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ABSTRACT

Pathological processes often involve complex biochemical changes which can be
assessed using advanced mass spectrometry. In this present dissertation, two fields were
studied: traumatic brain injury (TBI), and water contamination by L. pneumophilia. TBI
is a pressing public health concern for which current clinical tools remain inadequate. We
present newly developed mass spectrometric methods to access metabolites associated
with blast induced TBI. We applied these methods to the biofluids of soldiers conducting
explosives training. Significant changes in several metabolites were observed between
pre- and post-blast specimens, including changes that increased with repeated exposure.
These changes point to the possibility of a biomarker panel to assess the severity of blast
related TBI. L. pneumophilia is a pathogenic bacteria which can infect domestic water
supplies. Its control and prevention in these systems is of major public health
consequence. We have developed a novel single cell-inductively coupled plasma- mass
spectrometry (SC-ICP-MS) method and applied this method to investigate L.
pneumophilia treatment efficiency by copper (Cu) in drinking water. We applied this
method to L. pneumophilia dosed with Cu in varied concentrations and over a time.
Interestingly, high concentrations of Cu ions were found to have a high disinfection rate
in drinking water, some cells persisted and even returned to a normal state 24 hours after
the initial exposure to Cu. These likely viable but non-culturable cells were detectable by
SC-ICP-MS but not by colony forming unit count analyses. This is the first study to our
knowledge which explores the relationship between copper dosing over time of L.

pneumophilia in drinking water by SC-ICP-MS.
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1. INTRODUCTION

1.1. PUBLIC HEALTH AND CHEMICAL BIOMARKERS

From the beginning of civilized society, public health concerns have been an
active area of research interest. From centuries old sanitation practices developed to
reduce disease outbreaks, to innovative precision medicine aimed at assessing and
mitigating genetic risk factors for chronic conditions, some of the greatest
accomplishments history can boast of are rooted deeply in the detection and prevention of
disease. Given our rapidly expanding global population, new assessment techniques for
disease, many of which are rooted in molecular biomarkers, could be key in facing
emerging public health challenges [1]. Mass spectrometry offers significant advantages
as a platform for both discovery of new potential clinical biomarkers [2], and validating
those biomarkers in disease states [3]. Indeed, multiple pathophysiological processes
including coronary artery disease [4], cancer [5]-[7], and even neurodegenerative
diseases [8], [9] all have biomarkers which have been studied by various mass
spectrometric techniques. The role of mass spectrometry in “omics” based profiling and
characterization is expected to expand considerably due to advances in data analysis tools
and mass spectrometric sensitivity [10].

However, despite these advancements, some pathological processes of public
health concern have remained elusive. Traumatic brain injury (TBI) involves a complex
neurochemical cascade of events, some of which can alter based on the type and location
of the insult, the history of prior TBI events, and other confounding factors. Legionella

bacteria are difficult to study due to their unique biphasic lifestyle and presence of viable



2
but non-culturable cell morphologies. Understanding the processes by which these public
health concerns emerge requires judicious selection of molecular and chemical targets,

and powerful analytical techniques to probe those processes.

1.2. TRAUMATIC BRAIN INJURY

Traumatic brain injury accounts for several million emergency room visits,
hospitalizations, and deaths every year in the United States [11]. In addition to the severe
acute damage TBIs cause, victims often suffer significant long-term effects including
neural deficits [12], post-traumatic stress disorder (PTSD) [13], Alzheimer’s disease [14],
[15], and others[16], [17]. The complex nature of TBI also makes it difficult to predict
long term clinical outcomes, and unfortunately strong evidence to support treatment
guidelines and recommendations is unacceptably scarce [18]. Much has been learned in
recent years regarding both the pathophysiological mechanisms associated with TBI and
biomarkers to assess overall severity [19]—[22]. Some of the most widely studied TBI
biomarkers are proteins which measure specific molecular events. Ubiquitin C-terminal
hydrolase-LL1 (UCH-L1) [23], [24], glial fibrillary acidic protein (GFAP) [25], [26],
S100B [27], and other proteins have all been implicated in predicting TBI severity or
outcomes in clinical settings. However, despite this progress, a reliable clinical
assessment tool capable of prognosing long term clinical outcomes has yet to be
achieved. In addition, little is known about the mechanisms which govern the transition

from the initial insult to long term outcomes, especially when the initial insult is mild.



Monitoring neurochemical and metabolomic changes in TBI, via molecular
biomarkers in biofluids, could provide increased understanding of TBI and its prognostic
outcomes.

1.2.1. Metabolic Pathways Implicated in TBI. Several metabolic pathways and
processes are involved in TBI pathophysiology. While an in depth review of all of these
is beyond the scope of this dissertation, a brief overview of some key pathways is
warranted.

1.2.1.1. Altered neurotransmission. Following the initial insult of a TBI, elastic
deformation of nerve cells leads to disruption of cellular membranes. Intracellular
potassium release into the extracellular fluid causes indiscriminate neurotransmitter
release [28]. Excitatory neurotransmitters such as dopamine and glutamate can be
severely dysregulated as a result of this indiscriminate release [29]—[31]. Both
dopaminergic and glutamatergic metabolic pathways have also been implicated in
cognitive impairment following TBI in rodent models [31], [32]. This altered
neurotransmission is a major complicating factor in TBI which can lead to further
dysfunction and long term clinical consequences.

1.2.1.2. Oxidative stress. While many pathophysiological processes can lead to
or result from oxidative stress and it should not be considered brain specific, it is
important to note the role it plays in TBI. Oxidative stress in TBI results from the
secondary injury following the initial insult. Excitotoxicity, release of neuronal
intracellular components, and response to cell death can activate body responses to
restore homeostasis and increase reactive oxygen species (ROS) systemically [33]. One

novel therapeutic method even attempts to treat TBI by mitigating the oxidative stress at



the endothelial level [34]. Several markers of oxidative stress have been monitored
previously in TBI [35], [36].

1.2.1.3. Metabolic changes. While much research focuses on the acute phase,
from initial impact to several hours or days post-injury, significant metabolic changes can
also occur in the chronic phase of TBI, and those changes can result in cognitive decline
and dysfunction [37]. Specifically, changes in lipid metabolism and lipid peroxidation
can affect important functional components of neural cells and alter function
significantly[38], [39]. Changes in glucose metabolism and glycolysis have also been
observed in TBI, indicating the importance of respiration products following injury [40],
[41].

1.2.2. Biofluids for TBI Characterization. Cerebrospinal fluid (CSF) has long
been regarded as a gold standard for brain injury assessment. Given its direct interface
with the extracellular matrix of the brain, and insulation from confounding extracerebral
factors which may influence biomarker levels, it is considered ideal for assessing
biochemical changes in brain injuries [42]. However, collecting CSF is invasive, and may
not yield large enough volumes for analysis, particularly in penetrating injuries. CSF is
also a complicated matrix for analytical methods, and may require extensive sample
preparation and cleaning and/or pre-concentration techniques prior to analysis. Serum has
also been widely used, but suffers from many of the same problems as CSF [43]. While
collection of serum is not as invasive as CSF, low sample volumes can confound analyses
and complex sample matrix can add several steps to analysis procedures. Urine, by
contrast, is a relatively simple matrix with few interfering lipids or proteins [44], [45].

Urine is also easy to collect in large volumes, and is a promising biofluid for non-



invasive TBI biomarker characterization [45], [46]. Additionally, some of the same
biomolecules which have already been studied in serum or CSF as potential TBI
biomarkers can also be monitored in the urinary matrix [46]-[48].

An additional factor to consider when assessing the feasibility of a biofluid for
this purpose is the sensitivity of the changes occurring. The ideal biofluid biomarker for
TBI should be highly brain specific, accurate, and have a rapid change following TBI
[49]. The ideal biomarker should also provide clinical value, adding diagnostic or
prognostic information not already available from clinical evaluation [49]. These
biomarker qualifications are particularly difficult to achieve in mild TBI. However,
growing evidence suggests that even subconcussive events, when repeated, can lead to
more severe long term clinical consequences [S0]-[52].

1.2.3. Special Considerations for Repeated and Blast TBI. Blast induced TBI
(bTBI) is a subset of TBI which, as opposed to a blunt force insult, results from the
indirect exposure to blast overpressures. Millitary personel encounter explosive blasts
frequently during training and combat operations [53], [54]. Such repeated exposures are
infrequent in blunt force related TBI, and the repeated exposures have been shown to
have cumulative effects in both human studies and rodent models [12], [50], [55]-[58].
These cumulative effects, while not well understood, may indicate an increased
suceptability to TBI, and thus increased hazard, for people who have had prior exposures.
Modeling of blast related injuries, and particularly those which are low level yet
repeatative, has also been a challenge for researchers in this field.

While widely accepted clinical models of TBI such as controlled cortical impact

(CCI) [99], can provide valuable insights into blunt force TBI, they are inadequate to



assess bTBI in the same way. Fluid percussion modeling does a somewhat better job at
reproducing elastic deformation and other clinical hallmarks of TBI [60], but there has
been some discussion that an open field blast model may be superior in bTBI studies

[58], [61].

1.3. LEGIONAIRE’S DISEASE

Legionella pneumophila (L. pneumophila) is a persistent opportunistic pathogen
which can cause a serious form of pneumonia called Legionnaire’s disease (LD). While
several Legionella bacteria are capable of causing LD, L. pneumophila is responsible for
>90% of all LD cases [62], [63]. Due to the routes by which L. pneumophilia may spread,
through domestic water systems [64], [65], building cooling towers [66], or others [67],
[68], and the severity of the disease, early clinical management and prevention of
outbreaks are vital to public health, particularly in population dense areas [63], [69].
Several methods to treat water systems to eliminate or prevent these bacterial threats exist
and are detailed below.

1.3.1. Water Treatment Methods. Supplying a population with drinking water
free from L. pneumophilia contamination represents one of the most significant public
health challenges to date. While efficacy of the disinfection method is often of greatest
concern, weight also must be given to competing factors such as formation of harmful
disinfection byproducts (DBPs) [70]. Chlorination, for example, is a ubiquitous water
disinfection solution due to its effectiveness and relative ease of implementation [71],
[72]. However, several problems can arise from chlorination of water, including

unfavorable taste and odor [73], [74], ineffectiveness against resistant microorganisms



[75]-[77], and formation of harmful disinfection byproducts [71], [78], [79]. Other
oxidative disinfection methods such as ozonation or even electrochemical oxidation have
also been studied both alone and in combination with chlorination [80]—[82], but suffer
from similar, albeit distinct DBP formation challenges [83]. These formations can be
reduced considerably through studying the mechanisms by which they form, but are
unlikely to ever fully resolve [84]. Some metal ion and nanoparticle-based disinfection
methods [85]-[87], have been studied as attractive options to reduce or eliminate the risk
from DBPs. However, the efficacy of these methods on microorganisms, and the long-
term consequences of their implication, are still under investigation [88]. Despite these
treatment methods, L. pneumophilia remains notoriously resilient and often confounds
current treatment methods [77], [89]-[91]. Some of the mechanisms by which L.
pneumophila manages such resistance are detailed below.

1.3.2. Mechanisms of Treatment Resistance L. pneumophilia is a resilient and
highly adaptive pathogen that can endure a wide range of temeratures, relatively high
salinity, and even resist digestion from host amoeba and propagate in human lung
macrophages [92]. Legionella are known to form resistant biofilms [93], [94], which, if
disrupted, can introduce large doses of the pathogen into domestic water systems [95].
Since legionella can also reproduce within amoeba, aresolization of a single amoeba can
introduce an infectious dose of bacteria into human hosts [96]. These adaptations
certainly contribute to L. pneumophilia persistence in domestic water systems.
Additionally, one of the most interesting adaptations L. pneumophilia exhibits is the
ability to form viable but non-culturable (VBNC) cells which can persist in disinfection

and return to a culturable state following disinfection [90], [91]. Such VBNC cells are



highly resistant to treatment methods, but the details of their formation and how they
persist in hostile environments is not yet well understood. An advanced analytical
methods to monitor cells in suspension may be key in understanding how this biological
process proceeds.

1.3.3. SC-ICP-MS to monitor L. Pneumophilia Single cell inductively coupled
plasma mass spectrometry (SC-ICP-MS) is an emerging analytical technique used to
study metal content in populations of cells. With this technique, researchers can
determine many important biological parameters of their cell population including cell
concentration, intrinsic or dosed metal concentration per cell, and quantitative uptake of
metal ions or even nanoparticles by those cells [97]. This application has already been
applied to a number of cell types, including yeast [98], S. areus and E. coli [99], alge
[100], human erythrocytes [101] and human cancer cells[102]. Using SC-ICP-MS to
monitor L. pneumophilia and its response to treatment conditions could give insight into
how the resistance develops and potentially how to more effectively disinfect water

systems contaminated with the opportunistic pathogen.
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BRAIN INJURY

Austin Sigler,1 Xiaolong He,1 Mousumi Bose,1 Alexandre Cristea,1 Wenyan Liu,1 Paul
Ki-souk Nam,1 Donald James,2 Casey Burton,1,2* and Honglan Shil*

1Deparment of Chemistry, Missouri University of Science and Technology, Rolla, MO,
65409

2Phelps Health, Rolla MO, 65409
Correspondance:

Casey Burton - Department of Chemistry, Missouri University of Science and
Technology, Rolla, Missouri 65409, United States; Phelps Health, Rolla, Missouri 65401,
United States; Orcid: http://orcid.org/0000-0002-0729-6743; Email: c.f.burton@mst.edu

Honglan Shi - Department of Chemistry, Missouri University of Science and
Technology, Rolla, Missouri 65409, United States; Orcid: http://orcid.org/0000-0002-
0801-5683; Email: honglan@mst.edu

ABSTRACT

Traumatic brain injury (TBI) is a serious public health concern for which sensitive
and objective diagnostic methods remain lacking. While advances in neuroimaging have
improved diagnostic capabilities, the complementary use of molecular biomarkers can
provide clinicians with additional insight into the nature and severity of TBI. In this
study, a panel of eight metabolites involved in distinct pathophysiological processes
related to concussion was quantified using high-performance liquid chromatography-

tandem mass spectrometry (HPLC-MS/ MS). Specifically, the newly developed method
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can simultaneously determine urinary concentrations of glutamic acid, homovanillic acid,
5-hydroxyindoleacetic acid, methionine sulfoxide, lactic acid, pyruvic acid, N-
acetylaspartic acid, and F2a-isoprostane without intensive sample preparation or
preconcentration. The method was systematically validated to assess sensitivity (method
detection limits: 1-20 pg/L), accuracy (81—124% spike recoveries in urine), and
reproducibility (relative standard deviation: 4—12%). The method was ultimately applied
to a small cohort of urine specimens obtained from healthy college student volunteers.
The method presented here provides a new technique to facilitate future work aiming to
assess the clinical efficacy of these putative biomarkers for noninvasive assessment of
TBL

Key words: traumatic brain injury (TBI), biomarkers, HPLC-MS/MS, urine analysis,

non-invasive assessment

1. INTRODUCTION

Traumatic brain injury (TBI) is a significant public health concern that accounts
for several million emergency room visits, hospitalizations, and deaths every year in the
United States.1 This challenge is compounded by the various long-term clinical outcomes
that can accompany survivors, including post-traumatic stress disorder (PTSD),
Alzheimer’s, and other dementias, among other mental and cognitive health conditions.
The ability to objectively diagnose and characterize traumatic brain injury therefore
continues to be a clinical research priority. Currently, concussive injuries are evaluated

by an assortment of neurological assessments, including neuropsychological evaluations,
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acute injury surveillance, and medical imaging. Among the most widely employed
assessments are the Military Acute Concussion Exam (MACE), Glasgow Coma Scale
(GCS), and evaluations of duration of loss of consciousness (LOC) and post traumatic
amnesia (PTA). These methods are useful for rapid assessments of severe head trauma,
but have limited diagnostic value for mild TBI given the relatively limited time frame for
acute symptom manifestation2—4 and their assessment of outcomes that are not
exclusively associated with concussive injury.5 Neuroimaging, including computed
tomography (CT) and magnetic resonance imaging (MRI), can be used to detect a
multitude of structural abnormalities in brain tissue, rendering them powerful tools in
assessing moderate and severe TBI. However, many traumatic brain injuries can appear
relatively normal under conventional CT and MRI scans.6,7 Recent advances in
neuroimaging techniques, such as diffusion tensor imaging, have allowed researchers to
detect subclinical changes in brain structure, including diffuse axonal injury.6,8 While
these advanced neuroimaging tools can help elucidate subtle structural changes
associated with persistent postconcussive symptoms,3,6—8 the implementation of
diagnostic imaging for field assessments remains limited by high costs and poor
accessibility, particularly in rural and other remote areas. Molecular biomarkers can
provide additional biological information about concussive injuries that can complement
conventional neurological assessments and medical imaging. Prior efforts to identify TBI
biomarkers have noticed novel associations between several proteins found in
cerebrospinal fluid (CSF) and serum to clinical outcomes in patients with TBI.9 For
example, glial S100pB, which is involved in low affinity calcium binding in astrocytes, has

been connected to astrocyte stress and death.10 Glial fibrillary acidic protein (GFAP) has
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also been extensively studied owing to its function as an intermediate filament protein in
astrocytes, where increased serum levels have been associated with astrocyte
damage.11,12 Additionally, serum levels of neuronal, specifically axonal, damage
indicators, including neuron-specific enolase,13 cleaved tau protein, 14 and ubiquitin C-
terminal hydrolase,15,16 have been correlated with poor clinical outcomes. Improved
understanding of the pathophysiology underlying traumatic brain injuries has further
prompted interest in studying the complex metabolic cascade that is a key characteristic
of TBI. Immediately following a concussive event, a disruption of cellular homeostasis
and failure of cellular membrane integrity results in the release of K+ ions, resulting in
axonal depolarization and the subsequent indiscriminate release of excitatory
neurotransmitters. 17,18 These neurotransmitters and their derivatives, including
homovanillic acid (HVA),19 glutamate,20 and 5-hydroxyindoleacetic acid (5-HIAA),21
have each been the subject of investigations in traumatic brain injury. Specifically, an
increase in cerebrospinal fluid (CSF) glutamate levels immediately following the K+
release has been noted in a previous study.20 It is further predicted that additional
neurotransmitters and their derivatives play a significant role in the neurochemical
cascade of concussion.17—21 Following the release of K+ ions, ATP-dependent Na+ and
K+ pumps are activated to restore electrolytic balance in the brain, resulting in significant
metabolic energy demands. For this reason, glucose metabolism, and in particular, the
glycolytic intermediates lactate and pyruvate have been proposed as possible indicators
of TBI progression and subsequent recovery.22 For example, the ratio of lactate to
pyruvate has been suggested to indicate hyperglycolysis in TBI, and the ratio was found

to increase before terminal brain herniation in severe TBI patients.17,22—24 Furthermore,
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excess oxidative stress occurs as a result of mitochondrial damage and altered oxidative
metabolism, which has prompted interest to explore oxidative stress metabolites, most
notably N-acetylaspartic acid (NAA)25,26 and F2a-isoprostane,27,28 as potential TBI
biomarkers. This complex pathophysiological cascade invokes distinct metabolic
processes that may therefore be probed to assess the extent and nature of the
injury.17,18,29 We have therefore proposed a novel combination of these interesting
metabolites, shown in Figure 1, alongside several established protein biomarkers, to study
potential patterns and differences in TBI samples. This panel, composed of a combination
of excitatory neurotransmitters, glycolytic intermediates, and oxidative stress indicators,
represents broad and diversified potential biomarkers of neurological processes involved
in TBI. In particular, the development of a metabolic panel of potential biomarkers

presents a novel advancement in the molecular detection of traumatic brain injury.

Glutamic Acid Lactic Acid Pyruvic Acid Mecthionine Sulfoxide N-acetyl-L-aspartic Acid
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Homovanillic Acid 5-Hydroxyindoleacetic Acid Faq-1s0oprostane

Figure 1. Chemical structures of the eight TBI-related metabolites.
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While cerebrospinal fluid has conventionally served as the gold standard for brain
metabolite quantitation, owing to its direct contact with the extracellular matrix of the
brain,30 urine and serum present minimally invasive specimen types that can be readily
obtained in the field. In particular, urine offers several advantages including large sample
volumes, fewer sample pretreatment requirements, and noninvasive sample collection
requiring no medical expertise. However, and to the best of our knowledge, a
comprehensive panel of TBI biomarkers has yet to be developed in urine. While a limited
number of such biomarkers have been successfully measured in urine,31-34 previous
methods have focused primarily on individual biomarkers and have often involved
intensive sample derivatization and extraction steps.33,35,36 In this study, we have
therefore proposed a new technique for simultaneous determination of eight chemically
diverse metabolites in urine without intensive sample preparation using high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). This novel approach
may provide timely supplemental characterization of traumatic brain injuries in the field,
thereby presenting new opportunities for mitigating long-term outcomes in both civilian

and military populations.

2. EXPERIMENTAL

2.1. MATERIALS
Analytical grade standards for homovanillic acid (HVA), glutamic acid (Glu),
lactic acid (Lac), pyruvic acid (Pyr), methionine sulfoxide (MetSO), N-acetylaspartic

acid (NAA), and isotopically labeled glutamic acid (13C, 15N) were purchased from
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Sigma-Aldrich, (St. Louis, MO, USA). 5- Hydroxyindoleacetic acid (5-HIAA), LCMS-
grade methanol, and acetonitrile (ACN) were purchased from Fischer Scientific
(Hampton, NH, USA). F2a-Isoprostane was purchased from Cayman Chemicals (Ann
Arbor, Michigan, USA). Ultrapure water (18.2 MQ.cm) was generated in-house by a

Millipore Elix-3 purification system (Millipore, Billerica, MA, USA).

2.2. STANDARD PREPARATION

Analytical standard stock solutions were prepared at 1000 mg/L in 90:10
ultrapure water/ACN with the exception of F2a-isoprostane, which was prepared in pure
methanol according to manufacturer instructions. These stock standard solutions were
stored at 4 °C, except for F2a-isoprostaglandin, which was stored at —20 °C. Secondary
standard mixtures of the analytes were prepared by diluting stock solutions in ultrapure
water and maintained at the same temperatures noted above. Calibration standard
solutions were prepared by serial dilution of the secondary standard mixture in 9:1
ultrapure water/ACN and synthetic urine solution to simulate 200-fold diluted urine.
Standards used for mass optimizations were prepared in mixtures of ACN and ultrapure
water with 0.1% formic acid to facilitate optimum ionization under ESI conditions.
Synthetic urine was prepared in-house by combining 3.75 g of sodium chloride, 2.25 g of
potassium chloride, 2.4 g of monosodium phosphate, and 9.1 g of urea to 375 mL of
ultrapure water. The resulting synthetic urine was vortexed thoroughly and stored at 4 °C
for calibration blank and calibration standard preparation. The synthetic urine was

reprepared monthly.
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2.3. URINE SAMPLE PREPARATION

Urine samples from Missouri University of Science and Technology student
volunteers without known ailments were obtained and stored at —80 °C until analysis.
Samples were thawed at room temperature, and a 100 pL aliquot was diluted with 800 uL.
of methanol, 50 pL of ultrapure water, and 50 pL of internal standard solution consisting
of 160 mg/L Glu (13C, 15N). Samples were subsequently vortexed, allowed to
precipitate for 20 min at room temperature (~25 °C), and finally centrifuged for 20 min
at 10000g. Following centrifugation, 50 puL of supernatant was diluted with 950 uL of 9:1
ultrapure water/ACN for a total urine dilution factor of 200-fold for HPLC-MS/MS

analysis.

2.4. HPLC-MS/MS METHOD

A Shimadzu (Columbia, MD, USA) Prominence UFLC system consisting of a
degasser (DGU-30A3), two pumps (LC-20 AD XR), an autosampler (SIL-20AC XR),
and a column oven (CTO-20A) were coupled to a 4000 QTRAP tandem mass
spectrometer system (AB SCIEX, Concord, ON, CA) and controlled by Analyst Software
to separate and quantitate analytes in this study. A HydroRP column (4 pm, 150 x 2 mm)
purchased from Phenomenex (Torrance, CA, USA) was employed for separation. HPLC
was performed at 40 °C column temperature with binary flow at a rate of 0.3 mL/min
with mobile phase A consisting of 0.1% formic acid in ultrapure water and mobile phase
B consisting of 0.1% formic acid in ACN. The method began with a prerun equilibration
of 4 min at 100% A and continued with 100% A after injection of 20 pL of sample for the

initial 2 min, followed by a linear gradient increase to 100% B from 3 to 7 min and hold
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at 100% B from 7 to 10 min, finally changed to 100% A from 10 to 10.5 min. The run-to-
run time was 14.5 min. Negative electrospray ionization (ESI-) mode and multiple
reaction monitoring (MRM) were optimized for quantification analysis. Curtain gas and
collision gas were generated by a model Genius 1024 230 V nitrogen generator (Peak
Scientific, Billerica, MA, USA). The ion source temperature was set to 550 °C. The ion
spray voltage was set to —4500 V. The curtain gas was set to 25 psi, and the ion source
gases (GS1 and GS2) were at 40 and 15 psi, respectively. All mass spectrometer

conditions were optimized for quantitative detection of the analytes.

2.5. URINE SPECIFIC GRAVITY MEASUREMENTS

Hydration status and time since last urination causes changes in urine
concentration dilution that must be corrected for accurate biomarker quantitation.
Because creatinine-based corrections are influenced by a variety of demographic and
clinical factors, urine specific gravity (USG) correction37 was used in this study to
account for urine concentration dilution. USG was measured refractometrically using a
Reichert digital Clinic Chek Digital Hand-held Refractometer. Urine specimens were
equilibrated to room temperature before measurement by the refractometer. Ultrapure

water was used as a quality control standard.
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3. RESULTS AND DISCUSSION

3.1. MS/MS DETECTION OPTIMIZATION

The ionization efficiency of the eight metabolites were initially assessed in both
positive- and negative-mode electrospray ionization (ESI) using a variety of additives.
The carboxylic acid functionalities present on all eight metabolites facilitated excellent
ionization under negative-mode ESI (ESI-). While ammonium salts, such as ammonium
acetate, are routinely used in ESI- applications to promote deprotonation without
significant cation adduction,38,39 addition of 1—-10 mM ammonium acetate resulted in
significant signal suppression for lactate, pyruvate, and glutamate. Meanwhile, 0.1% v/v
formic acid was found to afford sufficient ionization for all species without noticeable ion
suppression, although formic acid concentrations exceeding 0.2% v/v deteriorated peak
shapes in several early eluting compounds. Therefore, mass optimizations were
performed by direct infusion of standards using a syringe pump operating at 0.6 mL/h
flow rate. Infusion standards were prepared by dilution of the primary standards with a
solution of ultrapure water/ACN (9:1, v/v) with 0.1% (v/v) formic acid. Nitrogen gas was
used for the collision and curtain gases. Precursor ions were scanned with a scan range
from 100 m/z above the expected target molecular ion in order to monitor potential
adduct ion formation. Initial Q1 scans of each analyte in broader mass ranges revealed no
significant adduct ion formation. Once the precursor ion was identified, product ion scans
were employed to elucidate major product ion formation. The two most abundant product

ions were then optimized with respect to the declustering potential (DP), collision energy
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(CE), and collision cell exit potential (CXP). The optimized parameters are listed in

Table 1. All other parameters were optimized by flow injection.

3.2. CHROMATOGRAPHIC SEPARATION

Chromatographic separation was further used to minimize the potential for mass
spectrometric interferences resulting from the multitude of urinary metabolites present in
the selected mass range. Both FusionRP (150 x 2 mm) and HydoRP (150 x 2 mm)
columns were evaluated. The FusionRP column phase includes a polar embedded group
on a C18 base structure, which allows for Hbond donating and accepting capabilities,
giving this phase balanced selectivity across polar and nonpolar analytes.
The HydroRP column relies on a polar end-capped C18 phase, which allows for very
high hydrophobic interactions while also facilitating H-bond donation and thus enhanced
polar retention as compared with a typical C18 phase, though notably not as high polar
retention as the FusionRP phase. Given the diverse chemical properties as well as sizes of
the target compounds, the chemistries of these two columns showed potential to deliver a
high quality separation. While the FusionRP column showed promising separations with
excellent detection limits and short retention times of the analytes, the spike recoveries of
some analytes were poor in real urine samples due to significant ion suppression from
ionic salts and other components in the urine. The broader selectivity of the FusionRP
column as compared to the HydroRP could have allowed for increased retention of
undetected matrix components in urine which coeluted with the analytes and then caused

ion suppression at the target transitions.



Table 1. Optimized MS/MS Parameters of the Eight Metabolites

- Ton Pair | DP CE | CXP
Compound Abbreviation Masses (volts) | (volts) | (volts)
Methionine
Sulfoxide (0) MeSO 164.1/632 | -60 -18 5
Methionine
Sulfoxide (C) MeSO 164.1/100.3 |  -60 -16 7
Glutamic acid (Q) Glu 146.0/102.3 |  -50 -18 9
Glutamic acid (C) Glu 146.0/128.3 | -50 -16 5
Lactic Acid (Q) Lac 89.0/43.3 | -45 20 5
Lactic Acid (C) Lac 89.0/61.3 -45 -16 -5
Pyruvic Acid (Q) Pyr 87.1/433 | -35 12 5
Pyruvic Acid (C) Pyr 87.1/443 | -35 12 1
N-Acetylaspartic NAA 1742/883 | 38 | 21 | -3
acid (Q)
N-Acetylaspartic NAA 1742/583 | -41 | 29 | -8
acid (C)
Homovanillic acid HVA 181.0/137.3 | -48 11 7
Q
Homov'%”m acid HVA 181.0/122.2 | -50 21 9
5-
Hydroxyindoleacetic 5-HIAA 190.1/146.2 -50 -16 -7
acid (Q)
5-
Hydroxyindoleacetic 5-HIAA 190.1/144.3 -50 -28 -7
acid (C)
Faq-Isoprostane (Q) Faq 353.2/193.1 -95 -36 -11
Fae-Isoprostane (C) Fau 353.2/309.2 | 95 28 7
Glutamic Acid (**C
| Glu(°C, 5N) | 148.1/104.3 | -50 -18 9
15N) (Q) u ( )
: : 13
Glutamic Acid (%C, | o1 3¢ 15N | 148.1/130.2 | -50 -16 5

PN) (©)
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Matrixmatched calibration standards prepared in synthetic urine further failed to
adequately compensate for ion suppression in the FusionRP column. While enhanced
polar selectivity and reduced total method time were desirable, the FusionRP column was
ultimately not used in the method due to poor spike recoveries in real samples, likely
resulting from the retention of undetected matrix components. In contrast, the run-to-run
time for this method using a comparable HydroRP column was about 2 min longer,
owing to the increased hydrophobic and steric interactions in the HydroRP phase. While
preliminary studies favored the FusionRP column due to its efficiency, the spike
recoveries obtained using the polar HydroRP column were far superior (81—124%). This
indicates that the HydroRP column successfully separated the matrix components of the
urine from the target analytes, making it the superior choice for optimal separation and
sensitivity of this method. Acetonitrile was selected as the organic phase in the
chromatographic separations due to the minimal background noise observed in the
monitored mass transitions when compared with methanol. A mobile phase gradient was
developed to optimize peak shape and separation. Figure 2 shows a representative
chromatogram of the analytical standards prepared in synthetic urine and Figure 3 shows
a representative chromatogram of the urine sample from a healthy individual volunteer.
The optimized HPLC method was characterized by a low background signal and
acceptable peak separation. The exceptions were MetSO/Glu and NAA/ pyruvic acid,
which were partially separated from each other chromatographically. However, these

compounds were detected with the mass spectrometer at different transitions.
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3.3. METHOD PERFORMANCE/VALIDATION

The performance characteristics of the newly optimized method were then
determined, which have been summarized in Table 2. The method was found to have
excellent sensitivity with method detection limits (MDLs) and limits of quantification
(LOQ) comparable or superior to previously reported analytical methods that determined
selected analytes studied here.34—39 The signal response further exhibited excellent
linearity (R2 > 0.99) over a linear range applicable to biological specimens. All
compounds were linear up to 500 pg/L, and most were linear up to 1000 pg/L. Method
accuracy and reproducibility were significantly improved through the use of matrix-
matched calibration standards as well as a stable isotope labeled internal standard of
glutamic acid (13C, 15N) for glutamic acid detection only to improve its spike recovery.
As a result, spike recoveries for all analytes in 200-fold diluted urine were between 80%
and 120% (Table 3). Replicate measurements of recovery values yielded RSD values
mostly <10% except Glu with a RSD 12.2%, which further indicates that the method
performance was consistent and repeatable across urine samples. The authors note that
use of additional internal standards would have yielded a more robust method. While
having more isotope-labeled internal standards would be ideal, the satisfactory spike
recoveries for these analytes reduced the need for additional and costly internal standards,
and i1sotope labeled internal standards for several analytes were not commercially
available. The performance characteristics shown here suggest that the newly developed

method is sensitive, accurate, and rapid.



Table 2. HPLC-MS/MS Performance Characteristics
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Analyte | Linear Range (nug/L) R? LOD (pg/L)* RT (min)
MetSO 5-1000 0.9936 5 1.23
Glu 5-1000 0.9999 5 1.27
Lac 20-1000 0.9952 20 1.64
Pyr 20-1000 0.9997 20 2.01
NAA 1-500 0.9998 1 2.07
HVA 1-1000 0.9992 1 5.99
5-HIAA 1-500 0.9982 1 6.21
Faq 1-500 0.9992 1 7.22

*LOD: Limits of detection were defined here as a signal-to-noise ratio (SNR) of 10.

3.4. APPLICATION TO URINE SPECIMENS

The newly developed HPLC-MS/MS method was ultimately applied to 12 urine

specimens obtained from healthy university student volunteers. Each of the target

compounds, with the exception of F2aisoprostane, was successfully detected and

quantified in 11 of 12 urine specimens. F2a-isoprostane has been previously reported to

occur at trace levels near 1 ug/L in urine,39 which fell below the limit of quantitation for

this method.
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Table 3. Results of spike recoveries and relative standard deviation (%RSD) values by
spiking two different concentrations of potential TBI biomarkers in urine samples (n=4).

Spike concentration 20 mg/L Spike concentration 40
mg/L

Analyte Recovery RSD Recovery RSD
MetSO 96.31 9.3 104.22 11.1

Glu 95.42 12.2 104.23 10.8
Lac 95.54 8.4 96.59 8.3
Pyr 89.45 8.8 91.57 8.6
NAA 81.37 4.8 86.14 4.1
HVA 89.15 6.6 107.77 54
5-HIAA 104.01 3.8 106.10 3.7
F2a 111.80 6.3 124.52 5.7

Attempts to lessen the dilution factor to enable F2a-isoprostane quantitation
resulted in increased ion suppression and decreased spike recoveries for most
compounds, with the exception of pyruvate, which could be reliably measured at 50- fold
dilution without significant performance loss. Nevertheless, the concentration ranges

measured in this study generally agreed with the urinary ranges reported in the literature

(Table 4).34-39
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Table 4. Urinary concentrations of the potential TBI biomarkers in the 12 urine samples.

Analyte Concentration | Mean concentration Literature reported
Range (mg/L) (mg/L) range (mg/L)*3

MetSO 0.63-4.26 0.98 0.18-1.36

Glu 2.48-27.25 10.33 2.60-19.50

Lac 0.11-18.29 6.26 12.76-95.56

Pyr 2.36-5.84* 3.02 6.23-46.69

NAA 0.61-8.01 4.06 1.86-13.93
HVA 0.10-7.13 2.47 1.93-14.93
5-HIAA 0.31-1.95 0.64 2.03-15.21
Fao-Isoprostane <LOD <LOD 0.25-1.88

*Pyruvate concentrations were determined by 50-fold dilution

4. CONCLUSIONS

In this study, a simple, high-throughput HPLC-MS/MS method was developed to

simultaneously determine eight urinary metabolites previously associated with TBI. This

method is unique in its ability to simultaneously monitor these putative TBI biomarkers

in a single analysis and without extensive sample preparation and preconcentration. The

new method was rigorously optimized and validated to ensure its applicability to the

analysis of clinical urine specimens, with method sensitivity and reproducibility

comparable or superior to existing methods that may include selected metabolites studied

here. The final application to clinical urine specimens found urinary concentrations that

were in general agreement with previously reported concentrations for these metabolites.
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In summary, this newly described method can accurately and rapidly quantify eight
urinary metabolites simultaneously in the support of future clinical research to

objectively characterize TBI using molecular biomarkers.
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ABSTRACT

Repeated exposure to low-level blast overpressures can produce biological
changes and clinical sequelae that resemble mild traumatic brain injury (TBI). While
recent efforts have revealed sev-eral protein biomarkers for axonal injury during
repetitive blast exposure, this study aims to ex-plore potential small molecule biomarkers
of brain injury during repeated blast exposure. This study evaluated a panel of ten small
molecule metabolites involved in neurotransmission, oxida-tive stress, and energy
metabolism in the urine and serum of military personnel (n = 27) con-ducting breacher
training with repeated exposure to low-level blasts. The metabolites were ana-lyzed using
HPLC — tandem mass spectrometry and Wilcoxon signed rank test was used for sta-

tistical analysis to compare between the levels of pre-blast and post-blast exposures.
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Urinary levels of homovanillic acid (P <0.0001), linoleic acid (P = 0.0030), glutamate
(P=0.0027), and serum N-acetylaspartic acid (P = 0.0006) were found to be significantly
altered following repeated blast exposure. Homovanillic acid concentration was also
found continue to decrease with increased repeat exposure. These results suggest that
repeated low-level blast exposures can produce measurable changes in urine and serum
metabolites that may aid in identifying individuals at increased risk of sustaining a TBI.
Larger clinical studies are needed to extend the generalizability of these findings.

Keywords: blast exposure, TBI, metabolites, homovanillic acid

1. INTRODUCTION

Military personnel encounter repeated low-level blast exposures in the course of
training and combat operations [1, 2]. Repeated low-level blast exposures can produce
biological and clinical changes that resemble mild traumatic brain injury (TBI), which
has prompted interest in the long-term effects of blast exposure on neurodegeneration [3].
For example, the cumulative effect of repeated blast exposure can be evidenced by
clinical symptomology [4], neuroimaging [5, 6], and an increased incidence of post-
traumatic stress disorder, various dementias, and long-term neurological deficits [7, 8]. In
the short term, brain injuries resulting from repeated low-level blast exposures or other
repetitive mild brain injury can further increase the risk of repeat injury upon subsequent
exposures [5, 9]. As a result, suspected brain injuries caused by blast ex-posures need to
be assessed for medical intervention in a timely manner to mitigate long-term health

consequences. In current clinical practice, suspected blast-induced brain injuries are
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evaluated using an array of neuropsychological evaluations, acute injury surveillance, and
imaging studies [10]. The primary drawbacks of these approaches include subjectivity,
insensi- tivity to mild injuries, and poor applicability in the field, leading to delayed
diagnosis, inadequate treatment, and increased risk of developing long-term neurological
deficits. In response, recent studies have begun to explore the underlying biological and
chem-ical changes in pursuit of novel molecular biomarkers that can be used to better
assess and characterize blast-induced brain injury [11, 12]. Altered levels of several
proteins, such as neuron-specific enolase, S100B, and glial fibrillary acidic protein, have
been reported in serum and cerebrospinal fluid (CSF) [13-16]. While CSF poses practical
challenges for routine screening, owing to its poor accessibility, serum proteins offer a
new tool for assessing brain trauma. Similarly, recent efforts have found suggestive
evidence that certain serum proteins may become altered following repetitive blast
exposures [17].

However, the limited number of serum proteins that have been identi-fied to date
combined with their limited specificity to brain injury has encouraged the pursuit of
additional molecular biomarkers to provide detailed characterization of the nature of a
given brain injury. This provides impetus to explore how low-level repeat blast exposures
may produce measurable changes of small molecular biomarkers.

Urinary metabolites present a novel direction for blast-related biomarker devel-
opment. Urine as a biofluid offers ease of accessibility, ample sample volume, and a
relatively simple matrix. The research of urinary biomarkers for brain diseases are in-
creasing as reviewed by An and Gao [18], but only very limited studies have explored

urinary biomarkers for brain injury. The addition of urinary metabolites to the suite of
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tools currently available could provide clinicians with pertinent information about the
distinct pathology of a given brain injury. To this end, we have recently developed a
highly sensitive high-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS) method to detect a panel of urinary metabolites related to several dis-
tinct pathological processes involved in brain injury [19]. The panel included homo-
vanillic acid (HVA), glutamic acid/glutamate (Glu), lactic acid (Lac), linoleic acid (LA),
Arachidonic acid (AA), pyruvic acid (Pyr), methionine sulfoxide (MetSO), N-
acetylaspartic acid (NAA), 5-hydroxyindoleacetic acid (5-HIAA), and F2a-isoprostane
(F2a). Specifically, Glu is the primary excitatory neurotransmitter in the brain, and the
excessive glutamatergic release that follows a concussive blow pre-cipitates a cascade of
detrimental effects that can lead to long-term neurological effects [20]. Similarly, altered
levels of other neurotransmitters and their metabolites in cere-brospinal fluid, such as
HVA and 5-HIAA, can indicate dysregulated neurotransmission following a brain injury
[20]. NAA is highly abundant in brain tissue and disruptions to the blood brain barrier
and breakdown of brain tissue may lead to its subsequent in-crease in serum. Elevated
levels of MetSO, the oxidized form of the essential amino acid methionine, in serum have
been associated with oxidative stress [21]. Metabolic dysregulation can additionally
accompany TBI causing altered levels of Lac and Pyrd [22]. Finally, fatty acids, such as
LA and AA, are enriched in neuronal and oligoden-drocytic membranes. Changes in fatty
acid levels can be indicative of neuronal cell damage, disruption of the blood brain
barrier, oxidative stress, and inflammation [23]. Together, this panel of metabolites can
monitor and detect changes in several distinct biological and pathological mechanisms

associated with blast-related TBI. In the current study, a novel panel of metabolites was
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evaluated in a longitudinal study to assess their changes in both urine and serum
following repeated low-level blast exposure. The study was performed at The Urban
Mobility Breacher Course at Fort Leonard Wood, Missouri, USA, which is a training
program in which military personnel are trained to breach buildings using explosive
devices. Trainees are subjected to dozens of blasts involving light charges (0.03, 0.07,
0.11, and 0.15 Ibs C4) and heavy charges (10.44 1bs C4) over the course of several days.
Low intensity blast exposure has already been implicated in both behavioral and
structural brain abnormalities in mice [24], and this training provides a unique
opportunity to assess changes through a metabolic panel in humans. This novel
experimental design was selected to provide unique insights into how repeated low-level
blast exposure alters metabolism and whether specific metab-olites, alone or in
combination, may have clinical value in the risk assessment and characterization of blast-

related brain injury.

2. MATERIALS AND METHODS

2.1. MATERIALS

All chemicals and solvents were high purity (<97% or better). Chemical standards
for HVA, Glu, Lac, Pyr, MetSO, NAA, AA, LA, isotopically-labeled internal standards
glutamic acid-13C5,15N (Glu-13C5,15N), 5-hydroxyindoleacetic acid 4,6,7 D3-acetic-3-
D2 (5-HIAA-DS), and N-acetyl-L-aspartic acid-2,3,3-D3 (NAA-D3) were purchased
from Sigma-Aldrich, (St. Louis, MO, USA). In addition, 5-HIAA, F2a, LC-MS-grade

methanol, isopropanol, acetonitrile (ACN), and optima™ grade formic acid (FA) were
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purchased from Fischer Scientific (Hampton, NH, USA). Isotopically labeled internal
standard F2a-isoprostane-D4 (F2a- D4) was purchased from Cayman Chemicals (Ann
Arbor, Michigan, USA). Ultrapure water (18.2 MQ.cm) was generated in-house by a

Millipore Elix-3 purification system (Millipore, Billerica, MA, USA).

2.2. PARTICIPANTS AND SPECIMENS

A total of 27 active military personnel (25 males and two females, age range: 20-
35) were recruited to participate in this study from the Urban Mobility Breacher Course
at Fort Leonard Wood, MO, USA in June 2021. The research protocol and informed
consent process for the study were approved by the Phelps Health Institutional Review
Board (IRB), University of Missouri IRB, and the Human Research Protection Program
of the Army Research Laboratory. The Urban Mobility Breacher Course consisted of a
two-week training course with the first week comprising classroom-based learning and
the second week comprising field exercises involving repeat blast exposures. Figure 1
shows blast exposures and sample collections. Prior to blasting, three daily spot urine
specimens consisting of first or second morning voids were collected from each par-
ticipant. Additionally, a 5 mL blood specimen was obtained on the first day of sample
collection prior to blasting. Three additional daily spot urine specimens consisting of first
or second morning voids were collected after blast exposures of each day. Finally, a 5 mL
blood specimen was collected on the final day of sample collection. Blast speci-mens
were collected approximately 16 hours after the previous day’s blast exposures. The
blood specimens were spun down after 30 min clotting time and serums were col-lected,

aliquoted, and frozen immediately at —80 oC until analysis. The urine samples were



frozen immediately in a deep freezer at -80 °C on the collection site and transferred to
Missouri University of Science and Technology for analysis. Urine specimens were
subsequently thawed, aliquoted, and refrozen at -80 °C until analysis, except for one

urine aliquot per specimen to determine urine specific gravity.
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Figure 1 Urban Mobility Breacher Course blast exposure and sample collection
scuedules.

2.3. SAMPLE PREPARATION

The sample preparation was performed by following our published method [19]

40

with slight modification to include more internal standards to further improve robustness

of the method for HPLC-MS/MS method 1 analysis. Briefly, after specimens were

thawed and equilibrated to room temperature, each 100 pL aliquot was added to 900 uL

mixture of 800 uL. ACN and 100 pL ultrapure water containing 10 mg/L of internal
standards 5-HIAA-DS5, Glu-13C5,15N, NAA-D3, and F20-D4 ina 1.5 mL
microcentrifuge tubes and processed and analyzed by HPLC-MS/MS by following the

published procedure [19].
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2.4. HPLC-MS/MS METHODS
Each sample was analyzed using two previously described HPLC-MS/MS

methods to quantify the ten metabolites in this study [19, 25]. -The same UFLC coupled
to a 4000 Q-TRAP tandem mass spectrometer (AB SCIEX, Concord, ON, CA) was used
for both HPLC-MS/MS methods. The first HPLC-MS/MS method analyzed the eight
metabolites was same as our previously published method [19] with further improvement
of method robustness by including additional isotope labelled internal standards. The
second method for quantifying LA and AA was adapted from a published method [25].
The method was slightly modified to reduce the HPLC-MS/MS analysis time. Briefly, an
Ascentis Express C18 column (10 cm x 2.1 mm, 2.7 pum particle size, Phenomenex) was
used. The analytes were eluted with a flow rate set to 0.3 mL/min under a gradient elution
program with eluent A (3:2 ultrapure water: ACN with 10 mM ammonium ace- tate and
0.1% formic acid) and eluent B (9:1 isopropanol: ACN with 10 mM ammonium acetate
and 0.1% FA) . The gradient began with 20% B, followed by a linear increase over 3
minutes to 100% B which was maintained for 2.5 minutes before decreasing to 20% B
over 0.5 minutes and equilibrated at 20% B for 10 minutes before next injection. Opti-
mized ion source conditions were: ion source temperature of 400 °C, ion spray voltage of
-4500 V, curtain gas pressure at 15 psi, ion source gas 1 pressure at 50 psi, and ion source
gas 2 pressure at 30 psi. The mass transitions and optimized other conditions are listed in

Table 1.
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Table 1. Optimized parameters for Method 2. The upper ion pairs were used for
quantification while the lower ion pairs were used for confirmation.

Declusterin Collision Collision Cell
Compound Ion Pairs g Potential Energy (CE, V) Exit Potential
(DP, V) gy (B, (CXP, V)
-35 -18 -7
Arachidonic Acid 349.4/303.6
(AA) 349.4/259.6 -35 -24 -17
o 325.4/279.6 | 30 -18 -7
Linoleic Acid (LA) 325.4/45 2 230 230 -1

Both HPLC-MS/MS methods were validated to make sure certified performance in urine

and serum samples before applying for analyses of field blast samples.

2.5. URINE SPECIFIC GRAVITY MEASUREMENTS

Urinary metabolite concentrations were normalized to urine concentration-
dilution to account for an individual’s hydration status and time since last urination using
urine specific gravity (USG). USG was measured refractometrically with a Reichert
digital Clinic-Chek Digital Handheld Refractometer after urine specimens equilibrated to

room temperature [26].

2.6. QUALITY ASSURANCE AND QUALITY CONTROL

All analytical methods were validated prior to sample analysis. These include
analyses of blanks, calibration standards, method detection limits, reproducibility of
replicate samples, and sample matrix spikes. During sample analysis, one or more blank,

dupli-cate of samples, and sample spike recovery checks were performed for each batch
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of samples to make sure that all data were of good quality. Samples initially with concen-

tration above the calibration range were diluted and reanalyzed.

2.7. DATA HANDLING AND STATISTICAL ANALYSIS

USG-adjusted analyte concentrations were expressed in pug/L. Analyte
concentrations below the limit of quantification (LOQ) were treated as zero for statistical
analysis. Statistical analyses were conducted using GraphPad Prism 9 (San Diego, CA).
Non-parametric Wilcoxon signed rank tests were performed using untransformed analyte
levels from paired groups (urine or serum samples from the same participants pre- and
post-blast exposure). Significance levels for Wilcoxon matched-pairs signed-rank tests

were set at 0.05 (two-tailed).

3. RESULTS

3.1. ANALYTICAL METHODS PERFORMANCE

Both HPLC-MS/MS methods performed well in urine and serum samples with
good accuracies and precisions. For Method 1, the relative standard deviations (RSD) for
the eight urinary metabolites ranged from 2.7% to 6.7% and spiked recoveries ranged
from 81.4% to 111.8%. The RSDs for the eight serum metabolites ranged from 2.4% to
9.4% and spiked recoveries ranged from 86.1% to 121.4%. For analysis of AA and LA
(Method 2), the RSDs ranged from 1.6 to 4.2% in urine and from 3.4 to 4.2% in serum.
The spiked recoveries ranged from 94.1% to 106% for urine and 103% to 108.7% for

serum. The method quantification detection limit for LA was 10 pg/L in both urine and
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serum. The method quantification detection limits for AA were 1 pg/L and 10 pg/L in

urine and serum, respectively.

3.2. COMPARISON OF URINARY METABOLITES FOLLOWING BLAST
EXPOSURE

Statistical comparisons using the average pre-blast and post-blast metabolite
concen-trations for each participant were performed to examine the effects of blast
exposures on urinary metabolite levels. Wilcoxon signed-rank comparisons revealed that
significant changes occurred in urinary levels of LA, HVA, and Glu following blast

exposure (Figure 2).
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Figure 2. Pre- and post-blast LA, HVA, and Glu levels in urine for each participant
(N=27). Black circles represent 3-day average, and lines connect pre- and post-blast
levels for each participant. ** p <0.01, **** p <(0.0001 determined by Wilcoxon
matched pairs signed rank test.

The post-blast concentrations of HVA were significantly lower than the pre-blast
levels (pre-blast median of 2385 pg/L versus post-blast median of 969.4 ng/L, p<0.0001).

As the primary metabolite of dopamine, reduced levels of urinary HVA following blast
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expo-sure may indicate altered neurotransmission [20] and dopamine formation in
damaged neurons [27]. Dopamine systems including HVA have been widely implicated
in cog-nitive deficits following TBI. For example, reduced dopamine transmission has
been previously reported in plasma samples collected from rodent models using
controlled cortical impact and fluid percussion techniques to induce traumatic brain
injuries [28]. Decreased HVA has also been reported in human cerebrospinal fluid (CSF)
after head injury [29, 30]. Interestingly, CSF levels of 5-HIAA were similarly found to be
un-changed following head injuries despite decreased HVA [29, 30], same trend as we
found in this study in urines of participants, 5S-HIAA concentrations were not changed
significantly pre- and post-blast exposures while HVA concentration decreased fol-
lowing blast exposure. These results indicate that the urinary level alterations of HVA
and 5-HIAA after blast exposure are similar with those in CSF from brain injury, sug-
gesting that the repeat low-level blast exposure induces similar metabolic alterations with
those from TBI. The similar repeated blast-related training also elevated protein
biomarkers in serum of the participants, indicating axonal injury [17]. Further larger scale
study to evaluate urinary HVA and serum proteins as potential TBI biomarkers may
provide highly useful clinical diagnostic technique. Our temporal urinary experiment
results showed that HVA level in urine continues to decrease with repeated blast
exposure (Figure 3). Another recent pilot study has found that urinary HVA decreases
following TBI up to six months and lower levels of HV A negatively correlated to injury
severity [31]. Similarly, decline of HVA in CSF was more notable in patients with the
longer duration of unconsciousness [29]. Together, it seems that HVA may not only be a

potential brain injury biomarker, but it may also serve as a potential biomarker to
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evaluate injury severity and recover status of the injury, in-cluding the mild TBI that is
challenging to diagnose [32]. The key advantages of urinary HVA as biomarker are easy
sample collection, ample volume of sample, simple matrix for analysis. It will be highly

valuable and interesting for clinical application.
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Figure 3. Box-and-whisker plots of LA, HVA, and Glu levels as a function of date
collected. For each day urine was collected, the box represents the 25th-75th percentiles,
with a horizonal bar at the median.

Urinary Glu levels also decreased significantly after blast exposures (pre-blast
median of 7906 ng/L versus post-blast median of 6161 pg/L, p = 0.0027), though the
change is not as drastic as HVA. The exposure time profile (Figure 3) did not show
significant tem-poral change with increased blast exposure, suggesting the alteration of
the Glu may not as sensitive as HVA under the subtle brain insults. It is also possible that
altered Glu-glutamine metabolic conversion play a role during these blast exposures, but
we did not measure glutamine concentration in our selected biomarker panel in this study.
Nevertheless, decreased levels of urinary Glu, a primary neurotransmitter, further
suggests altered neurotransmission following low-level repetitive blasts, and this al-
teration is possibly diagnosed by urinary Glu as a biomarker. Previous microdialysis

studies in both humans and rodents have shown an immediate rise in extracellular
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glutamate levels following TBI while magnetic resonance spectroscopy (MRS) studies
have shown a decrease in total glutamate in human brains following TBI [33].The im-
balances of Glu are different for acute, subacute, and chronic changes following TBI
[33]. Though the neuroscience research has provided insight into the mechanism of Glu
following TBI, the biological alteration and mechanism are still not fully understood. Our
current pilot study, as best of our knowledge, is the first to measure urinary Glu level in
urine specimen of human subject during repeat blast exposure and repeat brain insults. It
is highly desirable for larger scale studies to evaluate the possibility of Glu as a TBI
biomarker by testing urine specimen.

In contrast, urinary LA levels significantly increased after blast exposure (pre-
blast median of 42.7 pg/L, versus post-blast median of 173.9 pg/L, p = 0.0030). LA has
been reported increased in brain following brain injury [34, 35, 36], indicating its
involvement in response to the injury. However, little is known about the exact role of
LA in brain. This post-blast increase of LA may similarly suggested altered
neurotransmission through LA and/or LA metabolites that regulate brain signaling [34].
The same altera-tion trend of LA in urine and in brain suggested urinary LA change may
serve as a much easier accessed biomarker of LA function and mechanism in brain
injury. It should be noticed that large variations of LA concentrations among participants
were observed. This might be due to the dietary differences of the participants as LA is
the most con-sumed polyunsaturated fatty acid in the US diet [37]. The dietary
consumptions of the participants were not recorded in this study and should be included
or controlled in future investigation. In addition, the concentrations of LA are low and

more variable because most of its excretion to urine are its metabolites. Although the
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individual bi-omarker, together with HVA and Glu in a panel, and with well controlled

dietary intake, LA may still be a valuable compound in neuroscience research and related

clinical applications. The pre- and post-blast exposure concentration median and ranges

of all the urinary metabolites in our study panel have been summarized in Table 2. It

should be noticed that urinary F2a was not meaningfully detected in this sample cohort

and was excluded from data analysis. Pre-concentration methods may be used to better

detect this analyte, although it was not employed in the current study owing to practical

limitations.

Table 2. Pre- and post-blast levels (ug/L) of dilution-corrected urinary metabolites
(N=27). P-values indicating a significant difference between pre- and post-blast samples
are in bold.

Analyte Pre-blast Urine Post-blast Urine |P-value
Median Range Median Range

Linoleic acid (LA) 4.7 <I£?_ 173.9 <LC§]5)7_ 0.0030
Homovanillic acid (HVA) | 2320 | 300-4108 | 8646 <L3C§]530‘ <0.0001
Lactic acid (Lac) 933.7 625 416%_ 897.1 1%2'244‘ 0.7140
N-acetylaspartic acid (NAA) | 5831 phiss 6638 o [0.2687
Arachidonic acid (AA) 18.82 65'8_415; 26.87 Sa8 02192
Pyruvic acid (Pyr) 1461 53?;’;_ 1397 3‘{3'589‘ 0.2792
e T | 0 | e | S o
lsl;droxyindolea cetic acid (5-| 2776 15154195‘ 2397 935?557‘ 0.9153
HIAA)
Glutamic acid (Glu) 7906 192;;271 6161 Siee [0.0027
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This was additionally limited by its sample size and restricted amount of blast exposure
in this study design, which may have limited our ability to discern measurable changes in

the other metabolites following blast exposure.

3.3. COMPARISON OF SERUM METABOLITES FOLLOWING BLAST
EXPOSURE

Wilcoxon signed-rank analyses were similarly performed for serum
concentrations of the metabolite panel. These comparisons revealed that serum NAA
levels of pre-blast were significantly different from post-blast (pre-blast median of 107.3
ng/L versus a post-blast median of 136.5 pg/L, p = 0.0006) (Figure 4). As a highly
abundant metabolite in brain tissue, decreased levels of NAA have been reported in the
brain using MRS, suggesting potential leakage into the bloodstream [38]. The increased
serum levels ob-served in the current study provides supporting evidence that NAA may
leak into the bloodstream following brain injury. While serum levels have not previously
been re-ported in the context of traumatic brain injury, increased serum levels of NAA
have been reported in patients with amyotrophic laceral sclerosis characterized by the
pro-gressive degeneration of nerve cells [39].

Regional reduction of NAA has also been used as a marker of neuronal or axonal loss in
several neurological disorders and even TBI [40]. NAA derivatives have additionally
been implicated in altered glutamatergic transmission [40]. The combined changes seen
for urinary glutamate and serum NAA provides further evidence that repeated blast
exposure may contribute to alterations in neurotransmission and the metabolites that

normally regulate those processes.
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Figure 4. Pre- and post-blast NAA levels in serum for each participant (N=17). Black
circles represent 3-day average, and lines connect pre- and post-blast levels for each
participant. *** p <0.01, determined by Wilcoxon matched pairs signed rank test.

[NAA], pgiL

The concentrations of all serum metabolites tested have been summarized in
Table 3. Differences between urine and serum concentrations, including limited detection
of certain metabolites in serum, may be attributed to different temporal profiles of meta-
bolic changes following injury in different biofluids. In addition, urine samples were
collected almost daily but serum samples were only collected at the beginning and end of
the training represent only one time collection each pre- and post-blast exposure.

Furthermore, serum fatty acids were likely not appreciably detected in the current
study as a result of the protein precipitation step during sample preparation. Serum fatty
acids are found disproportionately bound to lipoproteins in the bloodstream, causing

protein precipitation methods to inadvertently remove fatty acids from the sample [41].
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Table 3. Pre- and post-blast levels (ug/L) of dilution-corrected urinary metabolites
(N=27). P-values indicating a significant difference between pre- and post-blast samples

are in bold.
Analyte Pre-blast Urine Post-blast Urine | P-
value
Median | Range Median | Range
427 <LOD-352 | 173.9 <LOD
Linoleic acid (LA) —857 0.0030
2320 3004108 864.6 <LOD-
Homovanillic acid 3850 <0.0001
(HVA)
933.7 65.18-2466 | 897.1 120.4-
Lactic acid (Lac) 2724 0.7140
5831 2784-9879 | 6638 3127-
N-acetylaspartic 12926 | 0.2687
acid (NAA)
18.82 6.045-59.14 | 26.87 8.483-
Arachidonic  acid 81.41 0.2792
(AA)
1461 553.4-3731 | 1397 349.8-
Pyruvic acid (Pyr) 1959 0.2792
105.2 11.91-398.6 | 138.6 61.54—
Methionine 302.3 0.1855
sulfoxide (MetSO)
2776 1149-5515 | 2397 936.5—
5- 5157 0.9153
hydroxyindoleacetic
acid (5-HIAA)
7906 1927-27132 | 6161 2122-
Glutamic acid (Glu) 24891 [0.0027

4. CONCLUSIONS

This study reported significant changes in urinary and serum metabolites
following repeated blast exposure in military personnel. The differences between pre- and

post-blast metabolite levels suggested changes in brain chemistry following repeated
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blast exposure that have not previously been reported. Specifically, urinary levels of
HVA, Glu, and LA were significantly different in military personnel during breaching
exercises. Furthermore, the presentation of different metabolites in urine and serum
suggested a dynamic temporal profile that may be used to characterize brain injuries at
different time points following injury. The metabolic biomarker panel evaluated here may
offer clinicians with new diagnostic and prognostic tools to assess and characterize blast-
related brain injuries. Larger clinical studies into these metabolites may extend the

generalizability of the findings of this study.
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an effective antimicrobial in water systems. A rapid and sensitive quantification method
is desired to optimize the conditions of L. pneumophila treatment by Cu and to better
understand the interaction mechanisms between Cu and cells. In this study, we developed
a highly sensitive single cell (SC) -ICP-MS method to monitor L. pneumophila cell
concentration and track their uptake of Cu. The SC-ICP-MS method showed excellent
sensitivity (with a cell concentration detection limit of 1000 cells/mL), accuracy (good
agreement with conventional hemocytometry method), and precision (relative standard
deviation <15%) in drinking water matrix. The Cu treatment results indicated that the
total L. pneumophila cell concentration, Cu mass per cell, CFU counting, and Cu
concentration in supernatant all exhibited a dose-dependent trend, with 800 —1200 pg/L
reaching high disinfection rates in drinking water. The investigation of percentages of
viable and culturable (VC), viable but nonculturable (VBNC), nonviable but has intact
shape (NVBI), and nonviable and lysed (NVL) cells proved that Cu treatment can change
VC cell to NVL cell effectively without forming NVBI cell, but Cu cannot affect the ratio
of VBNC cell significantly. There is no obvious proportional correlation between Cu
contact time and disinfection efficiency. The L. pneumophila cell possibly developed a
bactericide resistant mechanism with the prolonged Cu exposure, or a portion of the L.
pneumophila population, VBNC cells, never took up Cu during the treatment. This is the
first quantification study on the interactions of Cu and L. pneumophila in drinking water
using SC-ICP-MS.

Keywords: Single cell-ICP-MS, Legionella pneumophila, copper (Cu), antimicrobial

resistance, water treatment, magnesium (Mg)



59

1. INTRODUCTION

Legionella pneumophila is an opportunistic pathogen that is responsible for cases
of Legionnaires’ disease, severe and potentially fatal pneumonia. According to the World
Health Organization (WHO), the disease affects approximately 10,000 to 18,000 people
annually in Europe alone, with a case-fatality rate ranging from 5% to 30% (WHO,
2019). Outbreaks of Legionnaires’ disease have been linked to a variety of sources,
including cooling towers, hot tubs, and showerheads. However, the presence of L.
pneumophila in drinking water systems is a major public health concern, as it can cause
disease outbreaks and result in widespread exposure to contaminated water. In the United
States, Legionella accounted for no less than ten waterborne disease outbreaks from 2011
to 2014 (1-3) and resulted in over 500 cases and 11 deaths from 2019 to 2022 ().
Furthermore, the annual crude incidence rate of Legionnaires’ disease per million
residences in the United States has substantially increased from 4.2 in 2000 to 18.9 in
2015 (4). Therefore, it is critical to control the growth of L. pneumophila in the drinking
water systems.

Copper (Cu) is a commonly used chemical treatment to control L. pneumophila
and other microorganisms (5-7). Cu ions have been shown to have a bactericidal effect on
L. pneumophila, with several studies demonstrating a significant reduction in the number
of L. pneumophila cells in water samples after exposure to Cu. For example, Lin et al.
found that exposure to 4400 pg/L of Cu resulted in a 4 log (99.99%) reduction of L.
pneumophila in one hour (8). Song et al. reported that L. pneumophila in the early

stationary growth phase was reduced by up to 4 logs in 6 h after dosing 600 pg/L Cu (9).
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Cu has also been found to be an effective treatment for controlling other waterborne
pathogens, such as Staphylococcus aureus, Escherichia coli, and Enterococcus faecalis
(10). However, evaluating the Cu dose effect in drinking water systems remains
challenging because water chemistry can strongly affect it (9). Up to now, the optimal
conditions for using Cu to treat drinking water have not been well established and the
interaction mechanisms between Cu and cells is still not fully understood. The efficacy of
Cu treatment depends on several factors, including the type of Cu species used, the
concentration of Cu in water, the contact time of Cu, the pH of water, and the presence of
other chemicals, such as phosphate and chloride (9). To better understand the impact of
these factors and the mechanism of Cu-L. pneumophila interaction, it is essential to have
a rapid and sensitive analytical method.

The primary analytical techniques used for evaluating the efficiency of Cu
treatment for L. pneumophila are inductively coupled plasma-optical emission
spectroscopy (ICP-OES), inductively coupled plasma mass spectrometry (ICP-MS), etc
(9, 11, 12). Conventional ICP-MS analysis is limited to measurements of the average
amount of metal per cell in a cell population after laborious acid digestion (13-15). It
cannot provide intracellular concentrations for individual cells needed to construct mass
distributions across a heterogeneous population. Single cell (SC)-ICP-MS is a cutting-
edge analytical technique that allows the quantification of elemental content in an
individual cell and the distribution in the cell population. It has been increasingly used for
studying interactions of metal containing materials, including nanoparticles and
bactericides, with algae, yeast, and other microorganisms (15-24), as well as human

cancer cells (23, 25, 26). SC-ICP-MS has key advantages: (1) It is very sensitive,
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allowing intracellular measurement of metal down to attogram (ag) per cell at single cell
level; (2) it can monitor Cu in cells directly without acid digestion as needed by
conventional ICP-MS and ICP-OES; (3) it provides the distribution of the metal content
within a cell population rapidly, allowing for the discrimination of differences due to cell
heterogeneity; (4) It can analyze a large number of individual cells in a short amount of
time, allowing for high throughput analysis. The SC-ICP-MS analysis employs time-
resolved techniques utilizing a low flow rate high- efficiency nebulizer. The principle of
the technique has been established (16, 27). SC-ICP- MS is expected to have high
potential for the investigation of L. pneumophila treatment and interaction mechanism
with Cu and other metallic bactericides. However, a SC-ICP- MS method has not been
developed for this type of analysis. In response, we developed a highly sensitive and
rapid SC-ICP-MS method for quantifying Cu uptake by L. pneumophila at the single cell
level. We have applied this SC-ICP-MS method to quantitatively evaluate the treatment
efficiency by different Cu concentrations and contact times in a drinking water system.
The technique is expected to lead to applications for studying the Cu and L. pneumophila

interaction mechanism.

2. MATERIALS AND METHODS

2.1. MATERIALS
Trace-metal-grade concentrated nitric acid (HNO3, 67—70%), copper sulfate

(CuS0O4-5H20, > 99.9%), sodium hydroxide (NaOH, > 99.9%), sodium chloride (NaCl,
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>99%), isopropyl alcohol (> 99.9%) were all purchased from Fisher Scientific
(Pittsburgh, PA, United States). Dissolved Cu, magnesium (Mg), and Bismuth (B1)
standard solutions (10 mg/L in 2% HNO3) were purchased from High-Purity Standards
(Charleston, SC, United States). Supplies for bacterial culture were purchased from
Sigma-Aldrich, Inc., St. Louis, MO in United States (potassium hydroxide, activated
charcoal, agar, L-cysteine) and Thermo Fisher Scientific Waltham, MA in United States
(yeast extract, ACES buffer, alpha-ketoglutarate, thymidine). Ferric nitrate was
purchased from MP Biomedicals (Solon, OH, USA). Ultrapure water (18.2 MQ-cm) was

prepared using a Millipore water purification system (Millipore, Billerica, MA, USA).

2.2. BACTERIAL STRAINS AND CULTURE CONCENTRATIONS

L. pneumophila strain Lp02 was used in this study as previously described (28).
The bacteria were grown on buffered charcoal yeast extract (BCYE) agar plates
(supplemented with 0.4 mg/ml L-cysteine 0.1 mg/ml thymidine, 0.135 mg/ml ferric
nitrate) for 2—4 days at 37 °C. Several single colonies were transferred to a 16 mm % 150
mm test tube with 5 mL of BYE broth (N-(2-acetamido)-2-aminoethansulfonic acid-
buffered yeast extract broth supplemented with 0.4 mg/mL L-cysteine, 0.1 mg/mL
thymidine, and 0.135 mg/mL ferric nitrate). The initial optical density of the bacterial
culture at a wavelength of 600 nm (OD600) was 0.2. Cells were grown for 16 h (early
stationary phase) at 37 °C with constant shaking at 200 rpm. After incubation, cells were
pelleted by centrifuging at 5,000 g for 5 min, and then the supernatant was discarded.
Cells were washed twice with 5 ml of 0.9% saline solution. The cell pellet was

resuspended in 5 mL of filter-sterilized ultrapure water and diluted to obtain OD600 =0.2.
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The bacterial cell suspension was further diluted to obtain approximately OD600 =0.02 to
perform cell count using a hemocytometer for total L. pneumophila cell concentration.
The cell count was determined according to standard protocol using a Leica model
ICC50W microscope with phase contrast optics at 400 times magnification. After
determining the cell concentration based on the hemocytometer calculations, bacterial
cells were diluted with sterile water to a final concentration of cells of 3 x 106 cells/mL

for the corresponding treatment experiment.

2.3. DRINKING WATER SAMPLE COLLECTION AND WATER
PARAMETERS

The drinking water from a local municipal utility in Missouri was collected and
used for these experiments. The drinking water was allowed to run from the faucet for
about 5 mins, then collected in pre-cleaned glass containers. The sample was left at room
temperature for a few days until no disinfectant (chlorine) residue was left in the water.
The water was then filtered through a 0.22 um nylon membrane filter to remove any
particulates and microorganism, if present. The pH and dissolved organic carbon (DOC)
of water sample were measured and listed in Table 1. By following standard procedure,
DOC was measured using a Shimadzu Model TOC-L TOC analyzer (Shimadzu,
Overland Park, KS, USA). The water was also tested for native Mg and Cu
concentrations by conventional ICP-MS method using a PerkinElmer NexION 2000P
ICP-MS (Shelton, CT, USA) after appropriate dilution using 1% HNO3. The dissolved
Mg and Cu standards in concentration range from 0.01 to 500 pg/L were applied to

establish calibration curves. Bi (0.5 png/L) was used as the internal standard added online



64

during the ICP-MS analysis. The reagent blank, duplicate, and spiked samples were also

monitored for quality assurance. The concentrations are shown in Table 1.

Table 1. Drinking water sample important parameters

Sample Parameter Value
pH 7.10
Dissolvec} Srggl;ic carbon 3.81 m/L
Total dissolved solids 243.0 mg/L
Cu concentration 120.0 pg/L
Mg concentration 32.2 mg/L

2.4. CU TREATMENT OF L. PNEUMOPHILIA IN DRINKING WATER

A Cu stock solution of 100 mg/L was prepared using CuSO4-5H20 and adjusted
pH =4.0 £+ 0.05 to maintain Cu solubility. The intermediate/working solution of Cu 10
mg/L was freshly diluted using ultrapure water right before each treatment experiment.
The pH = 7 £ 0.05 was adjusted using 0.1 N potassium hydroxide or 0.2 N nitric acid and
solution was sterilized using 0.22 pm nylon membrane filter. Ultrapure water and 0.9%
saline solution were tested by ICP-MS for blank background levels of Cu and Mg and
then sterilized by using a 0.22 pum filter system.

The treatments were prepared by using 3 x 106 L. pneumophila cells/mL in 5 mL
of water with the corresponding addition of Cu stock solution (10 mg/L) to achieve Cu
concentrations at 0 (control), 100, 400, 800, and 1200 pg/L. Note that in native drinking

water, 120 ng/L of Cu was present in addition to the spiked concentration. The bacterial



65
cell suspensions in the water were incubated for 4 h at 37 °C with constant shaking at 200
rpm. The Cu concentration of 800 pug/L was selected for measuring the impact of contact
time (0.08, 0.5, 2, 4, 8, and 24 h).

After treatment, cells were transferred to 15 mL of conical tubes and cells were
pelleted by centrifuging for 5 min at 5,000 g. The supernatant was removed by gentle
pipetting to avoid loss of cells. The supernatants of selected samples were collected for
Cu analysis by conventional ICP-MS. The cell pellet was washed and then resuspended
in 3 mL of ultrapure water. An aliquot of cell suspension was used for SC-ICP-MS
analyses for Cu uptake by L. pneumophila through monitoring 63Cu and total cell
concentration through monitoring 24Mg. The total cell (TC) concentration measured
through 24Mg SC-ICP-MS includes viable and culturable (VC), viable but nonculturable
(VBNC), and nonviable (NV or died) cells with intact cellular shape (NVBI). Only
nonviable and lysed (NVL) cell cannot be detected. The detailed relationship between
TC, VC, VBNC, NV, NVBI, and NVL is shown in Figure S1. An aliquot of cell
suspension was used for counting colony-forming units (CFU) to determine the VC cell

concentration after the Cu treatment.

2.5. SINGLE CELL ICP-MS METHODS

A PerkinElmer NexION 2000P ICP-MS equipped with a single cell sample
introduction system and controlled by Syngistix for ICP-MS software (PerkinElmer,
Shelton, CT, USA) was employed for SC-ICP-MS analysis. The detailed information
about PerkinElmer SC-ICP-MS sample introduction system (nebulizer, spray chamber,

and injector) is shown in Table 2. Manual sample introduction was used for each sample
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at a flow rate of 14 puL/min following a 3 min rinse cycle with 0.1% nitric acid and
ultrapure water. Nebulizer and make-up gas flows were optimized daily, but generally
proceeded at 0.32 L/min and 0.70 L/min, respectively. The scan time was set to 100 s,
with a dwell time at 50 ps. Prior to each experiment, the spray chamber was cleaned

thoroughly with 99.9% isopropyl alcohol followed by ultrapure water.

2.6. CFU COUNTS FOR VIABLE AND CULTURABLE L. PNEUMOPHILIA
CELL CONCENTRATION DETERMINATION

An aliquot of 0.1 mL from each replicate of treated sample was transferred to a
sterile microcentrifuge tube preloaded with 0.09% saline. Serial dilutions of
(1:100—1:1000) were prepared and 0.1 mL was transferred onto BCYE agar plate. After

72 h of incubation, colonies were enumerated manually.

2.7. FLOW CYTOMETRY ANALYSIS TO DETECT CELL VIABILITY

L. pneumophila cells viability was assessed by a BD AccuriTM C6 Plus Flow
Cytometer (BD Biosciences, Becton-Dickinson, Franklin Lakes, NJ) with BD Accuri C6
Plus software and Live/Dead BacLight Bacterial Viability kit (SYTO® 9 green
fluorescent nucleic acid stain and propidium iodide red fluorescent nucleic acid stain)
following the manufacturer’s instruction. L. pneumophila cells were treated with different
concentrations of Cu (0, 100, 400, 800, and 1200 pug/L) for 4 h in drinking water at 37
oC, pH 7. After the treatment, cells were spin down and resuspended in ultrapure water

for flow cytometry analysis.
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2.8. STATISTICAL ANALYSIS
Data analysis was performed using the statistical software Microsoft Excel 365
(Microsoft Corp.). Data are representative of three independent experiments and
expressed as mean + SD (n = 3, technical replicates). Figures were drawn by OriginPro
2021 (Origin Lab, United States). The statistical analysis was performed by IBM SPSS
Statistics 27.0.1 using one-way ANOVA with Duncan’s post-hoc test. An outcome was

considered statistically significant if a p-value of < 0.05 was obtained.

3. RESULTS AND DISCUSSION

3.1. SINGLE CELL ICP-MS METHOD DEVELOPMENT AND PERFORMANCE

Transport efficiency (TE) was measured by using the L. pneumophila cells by
monitoring the intrinsic metal 24Mg due to its high concentration in cells and relatively
low background, using the same procedure as our previous method for the SC-ICP-MS
method for algae cells (17). A representative histogram of intracellular Mg mass
distribution in L. pneumophila cell is shown in Figure 1. The histograms of the
suspensions were Gaussian shape except for some noise in the very low signal intensities,
which were eliminated from the calculations. The TE was ranged from 44% to 56% from
day to day (measured daily for each experiment). This noise is to be expected as cell
pieces can be generated during the log phase of cell growth.

The cell concentrations in cell suspension were measured by SC-ICP-MS and
calculated by Syngistix software using the measured TE and the measured counts per

second for intrinsic Mg in each suspension. All the method conditions were optimized to



the highest TE and reproducibility while ensuring cell integrity through the sample
introduction system. The optimized method parameters are tabulated in Table 2.
To evaluate the Cu mass in each cell, external calibration curve with dissolved Cu

standard solutions (0, 0.1, 1, 5, and 10 pg/L) was established.
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Figure 1. A representative histogram of **Mg SC-ICP-MS from a L. pneumophila

cell suspension.

The detection limit was calculated to be 38 ag Cu/cell following the equation
below (1):

30

slope of calibration curve
where o is the standard deviation of the blank, and DL is the mass detection limit (ag

Cu/cell).

(1)



Table 2. Optimized SC-ICP-MS parameters.

Parameter

Optimized Value

Manual Sampling Flow Rate

14 pL/min

Nebulizer Meinhard TRP-90-A0.05
Spray Chamber Asperon Single-Cell
Injector Quartz. 2.0 mm id

RF Power 1600 W

Nebulizer gas flow rate™ 0.32 L/min

AMS makeup gas flow rate 0.70 L/min

Analytes 24Mg and 63Cu

Transport efficiency (TE)*

44%—-56%

Sample analysis time

100 s

Dwell time

50s
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Due to the nature of L. pneumophila cells which tend to aggregate and attach to
the wall or bottom of the container (29), verifying the linearity of cell suspension
dilutions was necessary. As such, different dilutions of a suspension were made from
7.2x 105 cells/mL to 1000 cells/mL and the cell concentrations measured exhibited

excellent linearity (Figure 2).
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Figure 2. SC-ICP-MS results from different dilutions of a stock cell suspension by

measuring 24Mg. The cell concentration in stock suspension is 7.2 x 105 cell/mL
counted by hemocytometer.

Finally, to confirm the agreement between SC-ICP-MS and conventional
hemocytometry counting, cell concentrations were determined using both the
hemocytometer and SC-ICP-MS in three replicates of cell suspensions. The cell
concentrations from both the hemocytometer and SC-ICP-MS gave good consistency.
The SC-ICP-MS measured cell concentration were 2.7 x 105, 2.9 x 105, and 2.7 x 105
cells/mL, with a RSD of 4.2%. The cell concentration obtained by hemocytometer count
were 2.8 x 105, 2.7 x 105, and 2.3 x 105 cells/mL, with a RSD of 10.2%. The SC-ICP-
MS measurement is not only much faster than the conventional cell count, but it also has

improved reproducibility.
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3.2. CU CONCENTRATION IMPACT ON LEGIONELLA PNEUMOPHILIA
TREATMENT EFFECTIVENESS

The histograms of Cu mass distribution in cell population after treatments (4 h,

37°C) with different Cu concentrations in drinking water are shown in Figure 3.

Compared with the control group (no Cu dose), the L. pneumophila cells exhibit obvious

heterogenicity in Cu uptake, with the long tail observed after dosing Cu.
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Figure 3. Histogram of Cu mass in individual L. pneumophila cell after treatments with
different Cu concentrations (a for control; b for 100 ug/L Cu; c for 400 pg/L Cu; d for
800 pg/L Cu; e for 1200 pg/L Cu). The error bars in the SP-ICP-MS histograms represent
standard deviation (n = 3).
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The gradually right-shifted Gaussian fitting peak with the increase of Cu
treatment concentration indicates the dose-dependent phenomenon of Cu uptake. It is
worth noting that the Cu mass histogram detected in control group should be caused by
cellular uptake of Cu ions from the original drinking water.

To further investigate the Cu concentration impact on L. pneumophila cell, the TC
concentration and average Cu mass per cell were tested by SC-ICP-MS (Figures 4a and
4b). During the SC-ICP-MS analysis, 24Mg was monitored as an intrinsic metal in cells
for TC concentration determination. As shown in Figure 4a, the TC concentration
detected by SC-ICP-MS decreases significantly (p < 0.05) with increased Cu treatment
concentration. When dosing with 800 ug/L and 1200 pg/L of Cu, the Cu disinfection rate
reached similar high level, with cell losses of 41.3% and 46.9%, respectively, compared
with the control group. As expected, the Cu mass in each cell increased with the
increasing dosed Cu concentration (Figure 4b), indicating that the uptake of Cu by L.
pneumophila caused a significant decrease of cell concentration. Notably, no significant
difference (p > 0.05) of the Cu mass per cell in 800 ug/L Cu treatment group and the
1200 pg/L Cu treatment group), all close to 300 ag Cu/cell. This should be the reason
why TC concentration in the 1200 pg/L Cu treated group was only slightly decreased
compare with that from 800 pg/L Cu treated group. more importantly, it might be a
potential indicator showing that in this drinking water chemistry situation, Cu mass of
300 ag/cell after dosing 800—1200 pg/L Cu can reach the highest disinfection efficacy.
SC-ICP-MS method can rapidly detect intact TC concentration, but it cannot distinguish
the cell state. To examine culturable L. pneumophila cell, CFU count was determined

after 72 h incubation and the results are shown in Figure 4c. CFU counting results also
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display a dose-dependent trend, which agreed well with TC concentration results. The
800 pg/L and 1200 ug/L of Cu treatments also have similarly high disinfection level
(56% and 58%, respectively). Interestingly, the VC cell concentrations detected by this
plate count method were lower than the TC detected by SC-ICP-MS method in all
groups, including control group at similar level (23%+2%). This presumably due to the
presence of VBNC L. pneumophila cells in the original cell culture or induced
transformation to VBNC state during the 4 h experimental time, or possibly some died
cells not lysed during this time.

In order to find out if the difference of TC detected by SC-ICP-MS and CFU
count is due to VBNC cells or died but not lysed cells, the cell viability was determined
by flow cytometer analysis.

The results in Figure 5 indicates that most the cells (94.5, 93.7, 93.6, and 92.8%
for control, 100, 800, and 1200 pg/L Cu treatment, respectively) detected by SC-ICP-MS
were viable cells. This confirmed that the more cells detected by SC-ICP- MS than the
CFU count were VBNC L. pneumophila cells, i.e., TC=xVC+VBNC.

Putting all different experiment together, the changes of percentages of VC,
VBNC, and NVL cells after different Cu concentration treatments are demonstrated in
Figure 6. As expected, the VC cell’s percentage decreased and the NVL cell’s percentage
increased as the increase of Cu concentration. Interestingly, there is no obvious change
about the ratios of VBNC cell after different Cu concentration treatments. Based on these
percentage profiles, it could be speculated that after 4 h treatment, Cu is able to disinfect
the L. pneumophila and change its state from VC to NVL cell, showing an obvious dose-

dependent tendency, but did not affect the ratio of VBNC cell much. This seems
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indicating there are certain percentage L. pneumophila cells present as VBNC cells under

this treatment condition.
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Figure 4. Cu treatment concentration (0—1200 pg/L) effect on L. pneumophila. (a) L.
pneumophila TC concentration detected by SC-ICP-MS and percentage of TC intact cells
after the treatment with different Cu concentrations; (b) average Cu mass per L.
pneumophila cell after the treatment with different concentrations of Cu; (¢c) CFU/mL
ofL. pneumophila cell and percentage of VC cell after the treatment with different Cu
concentrations; (d) Cu concentration in supernatant after the treatment with different Cu
concentrations. Data are representative of three independent experiments and expressed
as mean = SD (n = 3, technical replicates). The statistical analysis was performed by IBM
SPSS Statistics 27.0.1 using one-way ANOVA with Duncan’s post-hoc test. Different
letters indicate significant differences between different treatments (p < 0.05).
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To find out why no significant increase of disinfection efficiency as increasing Cu
to 1200 pg/L from 800 pg/L, the Cu concentrations in the cell culture supernatants
(media after removing the cells) were detected by conventional ICP-MS and the results
are shown in Figure 4d. It is clear that the dissolved Cu concentrations in the high Cu
treatment samples are much lower than the dosed Cu concentrations, especially for the
1200 pg/L Cu group, which is about same as 800 ug/L Cu dosed one. The difference of
lost Cu between 800 pg/L and 1200 pg/L treatment groups is about 417 ng/L, indicated
no available Cu increased when higher Cu dosed. This may be due to the formation of
Cu(OH)2 precipitation or other form, . This should be the main reason why the efficiency
of 1200 pg/L treatment is similar with the 800 png/L Cu treatment group.
Other studies have also shown that L. pneumophila concentration in drinking water
exhibits a dose-dependent trend with Cu concentration. A study conducted by Emilie et
al. investigated the impact of Cu concentration on L. pneumophila concentration in a
hospital hot water system (12). The study found that as Cu concentration increased from
0.8 to 5 mg/L at pH 7.8, the log reduction in CFU counts of L. pneumophila cell
increased from ~1 to ~5 after 672 h, demonstrating a clear dose-response relationship.
Similarly, a study by Song et al. showed that with the increase of Cu concentration from
200 to 800 pg/L at pH 7, the log reduction of L. pneumophila increased from 1.5 to 4
after 6 h (9). However, Cu can also react with other components in drinking water, such
as chloride and natural organic matter (NOM). After entering drinking water, dosed Cu
can react with chloride and NOM in drinking water forming different complexes, such as
CuCl and CuCl2, which have low solubility in water and are less available to organisms

(9). Another factor that can influence the relationship between Cu and L. pneumophila
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concentration in drinking water is the pH of the water. Recent studies found that the
effectiveness of Cu in reducing L. pneumophila cell concentration was pH-dependent (8,
9), with the optimal pH being 7 when the dosed Cu concentration was 800 pg/L. Above
this pH level, the antimicrobial effectiveness of Cu was reduced mainly due to the
formation of Cu precipitation, as we observed in this study. For example, Song et al.
treated tap water with 1000 ug/L. Cu and monitored the soluble Cu content at different pH
levels. After 20 mins, the soluble Cu was 87.2% of total Cu at pH 7.0 and decreased to
68.7% at pH 7.5, 41.4% at pH 8.0, and 23.7% at pH 8.5 (9).

Another important finding of our study is the alteration of the cell state during Cu
treatment. The state transition from VC cell to NVL cell after Cu treatment should be
associated with the “contact killing” process (31, 32). Cu ions can bind to cell membrane
surface, and then disrupt the lipid bilayer and cause membrane damage, leading to
increased permeability and loss of essential ions and molecules from the cell. This can
ultimately result in the lysis or rupture of the cell membrane, leading to the elevated NVL
cell percentage (33). Another toxicity mechanisms to inactivate L. pneumophila is the
formation of reactive oxygen species (ROS). Cu ions can generate ROS in the presence
of water or oxygen. ROS can cause damage to cellular components such as proteins,
lipids, and DNA, leading to cellular dysfunction and death (34). Being unable to
proliferate, L. pneumophila cell survive severe environmental conditions by entering the
dormant state, i.e. VBNC cell state. Previous study reported that the Cu ion stressor can
stimulate L. pneumophila to enter VBNC state (35). Once induced into VBNC state by
Cu treatment, L. pneumophila cells usually tend to shrink and form a spheric shape,

which may reduce their metabolic activity by decreasing specific surface area and further



78
reducing the exchange of Cu through their cell surface (36). In addition, previous studies
found that the bacterial physiology also changes significantly after entering the VBNC
state. These changes include a decrease in the transmission efficiency of nutrients and
substances, a decrease in metabolic and respiratory activity, alterations in the
composition of the cell wall and membrane, and changes in gene expression levels (37,
38). The decreased transmission efficiency, for example, hinders the Cu uptake and
allows the L. pneumophila cells to survive with varying Cu concentration treatments. It
should be noted that the VNBC L. pneumophila cells can be resuscitated by amoeba (39),
hence further efforts are warranted to eradicate VNBC L. pneumophila in drinking water

system.

3.3. CUTREATMENT CONTACT TIME IMPACT ON . PNEUMOPHILIA
TREATMENT EFFICACY

From the above experiment results, it was found that 800 pg/L Cu treatment was
effective in disinfecting L. pneumophila cells for a treatment contact time of 4 h. Further
tests were performed to evaluate the impact of different contact times on the efficiency of
reducing L. pneumophila cell counts by treatment with 800 pg/L. Cu. The contact times
0f 0.08, 0.5, 2, 4, 8, and 24 h were tested. The histograms at different contact times are
shown in Figure 7. Even at ~0.08 h (5 min), unsymmetrical Cu mass histogram with a tail
was observed, suggesting the rapid Cu uptake by L. pneumophila cells. Over time, the
Gaussian fitting peak shifts to right side and frequency of cell with higher Cu mass
elevates gradually, leading to a histogram with a high and long tail. Interestingly, the Cu
mass distribution at 24 h is very similar with that at 0.08 h, which may be related to the

potential resistance mechanism of L. pneumophila cells.
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To investigate the Cu contact time impact on L. pneumophila cell, the TC

concentration and average Cu mass per cell were tested by SC-ICP-MS (Figures 8a and

8b). As shown in Figure 8a, the TC concentration decreased first then increased (p >

0.05) slightly over time. In the first 2 hours, TC concentration decreased rapidly and

reached the highest disinfection rate of 62.9%. The Cu mass in individual L. pneumophila

cell 1s shown in Figure 8b. Unlike the experiments exploring the impact of different Cu

concentrations where the Cu mass per cell showed a linear increase with increasing Cu

dosage, herein the Cu mass per cell showed a volatile upward pattern in the first 8 h.
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Figure 7. Histogram of Cu mass in individual L. pneumophila cell after treatments with
different Cu contact times (a for 0.08 h; b for 0.5 h; ¢ for 2 h; d for 4 h; e for 8 h; f for 24
h). The error bars in the SP-ICP-MS histograms represent standard deviation (n = 3).
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For example, from 0.08 h to 0.5 h, the Cu mass increased by 133.3%, but it decreased by
8.6% from 0.5 h to 2 h. The similar phenomenon is also observed for the time period
from 4 h to 8 h. Afterwards, a sharp decline (71.7%) was observed at 24 h and Cu mass in
a single cell is close to 0.08 h. This particular variation pattern, fluctuating increase then
decrease over time should be associated with the adjustment of L. pneumophila cells to
adapt harsh environmental stressors and it may present the L. pneumophila cell’s

resistance to the Cu treatment quantitively.
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Figure 8. Cu contact time (0.08—24 h) effect on Legionella. (a) The variation of L.
pneumophila cell concentration after the treatment with different Cu contact times; (b) Cu
mass in individual L. pneumophila cell after the treatment with different Cu contact
times; (c) CFU count of L. pneumophila cell after the treatment with different Cu contact
times; (d) Cu concentration in supernatant after the treatment with different Cu contact
times. Data are representative of three independent experiments and expressed as mean +
SD (n = 3, technical replicates). The statistical analysis was performed by IBM SPSS
Statistics 27.0.1 using one-way ANOVA with Duncan’s post-hoc test. Different letters
indicate significant differences between different treatments (p < 0.05).
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CFU counting experiment was further conducted to determine the change of VC
cell concentration over time and subsequently evaluate the percentage profiles of VC,
VBNC, and NVL cells. The percentage of NVBI cell was ignored due to the low level.
The CFU counting displays a similar trend compared with the TC concentration detected
by SC-ICP-MS, except at 24 h (Figure 8c). The highest VC disinfection rate was found at
24h. With the passage of Cu contact time, the ratio of NVL cell elevated first then
decreased slightly, reaching highest level at 2 h. There is no obvious relationship between
Cu contact time and VBNC cell ratio, further indicating that entering VBNC state of L.
pneumophila cell is a decisive, regulated means to avoid Cu stress and prolong survival.
The Cu concentrations in the supernatants were measured by the conventional ICP- MS
method after the treatments of cell samples (Figure 8d). Cu concentration in the
supernatant of Cu-treated water samples displayed an overall decreasing trend over time.
Compared with dosed concentration of 800 pg/L, more than half of dosed Cu was lost
from the supernatant after 24 h. SC-ICP-MS results also showed decreased cell
concentrations due to cell death. As discussed in 3.2, the decreased Cu from the
supernatant could result from the formation of Cu-related precipitation due to the
existence of NOM, chloride, etc in real drinking water (9). In addition, because of the
electrostatic adsorption effect between Cu ion and cell membrane, part of dosed Cu might
adsorb to the cell surface and then be removed during centrifugation. The mechanism
behind the relationship between Cu contact time and L. pneumophila cell concentration is
likely multifactorial. Based on present study, it is not true that the longer the treatment
time, the more efficient the disinfection. On the contrary, longer contact times can not

only stimulate the bacteria’s adaptive mechanism, the VBNC state, which increases the
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risk of human infection, but lost more dissolved Cu due to the complicated drinking
water matrix. Similar to our study, Song et al. found that Cu at a concentration of 800
ng/L inactivated L. pneumophila sharply after 4 h of exposure, but the antimicrobial
effectiveness of Cu decreased after 6 h, with almost same log CFU reduction with 4 h (9).
The rebound effect of L. pneumophila cell concentration over time is likely due to
selective pressure, whereby the surviving bacterial populations exhibit increasing
resistance to Cu toxicity. Research has proposed that bacterial resistance to Cu may arise
due to prolonged exposure to sublethal concentrations of Cu, which facilitate the
organism's survival with minimal inhibition. Inhibition, rather than complete elimination,
exerts selective pressure that promotes the emergence of a more robust and resistant
bacterial population (40). To a certain extent, L. pneumophila exhibits the capacity to
neutralize Cu-generated ROS via the enzymatic action of superoxide dismutase.
Superoxide dismutase catalyzes the conversion of superoxide radicals to hydrogen
peroxide (H202), which is subsequently removed by the combined action of glutathione
peroxidase-reductase and catalase, thereby effectively scavenging free radicals from the
cellular environment (41, 42). In addition, June et al. reported that there are heavy metal
efflux islands located on the L. pneumophila genome. One specific efflux system—Cu(I)-
translocating P-type ATPase CopA, encoded by the gene Ipg1024—is suggested to be
responsible for L. pneumophila Cu resistance (35). The level of Cu mass in single cells in
this study matches well with this report (Figure 8b). It showed that L. pneumophila cells
uptake Cu rapidly in the first half hour, then slowed down the uptake, which may be due
to the induction of this Cu efflux system. At 24 h, Cu mass per cell revised back to about

the same as the 5 min contact time. This may be explained by the possibility that the cells
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actively expelled the Cu ions, or most likely, a portion of cells never take up Cu. This
portion of cells is likely to be the VBNC L. pneumophila as evidenced by these

experimental results at 24 h contact time.

4. CONCLUSIONS

The present study developed a rapid and highly sensitive SC-ICP-MS method for
investigation of L. pneumophila treatment by Cu. This SC-ICP-MS method can not only
rapidly quantify the L. pneumophila cell concentration by monitoring 24Mg, but also
accurately detect Cu concentration in the individual cells as well as Cu mass/cell
distribution in the cell population to show the heterogeneity. The L. pneumophila cell
concentration, average Cu mass per cell, CFU counts, and Cu concentration in
supernatant all exhibited a dose-dependent tendency, with 800 and 1200 ug/L reaching
similar high disinfection rates in drinking water. The investigation of percentages of VC,
VBNC, NVBI, and NVL cells proved that Cu treatment can change VC cell to NVL cell
effectively without forming NVBI cell, but Cu cannot affect the ratio of VBNC cell
significantly. The contact time impact experiment demonstrated that there is no obvious
proportional correlation between contact time and disinfection efficiency. The L.
pneumophila cell possibly developed a bactericide resistant mechanism during treatment,
or a portion of the L. pneumophila population, VBNC cells, never took up Cu during the
treatment process. This novel methodology enables us to study the interaction of Cu and
L. pneumophila quantitatively. This method is anticipated to be highly beneficial for

understanding interactions between Legionella and metal disinfectants.
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SECTION

2. CONCLUSIONS

Pathological processes of public health concern are a significant and growing area
of bioanalytical chemistry research. In our work, we have attempted to address two
public health concerns, traumatic brain injury (TBI) and L. pneumophilia contamination
of domestic water systems. On the TBI front, we have developed two HPLC-MS/MS
methods and applied those to a cohort of soldiers undergoing blast related training. In the
longitudinal study, we found significant differences in several analytes in our proposed
biomarker panel which are worthy of further pursuit. As for L. pneumophilia
contamination, we have established single cell [CP-MS methodologies to study
disinfection by Cu. The investigation of percentages of VC, VBNC, NVBI, and NVL
cells proved that Cu treatment can change VC cell to NVL cell effectively without
forming NVBI cell, but Cu cannot affect the ratio of VBNC cell significantly. The
contact time impact experiment additionally demonstrated that there is no obvious
proportional correlation between contact time and disinfection efficiency. Finally, this
ICP-MS method is also feasible to study disinfection by other disinfectants, especially to
study the cell viable culturable and non-culturable nature of legionella. We hope that this
work will spark additional research to improve the lives of individuals and communities

which suffer from these and other pathologies.
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