe(III) bind to DNA at sites located on the phosphate backbone as
well as the guanine base, where the strongest affinity is between Fe(I1I) and phosphate groups.®’
Potential binding sites for Fe on DNA also apply to RNA molecules. Additionally, binding sites
on RNA for Mg related to RNA folding can also be used by Fe.?!%> Plutonium(IV) often follows
the biochemistry associated with Fe(IlII), so it is expected that many binding sites available to Fe

will also be available to Pu when uptake occurs in cells.’%%

Low-dose exposures to high energy, low-LET radiation can be achieved through external
irradiation with radiation generating devices or sources, such that only radiological interactions
occur without the introduction of direct chemical stressors. Studying the response of cells to low
doses of alpha emissions or low-energy electrons, however, requires the introduction of
radiological materials directly to the cell culture environment because of the short path length of
these types of radiations. DNA and RNA are likely to bond with metal cations, with evidence in
the literature of bonding to radiologically relevant metals besides Fe and Pu, such as Y, Ce, Sm,
Sr, Cs, U, and Pb.*’ As we strive to better understand low-dose effect mechanisms of ionizing
radiation, metal binding to DNA and RNA cannot be ignored, especially for actinides like U and
Pu which may produce free radicals and cause oxidative stress damage via chemical means at

rates much higher than free radical formation related to their radiological properties.5¢>
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Relevance for radiological materials handling

The work presented herein was spurred by the practical need to radiologically
characterize RNA extraction samples from bacteria cultures exposed to >Fe and 2*°Pu, because
they would be removed from a radiologically controlled laboratory and brought to a shared, non-
radiological facility for quality control and sequencing processes for transcriptomic analysis. To
ensure high quality data, DNA and RNA extraction processes are designed to be highly selective
for DNA or RNA so that the extraction product contains few impurities, though physical
efficiency values are not generally available due to the proprietary nature of these extraction
processes. Because of this selectivity, it was expected that the RNA extractions would contain
little to no detectable radiological content. But an initial semi-quantitative analysis suggested
otherwise. Thus, the investigation was expanded, and RNA extraction samples were

appropriately characterized so that proper transport and handling procedures could be developed.

After considering the affinity of DNA and RNA for metal cations, I postulated that the
radiological content of our RNA extraction samples could be used to gain insight into internal
(uptake) vs external (sorption) accumulation of >>Fe and 2*’Pu in the bacteria cultures. The use of
the RNA extraction radiological data for this purpose, however, depended on demonstrating
evidence that the >>Fe and **°Pu found in RNA extractions samples was bound to RNA when the
cell cultures were being incubated and studied. It was determined that there were two other

potential routes for how the **Fe and 2*°Pu could end up in the RNA extraction samples:

1. Process flowthrough: Because of the previously mentioned lack of physical efficiency data
for impurity removal, it was possible that the *°Fe and **Pu may end up in the RNA

extraction samples as impurities directly from the growth media.
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2. Binding with RNA during the extraction process: I also considered the possibility that
metals present in the growth media or released from the cell surface when the cells were

lysed as part of the extraction process could quickly bind to RNA at that point.

To determine if these two pathways better explained the quantities of 2*°Pu and *>Fe in our
RNA extraction samples, I designed an experiment that considered process flowthrough by
completing RNA extractions on solutions containing radioactive material spikes in growth media
with no cells. I also considered metal binding with RNA during the extraction process by using

cell culture samples and spiking them with 2*°Pu immediately before the cell lysing step.
Materials and methods

The methods applied to this study sought, primarily, to mimic previous studies with
Pseudomonas putida and Escherichia coli exposed to 2*°Pu and *Fe in their growth media.®¢-¢

As such, sample volumes and radionuclide concentrations were selected to be relevant to

previous work.
RNA extraction process overview

For clarity, the RNA extraction process is graphically described in in Figure 17. The
RNA extraction process begins with a 100-400 pL aliquot collected from a liquid culture of
bacteria, where the volume of which is based on the optical density (OD) of the culture (OD600).
Solutions used to lyse the cells (which releases RNA from the cells) and preserve the RNA are
added. The solution is run through a proprietary exchange column that is centrifuged. During this
step, RNA and other compounds bind to the exchange column. The exchange column is then
washed with various solutions to remove non-RNA content before a final wash with the goal of

producing an aqueous RNA sample with few impurities. Non-RNA content is either released in
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the effluent of the process or remains on the exchange column. All RNA extraction simulations

were performed using a Qiagen RNeasy kit. Extractions were performed according to

manufacturer instructions.

(a) Typical RNA Extraction Process; Cells Exposed To Radicnuclides Prior to Lysis
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(c) RNA Extraction Process With Radionuclides Added After Cell Lysis
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Figure 17 (a) Illustration of the general RNA extraction process as compared to the processes
completed for this work; (b) testing for potential process flow through by performing an “RNA
extraction” without cells; (c) testing for potential binding with RNA during the extraction
process by adding the radionuclide after cell lysis. Created with BioRender.

Plutonium solution preparation

Plutonium solutions were prepared from two working solutions of >*Pu in 0.01 M HClI,

one solution where 2*°Pu was complexed with citrate in a ratio of 1000:1 and another without
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citrate complexation. The solution of *°Pu complexed with citrate was diluted with 0.01 M HCI
to produce a working solution with an activity concentration of 1.37x10' kBq mL"!. Using this
working solution, four additional solutions were produced via serial dilution (with 0.01 M HCI)
with activity concentrations of 1.37kBq mL™!, 1.37x10" kBqmL™!, 1.37x102kBq mL"!, and
1.37x10* kBq mL. The dilution process was also completed using the *’Pu solution that was
not complexed with citrate. There were 10 total *’Pu solutions used as >*°Pu -spiked process
blanks: 5 complexed with citrate and 5 without. The activity of solutions used for each

experiment conducted is summarized in Table 3.

Iron-55 solution preparation

Process blanks for >>Fe were made from a stock solution of *FeCls. An aliquot of the
stock solution was diluted to a concentration of 1.81x10* kBq mL™! in approximately 0.01 M
HCI. Four additional working solutions were prepared as process blanks via serial dilution (with
0.01 M HCI) with concentrations of 1.81x10° kBq mL™, 1.81x10> kBqmL"', 1.81x10! kBq mL"
! and 1.81 kBq mL™!. The process resulted in 5 total >>Fe blanks with different concentrations

that were used (Table 3).
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Table 3 Summary of the Radiological Solution Activity Concentrations Used

Experiment Activity Concentrations (kBg mL?)

RNA extraction without cells
Process Blank 23°Pu 1.37x10? 1.37 1.37x101  1.37x102%  1.37x10°3
Process Blank 23°Pu with citrate ~ 1.37x10! 1.37 1.37x101  1.37x102% 1.37x10°3
Process Blank >>FeCls 1.81x10* 1.81x10® 1.81x10?> 1.81x10?! 1.81
RNA extraction with radionuclide spike after cell lysis
P. putida and %*°Pu 1.37 1.37x101  1.37x107

P. putida and %°Pu with citrate 1.37 1.37x10?  1.37x10%?

Sample preparation for **’Pu and >’Fe blanks

The RNA extraction process was first completed using solution blanks to examine flow-
through of 2°Pu and °Fe from the extraction process without the presence of cells. Activity
concentration for both 2*°Pu and *>Fe solutions were based on laboratory experiments conducted
in our laboratory with different microorganisms. The middle concentration of the five
concentrations used for each radionuclide was chosen to reflect the approximate activity
concentration of bacteria solutions used in previous experiments (1.37x10' kBq mL™! for 2°Pu
solutions and 1.81x10? kBq mL! for >*FeCls), such that our experiment included solutions two
orders of magnitude greater and two orders of magnitude lesser than the bacteria cultures
previously studied. The activity concentration of each solution used was verified by Liquid

Scintillation Counting (LSC) analysis of an aliquot of each solution.
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The RNA extraction process was completed according to manufacturer’s instructions
starting with the transfer of 100 pL of 2*’Pu or *°Fe solution to a 2 mL microcentrifuge tube. The
process is outlined in Figure 17(b). Solutions containing >*’Pu, 2*°Pu complexed with citrate, or
5>FeCl; were added to the ion exchange column in step 2 of the RNA extraction process (step 1
of Figure 17 was not completed for process blanks, as there were no cells used). The process was
completed in triplicate for each concentration used.. Throughout the RNA extraction process, ~2
mL of liquid effluent waste was produced (steps 3 and 4, Figure 17). The waste effluent from
each extraction column was collected in a 20 mL LSC vial for the purpose of activity / mass
balance. The final liquid effluent from the RNA extraction process, which under normal
circumstances would contain the RNA sample to be used for bioinformation analysis, was

collected in a separate 20 mL LSC vial (step 6, Figure 17)

Plutonium and P. putida sample preparation

To address the potential for radionuclides to bind to RNA as a result of the chemical
changes inherent to the RNA extraction process, several control bacteria samples were spiked
with 2°Pu prior to RNA extraction. The process used for the *’Pu and P. putida samples is
outlined in Figure 17(c). Aliquots (150 puL) were collected from bacteria cultures grown with no
radiological contaminants and prepared for RNA extraction. After the cell lysing agent was
added, the samples were spiked with 10 uL of the previously prepared Pu solutions with activity
concentrations of 1.37kBqmL™, 1.37x10"'kBqmL™, and 1.37x102kBq mL"! of %°Pu
complexed with citrate and 1.37kBq mL"!, 1.37x10"' kBq mL"!, and 1.37x102kBq mL"! of >*°Pu
without citrate complexation creating six different exposure scenarios (step 2, Figure 17). As

completed in the process blank investigations, the waste effluent was collected for LSC analysis
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(steps 3 and 4, Figure 17), in addition to the RNA extraction product (step 6, Figure 17). The

mass of samples was collected for mass balance and quality analysis.

Liquid Scintillation Counting

All samples were prepared for LSC with 10 mL of Optiphase HiSafe 3 (Perkin Elmer)
liquid scintillation cocktail. Plutonium-239 samples were quantified based on activity from alpha
emissions assuming 100% efficiency. Iron-55 samples were quantified based on activity from
electron emissions, assuming an efficiency of 42%. All samples were corrected for variation in

volume based on their mass.

Sample Terminology

Two samples were produced for each RNA extraction performed. The first sample,
collected in steps 3 and 4 of the process as illustrated in Figure 17, is referred to as an effluent
sample. The second sample, collected in step 6 of the process as illustrated in Figure 17, is
referred to as an RNA extraction sample. While most of the samples considered in this work
were blanks, processed exclusively to examine the flow-through of radionuclides, and thus
contain little to no RNA, this terminology will be used for all samples as they were intended to

represent the product of the RNA extraction process.

Results and Discussion
While the radiological content of RNA samples was initially analyzed for the purpose of
developing appropriate protocols for the handling of radiological materials, the discovery of

23%Py and *°Fe in RNA samples lead to the decision to collect RNA extraction samples

specifically for the purpose of radiological characterization during experiments. In Chapter 3, I
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use the radiological content of RNA samples as evidence to differentiate uptake of *°Pu and *°Fe
into the cells, versus sorption to the outside of the cell membrane. To use the RNA extractions as
evidence of uptake, however, it was necessary to rule out that the presence of 2*°Pu and >°Fe was
not the result of something related to the extraction process. By examining process blanks, with
no cellular content including RNA, I was able to demonstrate that the presence of >*’Pu and >°Fe
in our RNA extractions was not the result of process flow through.

There was no detectable *°Pu in any RNA extraction sample analyzed when >*Pu was
complexed with citrate. When process blanks for 2**Pu without citrate complexation were
analyzed, Pu was detected in only one RNA extraction sample. The sample with detectable 2*°Pu
was from the sample-blank concentration, 1.37x10' kBq mL™!, and had an activity of 0.87+0.04
Bq. The activity of the RNA extraction sample represents 0.064% of the total activity in this
sample. The results of this part of the experiment demonstrated that the presence of *°Pu in
RNA extraction samples in the previous work is not reasonably attributed to process flow-
through.

By studying the radiological content of the extraction process effluent samples, the
movement of the radionuclides was observed through the extraction process and improved
understanding of where radiological waste may be produced. Plutonium-239 was detected in
effluent samples from sample blanks containing 2*°Pu complexed with citrate from the three
largest concentrations (1.37x10' kBqmL!, 1.37 kBqmL™, and 1.37x10! kBq mL™"), with no
239py detected in effluent samples from the 1.37x102kBq mL" and 1.37x10” kBq mL"! blanks.
The activity of 2°Pu found in these samples varied between blank concentrations by about a
factor of 10, which is consistent with the serial dilution method used to create the working

solutions. Note that 1 of the 3 effluent replicates for the 1.37x10!' kBq mL™! was excluded from
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the data set as the sample was spilled during processing. The Pu activity of the effluent samples

for blanks containing Pu complexed with citrate are provided in Figure 18.
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Figure 18 Activity of Effluent Samples for RNA extraction blanks using Pu complexed with
citrate. Data points represent individual data points but overlap in most cases.

When considering the total activity contained in each sample analyzed, the effluent
blanks left about half of the >*Pu unaccounted for in samples where 2**Pu was complexed with
citrate for the three highest concentrations used. We assume that the exchange column used in
this process has some affinity for Pu and the remaining activity was disposed of with the
exchange columns. The percent of Pu activity that was assumed to remain on the exchange

column at the end of the RNA extraction process is provided in Figure 19.
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Figure 19 Percent of total sample activity that was not accounted in the RNA extraction or
effluent samples. Data points represent individual data points but overlap in many cases.

When effluent samples from process blanks containing 2*°Pu that was not complexed with
citrate were analyzed, *Pu was detected only in effluent samples from the blanks containing
1.37x10' kBq mL"! 2°Pu. The effluent samples from 1.37x10! kBq mL"! 2**Pu without citrate
also contained a lower concentration of *Pu when compared to effluent samples from the same
239Pu concentration complexed with citrate. In all three replicates, 99.5% of the activity was
unaccounted for and assumed to have remained on the exchange column when the 1.37x10' kBq
mL! blanks were processed, with 100% remaining on the exchange column for all other
concentrations.

Iron-55 was detected in RNA extraction samples for all replicates of blanks with the
highest concentration of >>Fe, 1.81x10* kBq mL™!, as well as in one sample from the 1.81x10°

kBq mL"! set of blanks, and one sample from the lowest concentration, 1.81 kBq mL"!. All other
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RNA extraction samples did not contain detectable quantities of >>Fe. The results are provided in

Figure 20.
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Figure 20 Iron-55 content of RNA extraction samples for RNA extraction completed with >°Fe
process blanks.

The detected >°Fe in the RNA extraction sample from a 1.81 kBq mL™! blank is
inconsistent with two replicate data points and also inconsistent with triplicate data from two
higher concentrations of >>Fe blanks. Furthermore, the activity in the 1.81 kBq mL™! extraction
sample that was reported is 1.92% of the total activity in the sample analyzed. In other RNA
extraction samples where *>Fe was detected, the extraction sample activity represented between
0.00121% and 0.0226% of the total activity in the samples analyzed. The results have been
presented in their complete form for the purpose of transparency; however, it is most likely that
the RNA extraction result related to the 1.81 kBq mL™! sample is the result of cross
contamination during the RNA extraction process because of its lack of consistency with all

other data, which was collected in triplicate. The content of >>Fe in RNA extraction samples also
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demonstrate that >>Fe content in our previous RNA extraction studies was not the result of
process flow through.

Iron-55 was detected in all effluent samples, where the °Fe activity in effluent samples
increased by a factor of about 10 for each concentration of >>Fe used as a process blank. The *°Fe

activity in effluent samples for process blanks is provided in Figure 21.
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Figure 21 Concentration of *Fe in effluent samples. Data points represent individual data points
but overlap in most cases.

As observed with the *°Pu blank effluent samples, the total quantity of activity from the
original sample is not accounted for by the RNA extraction and effluent samples, so it is
assumed the remainder of activity remained on the extraction column. The amount of *°Fe that
was assumed to remain on the extraction column more closely resembles the activity balance
results from 2*?Pu without citrate complexation, where the percent of >>Fe that was unaccounted
for ranged from 97.1%-99.3% across all samples. As stable Fe would be likely be found in trace
quantities in normal cell culture studies, and the RNA extraction process strives to produce an
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extract that contains few impurities, the extraction column is likely designed to have an affinity
for Fe.

In addition to process flow through, we also prepared an experiment to = examine if >**Pu
bound to RNA after the cells were lysed, during the RNA extraction process. RNA extraction
samples were collected from P. putida samples spiked after lysing cells with 1.37 kBq mL™,
1.37x10"kBqmL!, and 1.37x102kBq mL™' 2°Pu complexed with citrate. The experiment was
also completed with the same concentrations of 2*°Pu without citrate complexation. There were
no extraction samples that contained detectable quantities of 2**Pu. Only one effluent sample,
effluent from the P. putida sample spiked with the greatest quantity of Pu complexed with
citrate, the 1.37 kBq mL! spike, contained detectable 2*°Pu. The results of this analysis indicate
that 2°Pu found in RNA extraction samples is not the result of 23°Pu binding to RNA after the
cell is lysed.

Due to the number of samples where no radiological material was detected, all results are

provided in a tabular format in Appendix E.

Conclusions

Plutonium-239 was only found in one set of RNA extraction replicates, the set containing
over 100 times the quantity of *’Pu without citrate complexation that would be expected in cell
studies conducted as a part of my work. Iron-55 was only consistently found in extraction
samples with 100 times the quantity of >Fe used in cell cultures for this work, and in one
replicate with 10 times more >>Fe. The results of this work show that process flow through is not
a significant pathway for 2**Pu or >>Fe in RNA extraction samples as observed in our previous
work. By analyzing the radiological content of effluent samples, the study also demonstrated that

the extraction columns used have an affinity for both Pu and Fe. The study supports the

80



assumption that »Fe and ?*°Pu detected in RNA extraction samples during long term cell studies
is the result of *Fe and 2*°Pu that was bound to RNA prior to the time of extraction.

Validating a model for radiation protection for doses less than about 150 mGy remains a
priority in the field of radiological science, and the use of -omics technologies to understand low
dose effects, especially transcriptomics and proteomics, will likely increase in the coming years.
A 2022 Consensus Study of the National Academy of Sciences reaffirms the prioritization of a
low dose research program in the United States of America for radiological doses below 100
mGy and dose rates of 5 mGy h'! or less*. Specifically, the report calls for leveraging modern
biological research techniques for the study of low dose and low dose-rate mechanisms of effect
and integrating this data with epidemiological studies to examine risk assessment models.*® The
relevance of the observations regarding the radiological content of RNA samples is two-fold.
The first area of relevance of this work is the practical concern of handling radiologically
contaminated samples. Biological equipment utilized for transcriptomic research, especially
equipment used for RNA sequencing, is costly and requires specialized training to use.
Sequencing equipment is often located in centralized facilities at laboratories and universities,
and, in some cases, sequencing is completed off-site. Researchers preparing RNA or DNA
extraction samples from cells exposed to radiological contaminants, especially metals, should
take care to characterize samples so that appropriate procedures for transport and handling are
developed in accordance with federal, state, and facility regulations. Appropriate characterization
will also help prevent contamination of specialized equipment.

This work also highlights the importance of considering how effects may be impacted
when radiological metals are bound to DNA and RNA. Radiologically characterizing the content

of DNA and RNA samples may provide quantitative data needed to differentiate between
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chemical and radiological response in low-dose research efforts. Separating chemical and
radiological effects will not only be useful when attempting to identify unique responses to
radiation exposure, it may also help identify responses related to specific radiological
contaminants. Finally, radiological content found in DNA and RNA samples may also be useful
in quantifying uptake rates which could have implications for dosimetry, as advanced biological
assessment techniques should be matched with fine-tuned dose estimates if dose-effect

relationships are developed.
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CHAPTER 5

CONCLUSION

The experiments presented in this work provide sufficient evidence to move forward with
the development of refined dosimetry models. A review of the history and current state of
microdosimetry efforts related to the development of a single cell model for bacteria is provided
as Appendix A. In summary, microdosimetry efforts for individual, low-dose cell models are still
in their infancy, but the study of both 2*°Pu and **Fe fractionation between the growth media and
cells in this work demonstrates a variety of scenarios that can be used to inform model
development. In future work, I hope to expand the existing literature by examining the
performance of GEANT4-DNA for alpha energies related to *°Pu in liquid water. I also hope to
apply both alpha and low-energy electron emissions in liquid water with varying densities of 1.1-
2.0 g cm™ to better represent the organelles of individual cells. The efforts described will entail
comparing the performance of at least two of GEANT4-DNA’s physic models so that an
appropriate model can be chosen after the results of the work undergo peer-review. The use of a
freely available, open-source modeling code like GEANT4-DNA is ideal for my research career
at a predominantly undergraduate university for both my own research as well as the inclusion of
student researchers.

Utilizing microdosimetric models for the purpose of developing a true dose-response
model in the future would require further benchtop experiments. Specifically, experiments would
be needed to provide a sufficient gradient of doses from which to develop a dose-response
model. The data collected in this dissertation and in other works stemming from the research

project demonstrates that there are effects at 10 mGy d™! dose rates, but to create a relationship
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between occurrence or severity of effects, multiple dose rates must be considered. When an
appropriate model is achieved, it would be best paired with data from experiments with a
minimum of 5 dose rates so that a relationship between dose and response can be achieved with
significance. In addition to adding more dose rates, if more experiment data is collected in future
work, I recommend a more comprehensive analysis of the bacteria that differentiates uptake
versus sorption in a definitive manner. For example, suspension of cell pellets in EDTA with
washing steps added can remove surface bound Pu®. Completing a step to remove surface bound
Pu prior to lysing the cells would allow for quantitative analysis of sorption vs uptake.
Additional experiments with P. putida may also consider analysis for siderophore production via
fluorescence measurements. The pyoverdine produced by P. putida is green, fluorescent
siderophore®* and fluorescence measurements may provide for a more cost-effective method for
monitoring pyoverdine production.

Perhaps the most surprising contribution to this dissertation is the material included in
Chapter 4 related to the characterization of RNA extraction samples for radiological content. The
work originated from a simple experiment for the purposes of radiological materials handling,
with the hypothesis that RNA extracts from samples containing **’Pu and **Fe would not contain
detectable levels of radiological materials. When I concluded that the hypothesis was incorrect,
however, it opened the door for further analysis. From the perspective of radiological protection
and operational health physics, the results of the experiment were sufficient to conclude the
researchers using unsealed radiological materials in experiments that require the analysis of RNA
should consider RNA extraction samples for their potential to contaminate scientific
measurement equipment that may be shared between non-radiological and radiological

experiments.
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The experiments presented also examined RNA extracts for their potential to differentiate
uptake versus sorption of radionuclides. While the data presented was not sufficient to conclude
the analysis of RNA extracts for this purpose in a quantitative way, they support the assertation
that RNA extracts could be a useful tool for the purpose of differentiating sorption versus uptake
in the future. I feel that it would be interesting to consider further examination of the use of both
RNA and DNA extractions when uptake of radionuclides is suspected. Though DNA was not
used in these experiments, extraction of DNA is cheaper and often more simple than RNA
extraction, which could further improve the utility of methods related to RNA/DNA extractions
for determining uptake of radionuclides.

As an aside, I found the problem and subsequent the analysis of RNA for radiological
content to be ideal from the perspective of the scientific method, especially as an educator. While
the scientific method was long taught as a five to six step, linear process, a more modern
perspective opts to present the method as a cycle or on-going process, as shown in Figure 22.
The idea of an ongoing process is more easily reconciled with critiques of the scientific method

that have led to inquiry-based scientific teaching techniques®®.

Linear Model of the Scientific Method

Develop a .
Observe Research Hypothesis Experiment Analyze . -

Observe

Cyclical Model of - Research

the Scientific
Method

Analyze Deveé:;;

Experiment

Figure 22 A visualization of the scientific method both as a linear process and as a cycle.
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APPENDIX A
CONSIDERATIONS FOR THE DEVELOPMENT OF A MICRODOSIMETRIC MODEL FOR

ROD-SHAPED BACTERIA

Background

A fundamental area of interest to the scientific community is to examine the dose-effect
relationship when bacteria are exposed to low doses of ionizing radiation?’, which requires an
accurate estimate of dose in addition to the observation of effect. “Dosimetry” refers generally to
the determination and/or assessment of radiation dose, whether by model, measurement, or a
combination of the two. The dosimetric quantity of interest in this work is absorbed dose;
although technically a point quantity, for practical purposes absorbed dose is typically averaged
over a volume of interest.’® For example, the dose estimates for bacteria in a 100 mL volume of
liquid culture were averages of total energy deposition over the entire volume. Without specific
evidence for how radionuclides distribute within the solution, it must be assumed that the
radionuclides of interest, in this case >°Fe and >*’Pu, are homogenously distributed throughout
the culture volume. However, the investigations in the previous chapters demonstrated that 2*°Pu
and >°Fe accumulated internally and/or externally on cells in both P. putida and E.coli,
motivating consideration of a more refined dosimetric model.

As mentioned previously, 2°Pu was selected because of its specific connection to the
production of nuclear weapons, while serving as a representative of high linear energy transfer
(LET) radiation for dosimetry and potential dose-effect efforts with a range of approximately 40
um in water.®® Iron-55 is a common activation product that undergoes electron capture.®® Iron-55
produces x-rays, 5.9 (25%) and 6.5 (3.4%) keV, as well as auger electrons with an average
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energy of 5.2 keV(61%) making it representative of low-LET radiation.!® The mean free path of
55Fe x-rays is about 400 um in water; however, the range of the auger electrons is approximately
0.6 um in water.%®’° The concentration of either radionuclide on or in cells, which have an
average length of about 1-5 um’!, (i.e., internal or extremal accumulation) would indicate that
the absorbed dose would not actually be homogeneously delivered within the liquid cell culture
due to the short range of the 2*°Pu and >°Fe emissions. Thus, a more complex assessment of
dosimetry is warranted, and this project’s design supports such an assessment by applying

sensitive biological tools to analyze the response of microorganisms to ionizing radiation.

Considerations for internal and external accumulation

As previously discussed, in addition to damage to DNA, radiological interactions with
the cell membrane, proteins, mitochondria, cell signaling pathways, and other organelles may
also be responsible for inducing effects as a result of ionizing radiation, and these effects may be
highly relevant to understanding the mechanisms of effect at low doses of radiation.'® Bacteria
are prokaryotic organisms that lack a true cell nucleus, and as such this is one factor that
differentiates them from traditional cellular models. Plutonium-239 and **Fe concentrated within
the cells internally (via uptake) or externally on the cell surfaces (sorption) would mean that a
larger portion of alpha interactions will occur at sensitive locations within the cells including, but
not limited to, bacterial DNA, the nucleoid region, the cell membrane, and other organelles. In
general, our investigations of E. coli exposed to both 2°Pu and *Fe showed increased
biosynthetic burdens and stress response, consistent with prevailing theories related to low-dose
response to ionizing radiation. Investigations of RNA expression in the cell cultures studied for
the project also found upregulation of six6 genes related to the production of enterobactin in E.

coli cultures exposed to 2*°Pu as compared to both control cultures and cultures that contain
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55Fe.”” As enterobactin is a siderophore that mediates iron transfer and has been implicated as a
transfer mechanism for transporting Pu into cells, the hypothesis that 2*°Pu is internally

accumulating in cell cultures is further supported.

Microdosimetry computational techniques

Microdosimetry is a type of radiological dosimetry that examines energy deposition in a
stochastic manner on microscopic scale and is aimed at more precise understanding of radiation
interactions and effects in living tissue.”® Microdosimetric methods are the ideal methods when
considering dose from ionizing radiation to small targets as opposed to large volumes.
Experimental microdosimetry began in the 1950’s with Rossi and Rosenzweig’s development of
tissue equivalent proportional counters (TEPCs)”*. TEPCs use plastics and gases with a
molecular content that is approximately equivalent to human tissue to simulate targets at a
macro-scale that approximate mammalian cells.”* Experimental methods rather than
computational methods were the primary methods used in the field of microdosimetry for many
decades, as computational methods require many iterations of the same events to provide
statistically rigorous answers, a calculation methodology best achieved with computers.

In recent decades, the prevalence of increasingly powerful and accessible computing
technology has shifted the field’s focus to computational microdosimetry methods.
Computational microdosimetry is primarily conducted with Monte Carlo-based computer codes
that are designed to simulate the interactions in matter resulting from individual radiological
events by using random number generators to model the stochastic nature of particle
interactions.’”> Monte Carlo methods can then be used to calculate a variety of dosimetric
quantities to a target area. Monte Carlo codes like PENELOPE, MCNP, and GEANT4 were

initially developed to take on this task with a condensed history (CH) approach. CH models do
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not model all interactions, but rather condense several interactions into a single step by using
stopping power to calculate energy loss and distributing that energy in a local region instead of
modeling the path of all secondary particles.”® As microdosimetry has traditionally focused on
radiation interactions in living tissue, CH methods have been successfully deployed as the
standard for measuring energy deposition in targets related to mammalian cells, which generally
range from 10-100 pm. Another common target has been the mammalian cell nucleus, the largest
organelle in the mammalian cell with a diameter of 5-20 pm.”” While it would be impossible to
list all the applications of these codes for cell-level dosimetry in the literature, some recent
advanced examples of these applications include: the use of GEANT4 to accurately describe
radiobiological response to cancer cells irradiated with monochromatic and clinical proton
beams’®, examining the distribution of radiopharmaceuticals in clusters of tumor cells using
MCNP6”, and development of an algorithm that creates quasi-realistic cancerous tumor volumes
from individualized cells to study radiation damage using MATLAB and GEANT4.3

The CH approach still has a wide variety of useful applications in the field of dosimetry,
but studies in low-dose radiation research have found limitations in this approach. Investigations
involving organelles like the mitochondria, cell membranes, and endoplasmic reticulum, create
targets in the nanometer range, and researchers found it prudent to question the utility of CH
models at such small sizes. How small is too small for a CH model? Unsurprisingly, the answer
is complicated, but, generally, target size is a key factor in model for very small target.
Specifically, when targets are smaller than the track length but larger than the mean free path
(mfp) of incident charged particle radiation, CH models must be used with extreme caution, and
when the target is smaller than the mfp, CH models are no longer accurate.”® Ideally, CH codes

should not be used to model electrons in liquid water with energies below 1 keV.%!
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The other factor that pushed the limits of CH models is related to complex investigations
of DNA damage. While double stand breaks (DSBs) are still considered to be the major indicator
used for cell survival, it is theorized that one key to understanding low-dose biological effects
requires examination of cluster damage to DNA. Cluster damage is defined as any combination
of DSBs, single strand breaks (SSBs), change or loss of a base, damage to the deoxyribose

backbone, or cross-link®?, as demonstrated in Figure 23.
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Figure 23 A visualization of DNA cluster damage.

To understand cluster damage, we cannot ignore the paths of secondary particles as is
done in CH models, as we must know more spatial information about interactions to predict the
occurrence of different cluster damage types / combinations. An interest in modeling secondary
particle interactions has been especially supported by the increased use of Heavy Ion Therapy
(HIT), such as proton and carbon-ion radiation therapy, for cancer treatment. As proton and
carbon-ion treatments have been used and studied, the effects observed were not sufficiently
predicted by microdosimetric efforts, and it became evident that further investigation of the
relative biological effectiveness (RBE) of HIT modalities was warranted, which included

examination of secondary particle interactions.®’
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To meet the new needs of the microdosimetry field, a new type of model is required,
Track Structure (TS) codes. While more computationally intensive than CH codes, TS codes
provide resolution to the nanometer scale by tracking secondary particles. An ideal TS model
used for microdosimetry is capable of considering very low energy electrons, because over 90%
of cluster damage is caused by energy depositions less than 150 eV.3* Many TS codes have been
developed and deployed, such as the PARTRAC and KURBUC codes, however the GEANT4-

DNA package for the GEANT4 code has become a dominant player in the literature.

GEANT4 with GEANT4-DNA

GEANT4 (Geometry ANd Tracking) is a Monte Carlo toolkit designed to simulate the
passage of particles through matter using object-oriented (C++) programming.®> The code is
developed through a consortium of many laboratories and research groups and is primarily
maintained by the European Council for Nuclear Research (CERN). GEANT4 was initially
developed for high-energy, particle physics research; however, its design is useful for a variety
of research functions in the fields of radiation physics, space research, and medical physics.
GEANT4 has been maintained as an open-source code which has paved the way for a variety of
add-ons, packages, and analysis options to improve its utility in specific fields. A set of physics
models, termed GEANT4-DNA, is one such add-on.

The goal of the GEANT4-DNA project, initiated by the European Space Agency (ESA),
was to develop a set of physics models appropriate for simulating biological effects at the
molecular and cellular scale.3® GEANT4-DNA has become an important code in microdosimetry
for many reasons, though an undeniable contributor to its popularity is that it is the only
appropriate TS code that is open access and open source.®” While it does not provide the plethora

of materials that can be used as a target found in most CH models, the GEANT4-DNA package
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can effectively manage interactions of low-energy electrons in water as well as in the four DNA
constituent materials (adenine, guanine, thymine, and cytosine), a sufficient set of materials for

biological study.%88

Low energy electron modeling in liquid water

To track secondary and other low-energy electrons in a TS code, appropriate models for
physical interactions must be applied. It has been known for some time that low-energy electrons
were likely responsible for large portions (50%+) of energy deposition in biological materials,®
however the field was technologically limited, both in a computational and experimental sense,
and adequate efforts to address this only began about 20 years ago. High-energy approximation
methods common to CH codes fail at low-energies because they do not sufficiently account for
the impact of atomic/electric properties of target materials on interaction cross-sections.”® The
use of TS codes has become the state of the art method for evaluating low-energy interactions,

and continued attempts to validate and use these models are expected in future research on low-

dose radiation effects.’!

Relevance of this work

The focus of cellular-level modeling to date has been primarily focused on mammalian
cells due to interest in and relevance to human health, although a model that is representative of a
common environmental microorganism has similar, albeit indirect, relevance. Many bacteria
have a strong propensity for accumulating radiological contaminants from the environment,
which is why they are used for bioremediation at impacted sites. The accumulation of material
results in bacteria serving as an important pathway to the food chain in ecosystems.?® Of course,

the qualifications that necessitate the move to TS models for human cells are of particular
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relevance to this work. Our targets are located within prokaryotic cells with average sizes of 1-5
um, much smaller than the 10-100 um eukaryotic cells generally considered with
microdosimetry models. Accordingly, all potential sub-cellular targets defined for an E. coli or

P. putida cell would be in the nanometer range.

Challenges When Developing a Modeling Methodology

Radionuclides of Interest

The range of °Fe auger electrons is 0.6 pm, smaller than our cell of interest and
potentially smaller than other targets considered, which is the relative size range where CH
models must be used cautiously or not at all. In the last 20 years, much attention has been drawn
to low-energy, low-LET radiation, like the auger electrons produced by >°Fe, as many
radiobiological studies have indicated that the relative RBE of low-energy, low-LET radiation
might be as high as four4 when compared to gamma radiation from °®Co (where RBE of low-
LET radiation has conventionally been assumed to be one).!” One of the most commonly
examined radionuclides is *H, a beta-emitter with an average energy of 5.69 keV, because *H is
the dominant release from nuclear power plants, with an estimated 100 PBq of *H released
world-wide on an annual basis.”?> RBE is often consulted and used for the development of
appropriate radiation weighting factors (wr), which are used to compute dose when using
radiation protection quantities. In 2008, when the ICRP affirmed their position that a wr of 1 is
an appropriate simplifying assumption for the purpose of calculating radiation protection
quantities, despite recognized differences in RBE, interest in the matter continued to grow.”?
Examination of evidence regarding the relationship of *H exposure to cancer incidence in

humans supported the International Commission on Radiological Protection (ICRP) position,
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because, while some data suggest a potential sensitivity for breast and thyroid cancer
development with low-energy, low-LET radiation exposure,”* epidemiological evidence did not
support a statistically significant increase in cancer incidence from *H exposure as compared to
gamma exposure.” Investigations into the RBE of *H in tissue continued to support the evidence
that the RBE for tritium is greater than 1, and attempted to explain the observed variation in this
value.”® The discrepancy in observed RBE in experimental studies as compared to predicted RBE
from models has been an impetus for applying TS models to *H microdosimetry studies as the
resolution provided by TS models may provide insight that CH models have historically lacked.

An observed increase in RBE for low-energy, low-LET radiation is more relevant to this
work than wr because there are various potential end points that might be used to determine
effect at the cellular level in bacteria. The wr would only hold relevance if the end point of
concern was cancer incidence, and would be specific to human tissue, not bacteria. Iron-55 does
not have a strong presence in the literature regarding the study of low-energy, low-LET
radiation, but the evidence related to *H is highly applicable to special considerations for *°Fe.
The 5.2 and 6.1 keV auger electrons produced by >°Fe are close in energy to the 5.7 keV beta
produced by *H. As such, if a TS model is needed to accurately examine the short and tortuous
path of *H beta emissions in tissue, this would also be necessary to study >>Fe’s auger electrons.
Another interesting connection between *H and >Fe microdosimetry is that the variation in *H
RBE values in experimental studies has been explained, in large part, by differentiating exposure
from tritiated water (HTO) and organically bound tritium (OBT). In general, the RBE for OBT is
about twice that of HTO, such that the recommended RBE for HTO is about 2, while it is about 4
for OBT.”” Because of the relatively short range of low-energy electrons and beta particles in

water, when *H is in an OBT form, the RBE is much higher because of the increased likelihood
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of an interaction with targets located in the cells themselves. Considering that this work found
that around 80% of >°Fe in the cell cultures was accumulated in the bacteria cells, either
internally or externally, the high propensity for uptake makes the study of >>Fe reasonably
analogous to OBT for this work.

Alpha particles produced by *°Pu represent high-LET radiation in this study but attempts
to understand low-dose effects from alpha-emitters still are tied to the understanding of low-
energy electron interactions. The 5.14 MeV alpha particle from 2*°Pu will primarily lose energy
by ionization interactions, such that alphas lose, on average, 35.5 eV per ion pair produced (in
liquid water), resulting in the formation of hundreds of thousands of ion pairs in tissue over its
relatively short track.”® Many of the secondary electrons produced are capable of ionizing water,
with an ionization threshold of about 12.6 eV,” and will thus deposit much energy locally,
necessitating the use of TS models when considering clustered DNA damage or interactions with

other organelles.

Physics Models

When TS codes were first developed, experimental data for scattering of electrons in
liquid water was not available, and early models were validated with data from water vapor using
a linear extrapolation for density to transform the data for liquid water. Experimental studies
with liquid water, however, showed that there are phase effects in condensed matter that are not
sufficiently explained by the linear extrapolations from gas-phase data.'”® While some
interactions are still based on water vapor data, solutions have been developed for the phase
effect issue in some cases, though liquid water data is still sparse for very low-energy electrons,

especially those under 100 eV.
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To overcome the phase issues for inelastic interactions, several research groups
developed solutions to the dielectric response function for liquid water with varying sets of
limited optical data from liquid water experiments. One such model, the Emfietzoglou model,
was used to develop the ionization and electronic excitation physics processes for GEANT4-
DNA 8690100101 ywhile less energy will be deposited from elastic collisions, they are important
for the spatial distribution of electrons in TS models, and are modeled using a partial wave
calculation computed by Champion et.al. designed specifically for use in the GEANT4-DNA
code.!®? As advances in both experimental data and computing power have allowed for more
options to validate TS codes, the GEANT4-DNA development team has responded with
improved models. Kryriakou et al. developed an algorithm to improve the Emfietzoglou models
to make the model more accurate for electrons below 10 keV, and this model is now included as
an alternative to the default in the GEANT4-DNA code, as part of the “option 4” models.”® The
option 4 models only provide improvements for ionization and excitation interactions. GEANT4-
DNA also includes a full alternative set of physics models for inelastic and elastic scattering
implemented from a specialized TS code, CPA-100, included as the “option 6” models.'%>!%4
CPA-100 is a Fortran based microdosimetry code, and the option 6 models use the CPA-100
cross section data for elastic scattering, excitation, and ionization to provide an alternative route
for using this program’s models.!*

When choosing a set of physics models for use in a GEANT4-DNA simulation, the
limitations of each model set should be carefully considered for each scenario. The use of option
4 or option 6 models is recommended for low-energy electrons over default models!® though

option 4 models are only applicable below 10 keV and option 6 models are only applicable

below 255 keV, while option 2 (default) GEANT4-DNA models are applicable up to 1 MeV.
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While option 4 or option 6 models would both be sufficient for *Fe auger electron TS modeling,
a combination of models would be required for >*’Pu to cover the entire energy ranged needed.
There is currently insufficient data to determine which set of models, option 4 or option 6, is the
best performing for electrons up to 10 keV and both models are used in the current literature.®’
Constructors for each set of models are provided by GEANT4-DNA, however generally any
combination of model sets would need to be coded manually. A recent addition to the GEANT-
DNA code, however, is a constructor called “G4EmDNAPhysicsActivator” which provides a
combined set of models and eliminates the need for a manual combination. When using the
“G4EmDNAPhysicsActivator” constructor, the model will use option 4 models for electrons
below 10 keV, default GEANT4-DNA models between 10 keV and 1 MeV, and standard
GEANT4 electromagnetic models (EM) over 1 MeV. The use of the
“G4EmDNAPhysicsActivator” would allow for a consistent physics model choice for both *°Pu
alphas and >°Fe auger electrons.

Option 4 model cross sections have shown better agreement with a large range of
experimental water vapor data, however limited sets of liquid water data suggest that there is
better alignment of liquid water cross sections with option 6 models'®*. Additionally, the CPA-
100 code, where the option 6 model originated, included cross sections for a wider variety of
biological materials. Currently, molecular cross sections that allow for the use simulation of
DNA targets have been added to GEANT4-DNA and it is likely that other biologically relevant
materials may be added in future updates.!** Considering the experimental uncertainty regarding
which set of physics models is the best model, development of an appropriate bacteria model for
dosimetry should consider the use of both the option 4 and option 6 physics models, with a

comparison of the results for each to be presented in the literature. Option 6 models may have a
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more varied utility in the future; however, to date, the only attempt at developing a model for

bacteria (E. coli, specifically) and very low-energy electrons, utilized option 4 models.'%

Validation Considerations for an Appropriate Physiological Model

Two other attempts at GEANT4-DNA for a bacteria model (E. coli in both cases) have
been published. A 2022 model published by Rafiepour et al. considered “low-energy” electron
and photon exposures, however the electrons used in this study were 50, 100, and 150 keV which
is of minimal relevance to this work.!”” Another model from Lampe et al. considered exposures
with electrons from 1-990 keV and protons from 500 keV to 30 MeV!%, which is more relevant
to this work. In both studies, the focus of modeling was a physiochemical output that was
specifically aimed at characterizing complex damages to DNA only. In both cases, an
appropriate physiological bacterial cell was not considered, and in Lampe et al.’s study only a
bacteria nucleoid was used. The bacteria nucleoid was packed with an elegant DNA construction
that might have potential use in combination with a physiological model of the cell in future
work; however, the study was published in 2018 and the authors do not appear to be pursuing
future work with this model. As is, the model would be insufficient for computing a dose
calculation for the purpose of developing a dose-effect relationship.

There is a great need for physics models in a variety of targets beyond liquid water and
DNA bases, including high-Z materials for biomedical applications and other biological
compounds like amino acids to improve cell models.!® The current models, however, lack
validation for these types of materials. One way to improve simple cellular modeling efforts such
as the one presented in this work without constructing new materials might be to examine the
models with different density values for liquid water that are closer to the density of areas like

the cytoplasm and nucleoid to provide more accurate differentiation of the targets. While a
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common assumption for cells is to approximate density with water (1 g cm™), the overall density
of E. coli cells is found to be in the range of 1.09 — 1.11 g cm™.!% Additionally the cell consists
of about 55% protein and 20% RNA!%, which have densities of 1.38 g cm™1'% and 2.0 g cm> ',
respectively.!!? The use of varying densities might provide a sufficient physiological model,
however considering the uncertainty regarding the validation of ionization cross sections for
liquid water at 1 g cm™, a study on this variation in density with multiple physics models is
necessary and should undergo successful peer review prior to application in a model.
Practical Challenges

The Palmetto Research Cluster has a large number of users, so users do not have
administrative privileges to install software or needed dependencies on the main path for use by
all users. When using the cluster, users must request a set of computing nodes to use for all
operations, including file installation, and it is challenging / discouraged to attempt to use the
same nodes during every session as they are generally distributed on a “first come, first served”
basis to users to maximize availability. For reasons that have still not been identified by this
author or the staff charged with maintaining the Palmetto Cluster, GEANT4 seems to struggle
with developing paths to dependencies that are stored on the user’s allocated drive in a way that
they can be used from any computing node. If attempting to use GEANT4 on a large computing
cluster, it may be advisable to request that the cluster administrators add all dependencies to the

primary module list (where they would be available to all users) as a way of avoiding this issue.

Conclusion

The development of a novel and physiologically adequate bacteria model for establishing
dose comes with abundant challenges when the need for TS modeling of very low-energy

electrons is considered. While it is possible to overcome some of these challenges in the coming
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years, currently, more validation of fundamental physics models will be needed to create the
needed model. A simplified CH model for bacteria cells would be neither novel nor accurate,

though a future TS model will have utility in the literature beyond the scope of this study.

101



APPENDIX B

PLUTONIUM OXIDATION STATE ANALYSIS

To verify the oxidation state analysis of the plutonium stock after complexing with citrate
that was used for the experiments presented in this dissertation, a duplicate experiment was
carried out in February and March of 2021 to create representative samples for analysis. The
primary goal was to examine the oxidation state of 2°Pu in cell culture media at the beginning of
experiment periods. Samples were collected from the culture media after it was spiked with *°Pu
stock that had been complexed with citrate but before they were inoculated with bacteria.
Additionally, representative samples of P. putida and E. coli were grown with 2*Pu complexed
with citrate. Culture flasks prepared for P. putida and E. coli were spiked with 194 uL of a
solution of 2°Pu stock complexed with citrate that contains 12.6 kBq mL™! *Pu following the
same procedures found in Chapter 1. The activity of the cultures was 24 Bq mL™'. An extra set of
culture flasks that were inoculated with P. putida were spiked with 388 pL of the same **°Pu
solution such that these cultures contained 48 Bq mL"! of 2*°Pu. It is important to note that these
cultures were grown as a representative of previous experiments, however the cultures were
grown specifically for the purpose of examining oxidation states and were not used in any
fractionation analysis. Samples were collected from bacteria cultures 1 day and 5 days after
inoculation. A volume of 1 mL was collected for analysis. Oxidation state analysis of a set of
representative samples was completed by James Foster at Clemson University in May 2021.
Plutonium(IV) content was determined based on the results of extraction using 1-phenyl-3-
methyl-4-benzoylpyrazol-5-one (PMBP), where the percent of total extraction product activity

found in the organic phase is the percent of the sample that is Pu(IV). Plutonium (V) content was
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determined based on the results of extraction using Bis(2-ethylhexyl)phosphoric acid (HDEHP)
where the percent of total extraction product activity found in the aqueous phase is the percent of
the sample that is Pu(V). Plutonium(VI) content was determined based on the result of
subtracting the percent of total activity found in the aqueous phase during HDEHP extraction
from the percent of total activity found in the aqueous phase during PMBP extraction. When this
value was a negative value, it was determined that the samples contained little to no Pu(VI). The

results of this analysis are found in Table 4 with reported standard error.
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Table 4 Reported results of oxidation state analysis for cell culture media and cell culture

samples.
Pu(IV) Pu(V) Pu(VI)

Cell Culture Media
78+1.1%  35+0.7% -
24 BqmL! 2*°Pu
Cell Culture Media
77+0.8% 21+0.4% 2+0.6%

48 BqmL! ?**Pu
P. putida sample, 1 day after
inoculation, 27+2.8% 84 +3.0% -

24 BqmL! *°Pu
P. putida sample, 5 days after
inoculation, 4+0.6% 95+2.3% 1£3.0%

24 BqmL! *°Py
P. putida sample, 1 day after
inoculation, 13+1.4% 96+2.9% -

48 BqmL! ?*°Pu
P. putida sample, 5 days after
inoculation, 10£1.1% 95+1.5% -

48 BqmL! ?**Pu
E. coli sample, 1 day after inoculation,
74£1.9% 2+0.1% 254+0.9%
24 BqmL! 2*°Pu

E. coli sample, 5 days after

inoculation, 72+1.5% 9+0.8% 19+1.1%

24 BqmL! *°Pu
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APPENDIX C

M9 MINIMAL MEDIA RECIPE

M9 Minimal Growth Medium (Liquid)

The M9 minimal growth media was created with the following, standard, components:

M9 minimal salts, 5X (BD Difco),

IM MgSO>*7H,0 (Sigma-Aldrich),

IM CaCl; supplemented with 0.5% glucose (Sigma-Aldrich),

1% thiamine hydrochloride (Spectrum), and

1% (w/v) casamino acids (Bacto)

If prepared with above stock concentrations, the following will produce 1 L of medium.

Table 5 M9 stock solution components.

Stock concentration component

Volume of stock added

Sterilized ddH20

Sterile 5X M9 Salts

IM Calcium chloride (CaCl2)

IM Magnesium sulfate (MgSO4*7H,0)
1% Thiamine HCI (Vitamin B12)

*40% Glucose

20 % Casamino acids

759.95 mL *Use this to bring volume to
1L

220.12 mL

110.06 uL

2.2mL

I mL

12.5mL

5.5mL
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APPENDIX D

CORRECTIONS FOR INGROWTH OF PROGENY IN PLUTONIUM STOCK

The 2*Pu stock provided by the Powell Radiochemistry group was stated to contain
99.919% 2**Pu by mass as of July 15", 2015. While the stock contained only 0.012% 2*'Pu, by
mass, the short half-life and associated high-specific activity of >'Pu. The stock underwent
chemical separation to separate Pu from its progeny in the laboratory, as well. The contents of
the stock at the time of chemical separation are provided in Table 6.

Table 6 Reported Pu Stock Contents and Associated Radiological Data

Reported Specific Emission
percent by Half-life  activity (TBq  Emission energy
mass (vears) gl type (MeV)
238Pu 0.002 87.74 6.34x107! Alpha 5.48
23Pu 99.919 24,065 2.30x107? Alpha 5.14
240py 0.055 6,537 8.43x1073 Alpha 5.16
2‘”Pu 0.012 14.4 3.81 Beta 5.2 (average)
242py 0.012 380,000 1.48x10™ Alpha 491

Isotopes of Pu were decay corrected based on the date of July 15, 2015. Additionally,
234y, 29U, 20U, 2" Am, and 2*8U were considered as associated progeny based on the last date of
radiochemical separation. When the stock solution was analyzed via LSC, two alpha peaks were
observed in association with the Pu isotopes and their progeny, one peak that encompassed all
detectable alpha emissions from 4.4-5.16 MeV, and a second peak representing the two highest-
energy emissions from 2**Pu and >*' Am (5.48 and 5.4 MeV, respectively). The beta peak from

24Py was also characterized.
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By using the date of 2**Pu measurement, the date of last chemical separation, and the date of
measurement by LSC in the experiments, correction factors to activity attributed to 2*°Pu were
calculated. The correction factors, of course, varied for all experiments based on the dates of
chemical separation and experiment. In general, >*'Pu accounted for 12-16% of total activity,
which was found in the beta peak. In cases where *Fe was considered in combination with *°Pu,
the results were corrected based on this as there is overlap in the peaks formed from the >°Fe
electrons and 2*'Pu betas. A copy of the spreadsheet used to calculate these ratios is provided as

Figure 24 to provide more clarity on the process used.
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Background informatiion

Date Pu
Seperation Years Since
Occurred 12-Apr-18 Seperation 1.61533196 3 Peaks were quantified: 1) 5 keV beta peak,
Date Isotopic Years Since channels 1-32 2) Alpha Peak 1 in the range of 5.1
Composition Composition MeV, channels 153-467 and 3) Alpha Peak 2, for
Confirmed 7-Jul-15 Confirmed 4,38056126 alphas in the range of 5.5 MeV, channels 468:766
Years
Between
Compasition
Confirmation
Date of and
Meaurements 23-Nov-19 Seperation 2.7652293
Radioisotope Data
Specific Average
Half Life Decay Activity Alpha Energy Associate
(years) Constant (TBg/g) (MeV) d Peak
Pu-238 87.74 0.00790001 0.634 5.48 Alpha 2
Pu-239 24065 2.8803E-05 2.30E-03 5.14 Alpha 1
Pu-240 6537 0.00010603 8.43E-03 5.16 Alpha 1
Pu-241 144 0.04813522 3.81- Beta
Pu-242 380000 1.8241E-06 0.000148 4.91 Alpha 1
Isotopic Composition Ingrowth Products
Decay
Corrected Decay Average Ingrowth
Reported Activity in Activity in 100 Corrected Alpha since
Percentby  100g7-Jul- gon 12-Apr-  Activity 27- Half-Life Decay Energy seperation  Associated
Plutonium Isotope Mass 15 (Bq) 18 Apr-18 (Bq) Isotope  (years) Constant (MeV) (Ba) Peak
238 0.002 1.27E+09 1.22E+09 1.24E+09 U-234 2.45E+05 2.82E-06 4.8 5.62E+03 Alpha 1
239 99.919 2.30E+11 2.30E+11 2.30E+11 U-235 7.04E+08 9.85E-10 4.4 3.66E+02 Alpha 1
240 0.055 4.64E+08 4 63E+08 4.64E+08] U-236 2.34E+07 2.96E-08 448 2.22E+01 Alpha 1
241 0.012 457E+10 3.70E+10 4.00E+10] Am-241 432.2 1.60E-03 5.4 9.96E+07 Alpha 2
242 0.012 1.78E+06 1.78E+06 1.78E+06 U-238 4.47E+09 1.55E-10 418 4.45E-04 Alpha 1
243 0- X
244 0- Ax(0) = AR — )
A=y
TOTAL ACTIVITY
Total Activity of
100 g on 12-APR-
2018 (Bq) 2.69E+11
Beta Peak Alpha Peak 1 Alpha Peak 2
Percent
Percent Total Activity ~ Total Percent Total
Isotope Activity (Bg) Activity Isotope (Bq) Activity Isotope Activity (Bq) Activity
Pu-241 3.70E+10 13.79%) Pu-239 2.30E+11  85.55% Pu-238 1.22E+09 0.46%|
Pu-240 4.63E+08 0.17% Am-241 9.96E+07 0.04%j
Beta Peak Percent Total Activity 13.79% Pu-242 1.78E+06 0.00% Alpha Peak 2 Percent
U-234 5.62E+03 0.00% Total Activity 0.49%]
U-235 3.66E+02 0.00%
U-236 2.22E+01 0.00%
U-238 4.45E-04 0.00%
Alpha Peak 1 Percent
Total Activity 85.72%
*The efficency for alpha counting in liquid scintillation is
close to 100% and measured to be around 40.8% for 5 keV
beta/gamma counting. As a result, the beta peak value
divided by 0.408 to roughly account for this difference.

Figure 24 An example of a spreadsheet used for determining Pu and progeny content.
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RESULTS OF RNA FLOWTHROUGH ANALYSIS

APPENDIX E

Table 7 RNA Extraction and Effluent Activities for Flowthrough Experiments using 2*°Pu
Complexed with Citrate. Only samples in bold were reported as having detectable quantities of

239py
RNA
Extraction Effluent
Blank Activity Error Activity Error
Concentration Replicate (Bq) (Bq) MDA (Bq) (Bq) MDA
1 4.58E-02 333E-02 | 1.25E-01 7.73E+02 174E+00 | 3.46E+00
1
1.37x10 2 1.37E-02 329E-02 | 1.25E-01 7.71E+02 1.74E400 | 3.45E+00
kBg mL™!
3 -1.96E-03 328E-02 | 1.25E-01 3.65E+02 1.20E+00 | 2.56E+00
1 -9.15E-03 327E-02 | 1.24E-01 7.71E+01 552E-01 | 1.50E+00
1.37 2 -2.61E-03 328E-02 | 1.24E-01 7.91E+01 559E-01 | 1.52E+00
kBg mL™!
3 3.27E-03 328E-02 | 1.25E-01 7.85E+01 557E-01 | 1.51E+00
1 6.54E-04 328E-02 | 1.25E-01 6.15E+00 1.62E-01 | 8.65E-01
W
1.37x10 2 0.00E+00 328E-02 | 1.25E-01 6.17E+00 1.62E-01 8.66E-01
kBg mL™!
3 -5.88E-03 327E-02 | 1.24E-01 6.16E+00 1.62E-01 | 8.65E-01
1 0.00E+00 328E-02 | 1.25E-01 5.74E-01 6.53E-02 | 7.07E-01
1.37x107 2 -1.18E-02 3.27E-02 1.24E-01 6.88E-01 6.87E-02 7.13E-01
kBq mL™!
3 8.50E-03 320E-02 | 1.25E-01 6.41E-01 6.73E-02 | 7.10E-01
1 6.54E-03 329E-02 | 1.25E-01 6.80E-02 478E-02 | 6.78E-01
-3
1.37x10 2 1.31E-02 329E-02 | 1.25E-01 1.03E-01 492E-02 | 681E-01
kBq mL™!
3 -1.05E-02 327E-02 | 1.24E-01 -2.58E-01 3.18E-02 | 6.52E-01
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Table 8 RNA Extraction and Effluent Activities for Flowthrough Experiments using 2*°Pu
without complexation. Only samples in bold were reported as having detectable quantities of

239p,.
RNA
Extraction Effluent
Blank Activity Activity  Error
Concentration Replicate (Bq) Error (Bq) MDA (Bq) (Bq) MDA
1 8.73E-01 4.06E-02 137601 | 6.39E+00 | 1.65E-01 | 8.70E-01
1
1.37x10 2 2.61E-02 3.25E-02 1 24E-01 633E+00 | 1.64E-01 | 8.69E-01
kBg mL™!
3 -9.15E-03 3.27E-02 124E01 | 6.78E+00 | 1.69E-01 | 8.77E-01
1 1.31E-02 3.29E-02 1.25E-01 4.72E-01 6.22E-02 | 7.02E-01
1.37 2 -4.58E-03 3.28E-02 1.24E-01 5.27E-01 639E-02 | 7.05E-01
kBgq mL™!
3 9.15E-03 3.29E-02 1.25E-01 4.84E-01 6.26E-02 | 7.03E-01
1 1.57E-02 3.30E-02 125E-01 | -6.54E-03 | 4.46E-02 | 6.73E-01
W
1.37x10 2 -1.63E-02 3.26E-02 1.24E-01 9.15E-02 4.88E-02 | 6.80E-01
kBgq mL™!
3 7.19E-03 3.29E-02 1.25E-01 4.44E-02 4.68E-02 | 6.77E-01
1 -1.83E-02 3.26E-02 124E-01 | -2.61E02 | 438E-02 | 6.72E-01
1.37x107° 2 -5.88E-03 3.27E-02 1.24E-01 2.09E-02 4.58E-02 | 6.75E-01
kBq mL™’
3 -6.54E-03 3.27E-02 1 24E-01 1.70E-02 457E-02 | 6.75E-01
1 -6.54E-04 3.28E-02 1.25E-01 9.15E-03 453E-02 | 6.74E-01
-3
1.37x10 2 3.27E-03 3.28E-02 1.25E-01 -1.OSE-02 | 445E-02 | 6.73E-01
kBq mL™’
3 -3.27E-03 3.28E-02 124E-01 | -4.18E-02 | 431E-02 | 6.71E-01
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Table 9 RNA Extraction and Effluent Activities for Flowthrough Experiments using *Fe. Only
samples in bold were reported as having detectable quantities of *°Fe.

RNA
Extraction Effluent
Blank Activity  Error MDA Activity Error MDA
Concentration Replicate (Bq) (Bq) (Bq) (Bq) (Bq) (Bq)

1 2.19E+00 1.63E-01 1.76E+00 2.80E+05 4.63E+01 | 7.76E+01

1.81x10% ) 5.86E-+00 2.34E-01 1.88E+00 2.59E+05 445E+01 | 7.46E+01
kBq mL™’

3 6.65E+00 2.46E-01 1.90E+00 2.62E+05 4.48E+01 | 7.51E+01

1 4.09E+00 2.03E-01 1.83E+00 250E+04 1.38E+01 | 2.43E+01

1.81x10° %) 1.56E-01 1.05E-01 1.67E+00 2.53E+04 L.39E+01 | 245E+01
kBq mL™!

3 1.94E-01 1.06E-01 1.67E+00 1.33E+04 LOIE+01 | 1.82E+01

1 8.68E-02 1.02E-01 1.66E+00 2.34E+03 424E+00 | 8.57E+00

1.81x10° 2 3.24E-01 1.11E-01 1.68E+00 2.33E+03 423E+00 | 8.55E+00
kBq mL™’

3 1.17E-01 1.04E-01 1.66E+00 2.29E+03 4.19E+00 | 8.48E+00

1 4.09E-02 1.01E-01 1.66E+00 2.18E+02 1.30E+00 | 3.75E+00

1.81x10! B 7.15E-02 1.02E-01 1.66E+00 2.79E+02 1.47E+00 | 4.02E+00
kBgq mL™!

3 1.02E-02 9.95E-02 1.66E+00 2.17E+02 1.29E+00 | 3.74E+00

1 1.25E-01 1.04E-01 1.66E+00 1.94E+01 3.99E-01 | 2.27E+00

1.81 D) -1.28E-01 9.41E-02 1.65E+00 1.76E+01 3.81E-01 | 2.24E+00
kBgq mL™!

3 3.47E-01 1.12E-01 1.68E+00 1.79E+01 3.84E-01 | 2.25E+00
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Table 10 RNA Extraction and Effluent Activities for Flowthrough Experiments where cells were
spiked with 2**Pu with and without citrate complexation after lysing. Only samples in bold were
reported as having detectable quantities of >**Pu.

With RNA
citrate?  Extraction Effluent
Spike Activity  Error MDA Activity Error MDA

Concentration (Bq) (Bq) (Bq) (Bq) Bq) (Bq)
1.37 kBg mL™! Yes 1.76E-02 3.30E-02 1.25E-01 8.37E-+00 1.87E-01 | 9.06E-01
1.37x10" kBq Yes 1.50E-02 3.29E-02 1.25E-01 6.99E-01 6.90E-02 | 7.13E-01

mL!
1.37x107 kBq Yes 1.31E-02 3.29E-02 1.25E-01 4.05E-02 467E-02 | 6.77E-01

mL!
1.37 kBg mL"! No 1.37E-02 3.29E-02 1.25E-01 1.70E-02 457E-02 | 6.75E-01
1.37x10" kBq No 2.09E-02 3.30E-02 1.25E-01 2.09E-02 4.58E-02 | 6.75E-01

mL!
1.37x1 0']2 kBq No 8.50E-03 3.29E-02 1.25E-01 5.62E-02 473E-02 | 6.78E-01

ml
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