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ABSTRACT 

 

REVELATIONS IN THE BLOOD: DETERMINATION OF BIOMARKERS AND 

ANALYTES 

 

 

 

By 

Jeremiah Jamrom 

December 2022 

 

Dissertation supervised by Dr. H. M. “Skip” Kingston 

 Changes in body chemistry have long been utilized as a tool for medical diagnosis. 

Whether blood panel, toxin level, antigen testing or any of the myriad other tests performed 

annually, searching for molecules which confer health status is a long-established practice. 

These tests give physicians more information and allow them to make a more accurate 

diagnosis, from which appropriate treatment can stem. Awareness of, and the subsequent 

search for, biomarkers for disease states have grown substantially in the past years as 

analytical, biochemical, and instrumental techniques have become more precises and 

powerful. In an era of increasingly personalized medicine, novel techniques are necessary 

to ensure the accuracy and sensitivity of clinical methodology. Adding to these fields, 

methods were developed and optimized for the extraction, separation, and quantification 

of analytes. This work contains several disparate projects with this goal, ranging from the 



 v 

accurate quantification of a biomarker for autism spectrum disorder, methylmalonic acid, 

on dried blood spots from levels both above and below the limit of detection, detection of 

a suite of curcuminoids to determine the potential extraction efficiency curcumin from 

turmeric under an internal review board approved study utilizing patient blood and 

cerebrospinal fluid samples, and finally detection of lead isotopes in blood samples to 

determine potential radon exposure. Two novel proofs of concepts were developed 

utilizing the stable, organic molecule methylmalonic acid: quantitative dried blood spots 

utilizing isotope dilution mass spectrometry and a novel analytical technique for accurate 

quantitation below the limits of detection known as Thor’s Hammer Isotope Dilution Mass 

Spectrometry. These methods are instrumental for the eventual creation of at home test kits 

to determine the toxification of the patent and their potential response to treatment. Two 

other projects were the answers to problems brought to the Kingston Research Group by 

physicians looking for our expertise to answer: the quantitation of curcumin and detection 

or radon exposure. The radon exposure experiment resulted in a collaboration between the 

Kingston Laboratory and UPMC hospital system for method development and 

experimentation. The methods developed in this work have significantly improved 

analytically upon existing methods and have resulted in unique and unexpected 

collaborations.   
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Chapter 1: Introduction 

 

1.1 Autism Spectrum Disorder Research 

1.1.1 History of Autism Spectrum Disorder 

Autism spectrum disorder (ASD) is a term used to describe a group of early-appearing social 

communication deficits and repetitive sensory–motor behaviors.1 The hypotheses of causes of 

ASD have evolved as the understanding of the condition has increased, historically emphasizing a 

single cause. An early predominant theory, which persisted for several decades, argued that 

emotionally unresponsive parenting led children to withdraw into their own worlds and seek 

comfort in repetitive behaviors.2  Perhaps predictably, blame was laid on the mother with the use 

of the term “refrigerator mom” which  was believed cold, uncaring style of parenting traumatized 

her child such that they retreated into ASD.3 Belief began to change as prominent autism 

researchers published opposing views that drew attention to biologic factors and predicted genetic 

underpinning of the condition with twin and family recurrence studies seeming to bolster the 

evidence of this theory.4-6 Eventually, technology had improved and    neuroanatomic 

observations,7, 8 neuroimaging data and cytogenetics and links with genetic syndromes had 

demonstrated aberrant brain development,9-11 establishing a pathobiological basis for ASD, 

replacing the psychogenic explanation.12, 13What followed was a focus on single gene mutations 

operating alone or in combination dominated ASD etiologic research.14-17 Currently, some 

evidence supports a role for numerous small, rare genetic variants and a small amount of common 

variants which comprise the bulk of ASD heritability and, more broadly, epigenetic influences.18, 

19  
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1.1.2 Epigenetic Cause of Autism Spectrum Disorder 

DNA methylation, which has been implicated in the pathophysiology of neurological 

disorders, is one of the most well-known examples of epigenetic regulation that generally 

correlates with close chromatin conformation and thus transcriptional silencing.20, 21 While some 

studies have been inconclusive, a recent study showed that the mRNAs encoding the epigenetic 

proteins ten-eleven translocation methylcytosine dioxygenases-1, -2, and -3 were increased, DNA 

methyltransferase 1 was decreased, while methyl CpG binding protein-2 was unchanged in the 

frontal cortex in the brains of ASD subjects.22 MicroRNAs (miRNAs), as important regulators of 

gene expression as part of the epigenetic machinery, are small non-coding regulatory RNAs which 

mediate mRNA destabilization and/or translational repression have also been implicated in 

ASD.23-25 The biogenesis pathway of miRNAs can be seen in Figure 1.1.26 A shared pattern of 

miRNA dysregulation was observed in brains from ASD patients, specifically, hsa-miR-21-3p, a 

miRNA of unknown central nervous system function which is upregulated in ASD that targets 

neuronal genes downregulated in ASD.27 Another miRNA identified was has_can_1002-m, a 

primate-specific miRNA that is downregulated in ASD which regulates the epidermal growth 

factor receptor and fibroblast growth factor receptor signaling pathways involved in neural 

development and immune function.27  
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Figure 1.1. The miRNA biogenesis pathway. MiRNA genes are transcribed by RNA 
polymerase II, in combination with specific transcription factors, as long primary transcripts 
(pre-miRNA). These transcripts are then processed in the nucleus by the RNase III enzyme 
Drosha, in complex with DGCR8, into pre-miRNAs, which are exported into the cytoplasm by 
Exportin 5. Pre-miRNAs are processed by the RNase III enzyme Dicer, in complex with TRBP, 
into a duplex consisting of a guide strand (miRNA) and passenger star strand (miRNA*). The 
mature miRNA is loaded into the RNA-induced silencing complex (RISC) and acts as a guide 
strand that recognizes target mRNAs based on sequence complementarity. The RISC 
subsequently represses targets by inhibiting translation or promoting destabilization of target 
mRNAs. Taken from Gurtan and Sharp.26 
 

 While miRNA formation and regulation tells one part of the story, ASD is a complex 

condition which is believed to have more than one singular cause, and seems to, at least partially, 
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stem from toxification of the body or the depravation of essential nutrients.28-30 Toxins, such as 

persistent organic pollutants and metals, as well as improper nutrition, may result in an increase of 

methylmalonic acid or a decrease in the reduced / oxidized glutathione ratio.30-32 Toxins have been 

observed to alter the epigenome of the body, resulting in mistranslated miRNA which can increase 

gastrointestinal inflammation and decrease absorption of nutrients.33-36 Should this gastrointestinal 

inflammation include the distal ileum, a known finding in children with regressive autism spectrum 

disorder,37 cobalamin (B-12) absorption would be affected, which may result in an increased 

concentration of methylmalonic acid.38 An emerging loss theory about treatment of children with 

autism spectrum disorder includes therapy for toxicant-induced loss of immune tolerance, a two-

stage disease mechanism which results in an intolerance-like reaction which increases 

inflammation.39, 40 This condition is often treated by a change of diet which includes the removal 

of the food causing intolerance, such as gluten, and the introduction of nutrients such as curcumin 

to reduce inflammation.41, 42  

 

1.1.3 Autism Diagnostic Observation Schedule, Second Edition 

The Autism Diagnostic Observation Schedule, Second Edition (ADOS-II) is a newly 

updated, semi-structured, standardized measure of communication, social interaction, play and 

imagination, and restricted and/or repetitive behaviors which was published by Western 

Psychological Services. 43, 44 The ADOS-II is used in clinical and research settings and is known 

as the “gold standard” for determination and diagnosis of ASD.45 It can be administered and 

interpreted by professionals from medicine, psychology, or a related discipline in approximately 

40 to 60 min, depending on the module selected and the specific behavior demonstrated by the 

examinee.44 The ADOS-II kit is a large container consisting of most of the required toy items and 
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materials (some materials must be supplied and replenished by the examiner), and 10 protocols for 

each of the 5 modules.44 The manual is expansive, beginning with an overview of the measure, 

guidelines for module selection, administration and coding procedures, instructions for each 

module, and case examples to assist with interpretation.44 The precursor to the ADOS-II, the 

ADOS-I, was used by a psychologist trained to the level of experimental expertise, to confirm the 

diagnosis of autism prior to biomarker testing in this study. 

 

1.1.4 Prevalence of autism spectrum disorder 

The reported rates of ASD have been increasing since it was accepted as a medical diagnosis. 

How people think about and diagnose autism has changed substantially since the diagnosis was 

first introduced nearly 80 years ago, in 1943 by Leo Kanner.46 In 1966, researchers estimated that 

about 1 in 2,500 children had autism, however this was focused on estimates of children at the 

severe end of the spectrum.46 In 1980, ASD was first introduced into the Diagnostic and Statistical 

Manual of Mental Disorders.46 In 1987, ASD was estimated to be in 1 in 1,400 children as it 

expanded the criteria by allowing a diagnosis even if symptoms became apparent after 30 months 

of age.46 In 1991, the U.S. Department of Education ruled that a diagnosis of autism qualifies a 

child for special education services, which may have encouraged families to get a diagnosis of 

autism for their child.46 Currently, 1 in 30 (3.49%) children in the United States, and 1 in 100 

children (1%) throughout the world are diagnosed with ASD.47 This increase may be partially 

explained by expanded diagnosis, including children formerly diagnosed with Asperger’s 

syndrome, greater awareness for testing, allowing ASD to be diagnosed in tandem with attention 

deficit hyperactive disorder, screening in African American and Hispanic communities, and the 

recent trend of having children at an older age.48 
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1.2 Dried Blood Spots 

As early as 1924, many of the major advantages of using dried blood spots (DBS) had been 

identified by Orren Chapman including: a reduction of volume of blood collected and lack of 

invasive sampling, which is important for pediatric medicine, a minimal risk of bacterial infection 

or hemolysis, and the ease of preservation of DBS samples.49 One additional advantage of using 

DBS samples is the difficulty and expense of shipping viable blood samples internationally due to 

the risk of disease introduction.50 DBS have been utilized as a diagnostic tool since 1963 when 

Robert Guthrie introduced the technique to determine phenylalanine in newborns.51-53 Since that 

time, Guthrie’s application has been replaced, but the use of DBS has expanded.54-56 Under the 

proper storage conditions, low humidity without an air tight seal to prevent moisture build up and 

at -20 °C DBS cards can be stored and retrieved for over a year, and potentially longer, with some 

being stored from as far back as 198757-60 Once storage and testing of DBS are validated these 

spots could potentially be utilized throughout the life of a patient to test for changing health or 

environmental impacts.59 An additional scarcity involves pediatric patients, who have a limit of 

available blood to draw based on weight.61 Whether the sample is limited by time, or collection 

volume it is important to do more testing with less sample.  

Despite their potential benefits, DBS testing tends to be qualitative rather than quantitative. 

This has many potential factors including method run time, low sample volume, and difficulty in 

creating calibration curves. Thus, the use of Isotope Dilution Mass Spectrometry (IDMS) can 

prove to be an invaluable tool. A traditional quantitation using calibration curves requires a 

bookended ten-point calibration curve with at least three quality control samples and blanks in 

addition to the samples themselves. The use of IDMS removes the need of calibration curves which 

greatly decreases the time requirement for testing as every sample is its own calibration curve. 
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Additionally, the use of DBS as a sampling tool can be difficult due to the loss of analyte when 

utilizing a fully automated system. This can be overcome by utilizing a novel analytical technique 

developed herein, known as Thor’s Hammer Isotope Dilution Mass Spectrometry (TH-IDMS), for 

which a patent is being reviewed with no contention on nine out of ten claims (WO 

US2021055242).62 TH-IDMS will be described in Chapter 4, but can provide accurate quantitation 

two orders of magnitude below previously established limits of detection on all mass 

spectrometers. 

 

1.3 Development of Home Test Kits 

For children with ASD, clinical blood draws can be difficult and traumatic due to the pain, 

discomfort of being in a new space, and fear of the patient.63 This can often facilitate the necessity 

of abundant practice and application of coping mechanisms on the part of the parent and a expertly 

trained, and ideally specialized, medical individual on the part of the phlebotomist.63 In addition 

to the logistical difficulties of drawing blood of children with ASD, there is a limit to the volume, 

and thus frequency of testing, of blood that can be drawn from children.64 This can cause large 

lapses in metrology of intervention and, in absence of data, this can lead to negative outcomes as 

the physician is forced to rely only on qualitative testing, experience, and instinct. The lack of clear 

information makes dosing protocols and accuracy difficult for even the most practiced expert and 

leads to a trial-and-error medication schedule which can be traumatic for both the patient and their 

family and may lead to underdosing, which will slow time for proper symptom relief and 

overdosing may lead to toxicity. Both are associated with negative outcomes and would ideally be 

tested for routinely rather than the current annual or biannual testing from unreliable calibration 

curves. Thus, it would be of benefit to the patient and, potentially, their parent to be able to perform 
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these finger stick blood draws in a less painful, less intrusive, and more minimally invasive manner 

which would allow a more frequent schedule of testing. A finger stick is less traumatic for the 

patient, as compared to phlebotomy blood draws and can be performed at home by a parent with 

minimal training and utilizes a small amount of blood typically 10 – 30 µL of blood per blood 

spot.  

One of the long-term goals of this project is to develop a home test kit for biomarkers and 

analytes in human blood which would allow for rapid, frequent, and minimally invasive testing for 

patients the globe over. While shipping viable blood samples across borders is difficult and fraught 

with regulation due to increased risk of transmissible disease and pandemic, the shipping of dried 

blood, a non-viable sample, is a relatively simpler affair.65 Nonviable samples can be shipped 

through regular mail in a Teflon drying bag with desiccant agent to aid in drying. These kits are 

currently being developed and tested such that small, non-invasive finger sticks can be utilized for 

testing as frequently as necessary giving the physician more information to work with when 

administering medication and will, hopefully, lead to better and more rapid patient outcomes with 

fewer side effects as well as decreasing patient stress and allowing for a greater quality of life.  

 

1.4 Radon Detection 

1.4.1 Radon Origin 

Radon is a colorless, odorless, and flavorless inert gas with a half-life of 3.8 days that 

occurs naturally from the decay of unstable isotopes of uranium or thorium.66, 67 As radon is heavier 

than air, it tends to concentrate in enclosed spaces such as underground mines or basements, and 

is a major contributor to the ionizing radiation to which the general population is exposed.68 While 

thorium is several times the concentration of uranium in the Earth’s crust, the distribution is not 
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equivalent in all areas. Uranium and thorium are both unstable elements with long half-lives based 

on isotopic abundance. They are localized inside the contiguous United States at various 

approximate concentrations. In Western Pennsylvania, radon originating from uranium decay is 

deposited significantly in the Marcellus Shale region.69, 70 Roughly 390 million years ago, what is 

now Western Pennsylvania was part of a large inland sea.69 As the ocean retreated, uranium 

naturally found in sea water was left behind and salted the land. 71Ocean water from the northern 

Atlantic contains two to four times more uranium than thorium.72, 73 

 

1.4.2 Radon Prevalence 

Despite remediation efforts developed through the Indoor Radon Abatement Act of 1988, 

there are still 21,000 small cell lung cancer deaths linked to radon exposure annually. Of these 

approximately 2,900 of have never smoked.68, 71, 74 Worldwide total radon related deaths are 

estimated to be approximately 84,000 yearly, prominently noted in India and Korea. The US 

accounts for a quarter of these deaths.68, 71 Currently, Allegheny County has an average indoor 

radon concentration of 6.5 pCi/L, significantly above the 4.0 pCi/L level deemed safe by the 

EPA.75 Elevated radon levels are estimated to affect 43% of households in Allegheny County and 

may expose as many as 520,000 individuals.75 This is a significant issue in this region and, as such, 

hospital networks in Allegheny County have been searching for diagnostic tests to determine if 

radon exposure has occurred. Presently, such a test is not available. 
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1.5 Equations 

1.5.1 Isotope Dilution Mass Spectrometry 

Quantification by isotope dilution mass spectrometry (IDMS) is based on the application and 

equilibration of an isotopically enhanced analog of each analyte of interest in the sample prior to 

extraction.76, 77 The use of the IDMS equation, Equation 1.1, is predicated on the foreknowledge 

of certain information. This includes the isotopic abundance of both endogenous and isotopically 

labeled analyte, the amount of spike added to the known amount of sample, concentration of the 

spike added, and the altered isotopic ratio in the purchased isotopically labeled analyte. Where, CX 

is an unknown, the concentration of the natural analog in the sample, CS is the concentration of the 

isotopically labeled analog of the target molecule, WS and WX are the masses of the isotopic analog 

which has been spiked into the sample and the natural sample respectively, 13AS and 13AX are the 

abundance of the heavy isotope in the isotopic analog which has been spiked into the sample and 

the natural sample respectively(in this case carbon-13), 12AS and 12AX are the abundance of the 

light isotope in the isotopic analog which has been spiked into the sample and the natural sample 

respectively (in this case carbon-12), and R13/12 is the measured ratio of heavy over light isotopes, 

which is measured in a mass spectrometer (in this case carbon-13/12). 

 (Equation 1.1) 

Using this equation, the concentration of the endogenous molecule in the sample can be 

directly calculated through a mathematical comparison and not the use of traditional external 

calibration cuves.78  

Being chemically identical an in equilibrium in solution, the endogenous and spiked isotopes 

are extracted with equivalent efficiency and recovery. These chemically indistinguishable 
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isotopically distinct analytes create an advantage in IDMS as compared to traditional calibration 

curves, even those utilizing internal standards and response factor quantification. Once equilibrium 

is achieved between endogenous and isotopically labeled compounds, IDMS can mathematically 

correct for 23 of the 26 errors associated with mass spectrometry, leaving only mass bias, dead 

time, and isobaric and polyatomic interferences.78 Thus, IDMS reduces the contributions of 

random and analyst errors to overall quantitative quality, resulting in greater reliability and 

uniformity of accuracy and precision. 

 

1.5.2 Error Propagation Factor 

Reduction of the potential error associated with isotopic spiking in IDMS measurements 

require an optimum mixture of the spike and sample which can be calculated prior to 

experimentation.79 Some pitfalls of the application of the isotopic spike can occur, namely the 

spiked sample ratio approaching the spike ratio, known as overspiking, or approaching the natural 

isotopic ratio, known as underspiking.79 The effect of the error propagation factor is dependent on 

the mass spectrometric precision, and the relative enrichment of the spike isotope and natural 

isotope.79 From an error propagation standpoint alone, the optimal mole ratio occurs when the 

determined ratio equals the square root of the product of the ratios of the spike and the natural 

isotope (Equation 1.2).79 Error propagation factor equations can be plotted as curves with the 

optimal addition concentration being seen in the vertex.79 Traditionally, the best mass 

spectrometric precision is achieved for ratios near one, however, due to the nature of the error 

propagation factor curve, there is usually several orders of magnitude in which adjustment of the 

isotopic mixture will not drastically affect the total error in negative catastrophic ways.79 Later in 

this document these curves will be utilized to produce an amplification of signal and reduction of 
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error of analytes below the traditional limit of detection. With few exceptions, the atomic 

abundances of natural isotopes are constant and have been published.80 Isotopic abundances of the 

spike are similarly known prior to experimentation as they are either tested for or supplied by the 

company from which the spike was purchased. With this information, it is a relatively simple task 

to determine the correct spiking ratio to add to an endogenous sample for optimal quantification. 

 

 (Equation 1.2) 

 

 Where MISpike is the percentage of the main isotope in the spike, UISpike is the percentage 

of minor isotope in the spike, UISample is the minor isotope in the sample, and MISample is the 

percentage of major isotope in the sample. 

 

1.5.3 Thor’s Hammer Isotope Dilution Mass Spectrometry 

Quantitation by TH-IDMS is based on the IDMS equation with the key difference of the 

addition of the MetaSpike™. After addition and equilibration, the MetaSpike™ elevates the signal 

of the analyte and reduces the signal-to-noise ratio allowing quantification below previously 

demonstrated lower limit of quantification (LLOQ). The MetaSpike™ is an artificially enhanced 

isotope mixture, usually with adjusted enrichments of between 20 and 80 percent natural analyte 

and the remainder a heavy (or light depending on the abundance of the natural isotope) isotopically 

enhanced version of the analyte which is used as internal standard, calibrant, and one point 

calibration curve which enables quantification from IDMS. While abundances must be taken and 

incorporated into the IDMS equation each time a MetaSpike™ is created, and possibly more 
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frequently if the isotope or analyte is unstable, there is little difference between the math of IDMS 

and the novel TH-IDMS. Application of the MetaSpike™ to endogenous sample of carbon can be 

seen in Figure 1.2. Proper application of the MetaSpike™ can raise the signal from an analyte 

below the limit of quantification and allow accurate quantitation far below the point at which 

calibration curves have ceased to be able to determine discrete data points.  

 

Figure 1.2. Addition of the MetaSpike™ to endogenous sample of carbon boosts the signal of the 
natural analyte above the previously determined limit of detection while simultaneously enabling 
the use of isotope dilution mass spectrometry and transforming it into a quantitative process known 
as Thor’s Hammer isotope dilution mass spectrometry. As abundances of the MetaSpike™ are 
tested prior to analyte quantitation, the IDMS equation can be updated to reflect the new reality of 
the added spike. 
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1.5.4 Mass Bias Factor 

A mass difference factor must be determined experimentally to mathematically correct for the 

differences in ionization between the natural and isotopic forms of an analyte in samples at 

identical concentrations.81 This mass bias factor (MB), is applied as a correction factor to the 

isotope signals in the traditional IDMS equation, Equation 1.3. 

 (Equation 1.3) 

 Where AN and AI are the signal obtained from a QTOF-MS for the natural analyte and the 

isotopic analog, respectively.81 CN and CI are the concentrations of the natural analyte and isotopic 

analog, respectively.81 MB factors were computed for each compound that was reasonably 

obtainable and used as an internal correction factor in the quantitative method. 

 

1.5.5 Mass Difference 

The theory of special relativity shows a direct relationship between energy and mass, with 

a loss of mass directly correlating to a loss of energy. An example of this is what is known as mass 

bias, or the loss of energy (and thereby mass) from the formation of the atom ion and molecule.82 

Relativity is not confined to the nucleus. Bond energy and bond-dissociation energy are the 

measures of the binding energy between the atoms in a chemical bond, which appears as chemical 

energy. Typical chemical reactions involve a small net energy per mole which causes an even 

smaller change in mass per kg of substance. These defects are usually too small to be easily 

measured.83 Due to the small loss of mass through the formation of a molecule, it is important to 
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use enough significant figures in the calculation to show the energy change. Rounding should not 

take place prior to the calculation, as this will result in a no mass difference. When calculating 

mass difference, the traditional calculation can be seen below in Equation 1.4. 

 

 (Equation 1.4) 

 

Where M is the atomic mass of the atom, mp is the mass of a proton (1.67262 X 10-27), me 

is the mass of an electron (9.10938 X 10-31), mnis the mass of a neutron (1.67492 X 10-27), Z is the 

number of protons, and N is number of neutrons. 

When calculating the mass defect there is a slight change to the normally accepted formula. 

In this amended equation, when running in positive mode, there is one fewer electron due to its 

loss in the ionization process, while in negative mode, there is an extra electron present. This is 

signified by changing the atomic number times the mass of an electron to the atomic number minus 

one, or plus one multiplied by the mass of an electron which can be seen in Equation 1.5. Prior to 

calculations using data from the lab, these theoretical calculations can be done to compare the data 

taken from the mass spectrometer and determine a percent error associated with the mass 

spectrometer. As the ionization source was run in positive mode, the equation was amended to 

reflect the loss of an electron. 

 

(Equation 1.5) 
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Using this amended mass difference equation, mass differences were calculated for lead 

isotopes obtained from National Institute of Standards and Technology and Oak Ridge National 

Laboratory traceable standards.  

 

1.5.6 Mass Bias Magnitude Correction 

There is a well-documented phenomena of isotopic bias when utilizing an inductively 

coupled plasma mass spectrometer (ICP). The measurement of isotopic ratios using an ICP will 

deviate from true values because of the preferential transport of the heavier isotopes into the mass 

analyzer.84 Several different processes are considered to contribute to this deviation, including 

space charge effects in the region of the skimmer cone.85 It is usual to assume that bias is a constant 

amount per unit mass and can be predicted and corrected by the following formula (Equation 

1.6).86 

 

 (Equation 1.6) 

 

Where RTrue is the true value, RMeasured is the measured ratio, C is the mass bias, and δM is the 

mass difference. The mass bias magnitude correction was used in all measurements requiring the 

use of an ICP. 

 

1.6 Relevance to Research 

It was the objective of this research to develop a novel analytical technique which allows for 

the precise and accurate quantitation of ultra-trace analytes, with a proof of concept using the 

stable, organic molecule methylmalonic acid. This was done by taking principals of the chemistry 
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of standard addition and IDMS and combining them into a novel technique which is known as TH-

IDMS which allows for accurate quantitation at two orders of magnitude below the determined 

LOQ. This technique was and will be used to quantitate ultra-trace analytes in a fully automated 

extraction of DBS matrixes for future development as a home test kit.   
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Chapter 2. Detection and quantification of stable organic molecule methylmalonic acid on 

quantitative dried blood spot cards as a proof of concept for stable dried blood spot testing. 

 

2.1 Introduction 

As early as 1924, many of the major advantages of using dried blood spots (DBS) had been 

identified by Orren Chapman including: a reduction of volume of blood collected and lack of 

invasive sampling, which is important for pediatric medicine; a minimal risk of bacterial infection 

or hemolysis; and the ease of preservation of DBS samples.1 One additional advantage of using 

DBS samples is the difficulty and expense of shipping viable blood samples internationally due to 

the risk of disease introduction. 2  DBS have been utilized as a diagnostic tool since 1963 when 

Robert Guthrie introduced the technique to determine phenylalanine in newborns.3-5 Since that 

time, Guthrie’s application has been replaced, but the use of DBS has expanded.6-8 Under the 

proper storage conditions, low humidity without an air tight seal to prevent moister build up and 

at -20 °C DBS cards can be stored and retrieved for over a year, and potentially longer, with some 

being stored from as far back as 19879-12 Once storage and testing of DBS are validated these spots 

could potentially be utilized throughout the life of a patient to test for changing health or 

environmental impacts.11 An additional scarcity involves pediatric patients, who have a limit of 

available blood to draw based on weight.13 Whether the sample is limited by time, or collection 

volume it is important to do more testing with less sample.  

Several challenges have, thus far, hindered the wider adoption of DBS as analytical matrix 

including correlations between venous and capillary blood concentrations, contamination risk, lack 

of sensitivity, chromatographic effect and influence of the site of punching, influence of spotted 

blood volume, and most difficult to overcome, the hematocrit effect.14 With the exception of 
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hematocrit, these hinderances can be overcome by the use of a fully automated desorption system, 

such as the Gerstel DBSA system which allows for rapid and repeatable extraction from the 

cellulose matrix of a DBS card. Hematocrit is defined as the volume fraction of the blood that is 

taken in by red blood cells (Figure 2.1). Reference ranges are available at the population level 

(approximately 0.41–0.50 for men and 0.36–0.44 for women),15 however important inter- as well 

as intra-individual differences exist.16 Among the factors determining the hematocrit are age, sex, 

health, and nutritional status with higher values observed in newborns, people living at high 

altitudes, and persons suffering from lung diseases such as polycythemia or chronic obstructive 

pulmonary disease.16 Hematocrit varies between patients and even individual hematocrit values 

have been known to change throughout the day due to hydration.17 Thus, constructing accurate 

calibration curves proves to be elusive.14 Due to these complications, it is difficult to use DBS as 

a quantifiable matrix through the application of calibration curves which would require 

individualized standard addition calibration curves per patient made with excess blood taken at the 

time of draw.14 Several strategies to overcome what is known as the hematocrit effect have been 

employed such as the development of commercially available special filtration substrates for cards 

which separate and lessen the hematocrit effects.18 A second strategy to overcome hematocrit 

effects is to measure and correct for these effects by measuring the concentration of potassium or 

lithium in the dried blood spot have been attempted.18 These strategies, while potentially 

promising, have not been validated and are yet to be widely adopted by those who attempt 

quantification on DBS cards. A potentially more efficient way of quantification than using 

traditional calibration curves which would overcome inherent biases, isotope dilution mass 

spectrometry (IDMS) should be considered and applied. 
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.  
Figure 2.1. Relative makeup of hematocrit (percentage of erythrocytes) in whole blood along. 

  

One use of an IDMS method utilized is the refinement and improvement of methylmalonic 

acid testing previously performed by Quest Diagnostics during the initial ASD study by other 

methods, such as UV-VIS spectroscopy or an enzyme-linked immunosorbent assay.19 Utilization 

of mass spectrometry on this matter can be difficult, however, due to interferences of the 

confirmational isomer, succinic acid.20-22 These measurements being further developed focus on 

quantification using IDMS due to the unparalleled accuracy, removing 23 of the 26 possible 

interference or noise issues that occur while using mass spectrometry.23, 24  

IDMS is a quantification technique developed by George de Hevesy which won a Nobel 

Prize in 1943.25 IDMS allows for accurate quantitation without the use of a calibration curve by 

means of isotopic measurement, or perhaps it is better explained as the use of a one-point internal 

calibration curve. A heavy isotopic labeled version of the analyte in question, which does not exist 

in high quantity in the natural world, is purchased or synthesized and added to a sample and 

equilibrated. Once equilibrated, the foreknowledge of the weight and concentration of this 

isotopically labeled molecule allows for accurate quantitation without the use of a calibration curve 
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using the IDMS equation (Equation 1). This combined with the knowledge that the chemistry of 

the isotopes is identical, meaning the rate of ionization of the added spike and the natural chemical 

are similar in most cases, allow for quantitation to be based on ratio without time constraints of 

using calibration curves. Compared to traditional calibration curves, both accuracy and precision 

are increased even at low levels. The application of IDMS to a DBS matrix allows for the DBS to 

be quantitative (QDBS). 

However, care must be taken when choosing or synthesizing isotopically labeled analyte. 

Attention must be given to the overall isotopic mass shift. The mass shift should not overlap with 

the masses of any other potential analyte or interference, which requires some research on the part 

of the analyst prior to the start of the project.26 Attention should also be paid to the species of 

labeled isotope and the potential placement on the molecule.26 The placement of the isotopic 

species must be on a position on the molecule which will not react during sample preparation and 

will not exchange with any other species or fall off in a reaction. The placement must also survive 

and remain attached to the major molecule fragment post reaction in a collision cell.26 These 

isotopically enhanced species need not exclusively be heavier than the natural analyte, it must only 

be a unique isotopic weight and an exact molecular copy of the analyte of interest. In addition, 

some isotopic analytes are preferable to others. For example, an isotopically enhanced carbon-13 

version of a molecule is preferable to a deuterated version of a molecule.26 This is due to frequency 

of hydrogen exchange on organic molecules,27 and the retention time shift on HPLC systems due 

to Van der Waals interactions.28 

The prevalence of Autism Spectrum Disorder (ASD) has been increasing throughout the 

world with estimates from the Centers for Disease Control and Prevention stating that in the United 

States, at least one in thirty children are on the spectrum.29 This phenomenon is not limited to the 
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western world and reported global rates of ASD have been increasing throughout the developed 

world.30 Despite the increased prevalence of the reporting of disease in all age groups, and attempts 

to use techniques such as machine learning, questionnaires, and gene expression tests, no 

predictive test yet exists for use in the medical community.31-33 Physicians are currently limited to 

diagnostic tools, such as the Autism Diagnostic Observation Schedule 2 (ADOS-II) and the Autism 

Diagnostic Interview.34-36 Continued research has linked environmental factors, such as persistent 

organic pollutants (POPs),37, 38 to the degradation of body systems which can help detoxify the 

body, such as glutathione levels which helps mitigate toxins and oxidative stress.23, 39 

Measurements of 409 parameters in a recent $1.4 million dollar study have identified 21 

statistically significant biomarkers.19, 40 One of these biomarkers was an increase in the levels of 

methylmalonic acid (MMA) in the blood.   

MMA buildup in the body is most associated with a deficiency in cobalamin (B-12), though 

a small minority of patients have a genetic predisposition to not producing the enzyme 

methylmalonyl-CoA mutase. B-12 plays an essential role in several important processes of brain 

growth and development such as: DNA synthesis, methylation of biomolecules, and odd-chain 

fatty acid metabolism.41 B-12 deficiency has been implicated in disorders including anemia, 

megaloblastosis, neuropathy, neuropsychiatric disorders, and ASD.42 The most serious 

manifestations are neurologic: demyelination followed by axonal degeneration.43 One common 

form of B-12 deficiency is known as “pernicious anemia” where in the patient fails to absorb 

vitamin B-12 due to intrinsic factor deficiency.43 B-12 levels are difficult to measure directly, 

however, due to biologically low levels of the vitamin and the fact that B-12 is highly protein 

bound.44 The simplest method for determining the extent of B-12 deficiency is to measure it 

indirectly by quantifying MMA.44 MMA is directly related to levels of B-12, but found in 1000-
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fold higher concentrations in the blood than B-12.44 MMA is an intermediate in the conversion of 

propionic acid to succinic acid (SA) which requires B-12 as a cofactor and has a normal range in 

the human body of 70 nmol/L to 270 nmol/L.45-47 Elevated MMA levels, known as methylmalonic 

aciduria, are caused by one of at least eight inherited diseases which stem from a deficiency in the 

mitochondrial enzyme methylmalonyl-CoA mutase or in the synthesis of its cofactor, 5’-

deoxyadenosylcobalamin.48-50  

In healthy odd-chain fatty-acid metabolism propionyl-CoA is converted to succinyl-CoA, 

in a process that involves three enzymes, which is then inserted into the citric acid cycle.51 First, 

Propionyl-CoA is carboxylated to form (D)-methylmalonyl-CoA by a biotin containing molecule, 

propionyl-CoA carboxylase, and the hydrolysis of an adenosine triphosphate (ATP) molecule.51 

Second, (D)-methylmalonyl-CoA is converted to (L)-methylmalonyl-CoA by methylmalonyl-

CoA epimerase.51 Finally, (L)-methylmalonyl-CoA is then repositioned to form succinyl-CoA by 

a coenzyme of methylmalonyl-CoA mutase and B-12.51 MMA forms when methylmalonyl-CoA 

mutase fails to function properly either through genetic deficiency or (more commonly) through 

B-12 deficiency.51 A visual representation of this metabolic pathway can be seen in Figure 2.2.  
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Figure 2.2. The metabolic pathway from propionyl coenzyme A, the final product of Lipolysis of 
odd-chain fatty acids. If there is a deficiency in cobalamin or methylmalonl coenzyme A mutase, 
a toxic and potentially fatal buildup of methlmaonic acid will occur. 

 
MMA is widely tested in neonates through heal sticks or urine as a qualitative test, but is 

often not tested for beyond infancy as the diagnosis of B-12 deficiency can be problematic.52 MMA 

has been determined to be a marker for disease states, specifically those affecting the brain, in all 

ages of human development, but especially in those of early childhood.53 Experimentation in rats 

has produced several neurological structural changes such as delayed myelination of neurons and 

hypodensity of the globi pallidi, resulting in permanent neurological damage and changes in the 

basal ganglia.54 These effects are the result of hypoglycemia in the maturing brain.54 The immature 

mammalian brain generally utilizes both glucose and ketone bodies for metabolism and energy 

production.54 MMA inhibits an important enzyme inhibits the transportation of malate into the 

mitochondrial matrix, which results in significantly lower than average levels of ATP.54 MMA is 

also known to be a competitive inhibitor of succinate dehydrogenase, which would further 

decrease cell ATP by limiting gluconeogenesis through blocked pathways in the citric acid cycle.54 
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For the past twenty years, the most effective instrument for separating MMA from similarly 

weighted non-polar molecules such as SA (Figure 2.3) has been utilizing a high-pressure liquid 

chromatography (HPLC) system. One of the most common obstacles for MMA analysis in 

biological fluids is the presence of other low-molecular weight organic acids such as SA, a product 

of MMA degradation and a constitutional isomer, which is present in concentrations even higher 

than the desired analyte (2-20 µM SA vs. 0-0.4 µM SA).44 SA interference is difficult to overcome 

due to almost identical chromatographic characteristics and mass spectrometer fracturing as 

MMA.44 Columns for this technique have become more specialized and there is a great range that 

can be selected for greater sensitivity to provide wider, more dynamic peaks in the mass 

spectrometer. The field of mass spectrometry has also been shown to be quite effective testing for 

MMA, both from whole blood and urine.48, 55 
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Figure 2.3. Molecular structure and mass of methylmalonic and succinc acid. These are 
conformational isormers which require separation on a liquid chromatography system for accurate 
quantification. 

 

One of the most efficient ways to allow these tests to be administered around the world is 

through the development of a quantitative blood card, which will allow for fast and accurate 

testing. Utilizing methods that have already been developed and reproduced to practice, the first 
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fully automated blood card method will use an automated dried blood card isotopic quantitative 

method. These methods use isotope quantification of DBS systems. New research applications of 

these methods will be applied for individuals and children which will be assessed in a clinical 

study with Dr. Scott Faber. 

 

2.2 Materials and Methods 

2.2.1 Chemicals and Sample Preparation 

 MMA purchased from Sigma Aldrich (Lot STBB4671) and SUC purchased from Alfa 

Aesar (Lot Y12A042) were made into standards of approximately 1 µg/g being dissolved in 15-

mL Fisher Scientific (Lot 035329) in Fisherbrand metal free disposable centrifuge tubes (Lot 

26920041) utilizing 18.2 MΩ deionized water was which was made in lab using a 7146 Barnstead 

NANOpure system (Model 251115-102), which was then passed through a D7035 Easypure II 

water filtration system (Model 1305080906425). These solutions were allowed to mix on a Vortex 

Genie 2 Digital Serial (Model A3-1896) for 30 seconds at 5000 RPM. The samples were then 

filtered via a 10-mL Norm-Ject luer lock solo syringe (Lot 20F01C8) and passed through a 0.22 

µm pore size polypropylene Agilent technologies filter (Lot FG4627). Solutions of MMA, SUC, 

and a combination of the two were made and used for liquid chromatography separation and mass 

spectrometry optimization. Once separation and optimization had been achieved an 4C13 

isotopically enhanced standard of MMA was purchased from Cerillant (Lot FN06121302) which 

had been enhanced to 98.53%, which was diluted with 18.2 MΩ deionized water to create an 

84.037 ng/g isotopically enhanced standard, which would be utilized as an internal standard for 

calibration curve measurements as well as heavy isotopic standards for IDMS quantification. It 

was determined using error propagation factors that samples should be spiked 0.08 µmol of 4C-13 
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in an optimal ratio of 0.85 natural to isotopically enhanced MMA per 200 µL of sample for optimal 

quantification. 

 Blood and serum samples were made first from bovine whole blood and serum with 

Ethylenediaminetetraacetic acid purchased from Lampire on 11/29/2016 which had been stored in 

a -80 °C freezer until needed and was then thawed overnight on ice which had been spiked with 

MMA and SUC Blood card testing was application of 20 µL of spiked bovine blood samples to 

cellulose Whatman C-Pak cards (Lot ET7059416). These blood and serum samples were created 

with a concentration of 0.0349 µg/g MMA and 0.0367 µg/g isotopically enhanced MMA and 

allowed to dry on the Whatman C-Pack blood cards for 24 hours. Manual extraction was performed 

by removal of the dried blood spot from the Whatman C-Pack blood card utilizing a Harris Uni-

Core 8-mm diameter manual blood spot hole punch (), cutting the blood spot into quarters, then 

placing the pieces into an Avantor 1.5 mL microcentrifuge tube (Lot 211009653-D) with a 50:50 

(w/w) solution of 500 µL of acetonitrile and 18.2 MΩ deionized water which was placed in a 

Branson sonicator (Model 5510) for one-hour at 60 °C. Samples were mixed on a Model SI-A236 

Vortex Genie 2 Digital for 1 minute at 3000 rpm, and centrifuged in a Model AG 5453 Eppendorf 

Mini Spin Plus centrifuge for 10 minutes at 30000 rpm. Supernatant was collected in an additional 

1.5 mL microcentrifuge tube and the process was repeated two additional times to extract the 

maximum concentration of analyte. Microcentrifuge tubes were then dried and concentrated in a 

Model SPD1010-115 ThermoFisher Savant SpeedVac Concentrator which was programed to run 

a vacuum pressure of 5.1 torr for two hours while heating to 50 °C for the first hour. Samples were 

then reconstituted in 18.2 MΩ deionized water with 0.1% formic acid solution and centrifuged an 

additional time to remove any solids. Finally, 125 µL of sample was placed in small volume 
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polypropylene Agilent Technology vials and injected through the chromatography and mass 

spectrometry systems. 

 Calibration curves were prepared in bovine blood and dried on Whatman C-Pack blood 

cards which then were passed through the method developed on the Gerstel SPExos system as well 

as the liquid chromatography separation achieved on the Agilent 1200 liquid chromatography 

system and the optimization parameters which were determined on the Agilent 6460 triple 

quadrupole mass spectrometer after they had dried for 24 hours. Calibration curves were designed 

to be ten points such that at least six points could be preserved to improve linearity and contained 

three quality control standards. While it would be best practice to bookend the analytical samples 

to measure instrument drift, due to time and sample availability restraints, only one calibration 

curve and replicate of quality control standers were run. Stability testing for the molecule was 

performed in the same way, but with samples left to dry for longer time increments. 

 

2.2.2 Instrumentation 

Detection was achieved using an Agilent 6460 triple quadruple mass spectrometer (Model 

US92170174) in negative mode selecting for an ion of mass/charge ratio (m/z) of 117 in the first 

quadrupole and 73 in the third through multiple reaction monitoring.56-58 While many of the 

literature values for determining MMA in the MS have derivatized the molecule to aid in detection 

and analysis, one of the goals of the experiment was to automate the process as much as possible.53, 

59, 60 As such, it was determined that no additional derivatization should be performed on the MMA 

and all detection and quantification would occur for the natural state of the organic acid. This may 

potentially decrease the sensitivity of detection, however the increase of detection through 

instrumental optimization should overcome this discrepancy. 



 38 

An Agilent 1200 Liquid Chromatography System comprised of a G13798B degasser, a 

G1312B binary pump, a G1367D high performance autosampler, a G1330B thermostat, and a 

G1316B column compartment, was utilized for separation which was then ionized via electrospray 

using a G1958-65138 Agilent Jet-Stream Electrospray Ionization source. Samples were separated 

on a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column (Lot 00F-475-F0) was used 

for successful peak separation. A flow rate of 1.000 mL/min was utilized with a mobile phase 

consisting of 18.2 Ω deionized water from a Barnstead NANOpure system manufactured by 

Thermo Scientific (Model 7146) which was then passed through an Easypure II water filtration 

system manufactured by Thermo Scientific (Model D7035) and HPLC grade acetonitrile 

purchased from Fisher Scientific (Lot 190931) to both of which 0.1% optima grade formic acid 

from Fisher Chemical (Lot 173815) had been applied to aid in the ionization process.61 The 

complete method can be seen below (Table 2.1). 

 

Table 2.1. Final LC-MS method for separation of methylmalonic acid and succinic acid on an 
Agilent 1200 liquid chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 
Å 150 x 4.6 mm column for detection on an Agilent 6460 triple quadrupole mass spectrometer. 
This method resulted in complete baseline separation with Gaussian peaks. 

Time 
(Min) H2O % Acetonitrile % 

0.00 99.0 1.0 
4.00 90.0 10.0 
4.50 35.0 65.0 
4.75 5.0 95.0 
5.75 5.0 95.0 
5.80 99.0 1.0 

 

After complete separation was achieved, the Agilent 6460 triple quadrupole mass 

spectrometer was optimized for the detection of MMA over SUC by utilizing the source 

optimization program in Agilent’s software. The optimal factors are shown below in Table 2.2.  



 39 

Table 2.2. Optimization parameters for the detection of methylmalonic acid on an Agilent 6460 
triple quadrupole mass spectrometer which was run in negative mode. 

Parameter Optimization 
Gas Temperature 230 ˚C 

Gas Flow 4 L/min 
Nebulizer 45 PSI 

Sheath Gas Temp 300 ˚C 
Sheath Gas Flow 9 L/min 
Capillary Voltage 4000 V 
Nozzle Voltage 500 V 

 

 The change in detection after optimization had a logarithmic increase in signal as can be 

observed in Figure 2.4. With a greater signal response for MMA compared to SA, which had not 

been observed in the literature. 62, 63 

 

 

Figure 2.4. Separation and optimization of succinic acid (4.5 minutes) and methylmalonic acid 
(5.1 minutes) on by an Agilent 1200 liquid chromatography system through a Phenomenex Synergi 
4 μm Hydro-RP 80 Å 150 x 4.6 mm column as seen on an Agilent 6460 triple quadrupole mass 
spectrometer. 
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With the MMA and SA peaks separated and the detection of the MMA optimized, the next 

step was to see if the organic acid could be detected and quantified from blood cards using an 

automated system. A Gerstel Inc. DBSA SPExos Automated Blood Card system comprised of a 

model 730 high pressure dispenser, a model 725 automated cartridge extraction system, a model 

410 dried blood spot desorption unit, and a model 014-02A multipurpose sampler arm was used. 

This was controlled by Maestro software (Version 1.4.25.1) was utilized for this purpose and 

samples were applied to Whatman FTA DMPK-C Card with a nitrocellulose membrane and a 0.1-

12.0 μm pore size and analytes were collected on Spark Holland SPExos strong hydrophobic resin 

(Lot 86.329) single use cartridges before being injected into the liquid chromatography system and 

further detection on the mass spectrometer. First, the pure MMA sample was tested, then the mixed 

MMA and SA sample, next the spiked blood sample, and finally the isotopically spiked blood 

sample. Twenty μL of sample was added to each of the four spots on the card and allowed to dry 

overnight. Once dried, the blood card was inserted into the Gerstel SPExos and a method was 

developed for detection and quantification. It began by conditioning a Gerstel SPExos cartridge 

with a strong hydrophobic resin (styrene-divinylbenzene) inside. The desorption hot cap was set 

to 80 ̊ C (which aids in the removal of analyte from DBS) and the flow rate was set to 4000 μL/min 

with a 1000 μL/min dispense, which was then optimized to 250 μL/min. After detection of the 

analyte, it was necessary to determine if the analyte had been lost in the washing step of the MMA 

elution for a possible increase in response from MMA. The complete method for desorption can 

be seen below (Table 2.3). 

  



 41 

Table 2.3. Method for desorption of methylmalonic acid from a quantitative dried blood spot using 
a Gerstel SPExos system onto strong hydrophobic resin (styrene-divinylbenzene) cartridges. All 
solvents contained 0.1% formic acid except the clean mix (acetonitrile, methanol, isopropanol, and 
18.2 Ω deionized water in a 3:3:2:2 Ratio) which had 0.05% formic acid. 

 

 

 Using this desorption method from a fully automated Gerstel dried blood spot SPExos 

system provides quantifiable levels of MMA which are baseline separated from SUC (Figure 2.5). 

These discrete peaks maintain a consistent elution time with manual desorption and automatic 

injection methods and have direct overlap of the 4C13 isotopically enhanced MMA and natural 

MMA peaks.  
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Figure 2.5. Separation of succinic acid (4.5 minutes), methylmalonic acid (5.1 minutes), and 
isotopically enhanced 4C13 methylmalonic acid (5.1 minutes) which had been desorbed from a 
Whatman C-Pack dried blood spot card using a Gerstel SPExos system and was retained on a on 
Spark Holland SPExos strong hydrophobic resin single use cartridge by an Agilent 1200 liquid 
chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm 
column as seen on an Agilent 6460 triple quadrupole mass spectrometer. 

  
Prepared dried blood spots were subject to these desorption methods for detection and 

quantification.  

 
2.3 Discussion 

 Elevated MMA is seen at levels of one in 48,000 patients in North America, and at a level 

of one in 26,000 patients in China.64 Some physicians estimate a higher prevalence in the general, 

and especially aging, population,43 but this relative infrequency is explained by infrequent testing, 

a need for a more sensitive test for MMA, and reservoir of B-12 in the liver which can exist at 

levels up to 10 µg per gram of protein.65 MMA is widely tested for as a qualitative test for neonates, 

but rarely used in quantitative testing for older individuals, despite negative patient outcomes 
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associated with slightly elevated levels.43, 64 These negative outcomes are often seen to be 

neurological in nature, with delayed myelination or atrophy being seen pediatric patients and 

altered mental status, depression, mania, irritability, paranoia, or delusions in geriatric patients.66   

  

2.3.1. Statistical Determination of Methylmalonic Acid as a Biomarker for Autism Spectrum 

Disorder. 

MMA as a biomarker was determined through a recent $1.4 million dollar study have 

identified 21 statistically significant biomarkers.19, 40 This study compared children who had been 

diagnosed with ASD through the ADOS-I scale to age, gender, race, and socioeconomically 

matched controls. Quantitation of MMA in the patient’s blood was performed outside of the 

Kingston lab by a local commercial testing laboratory. Statistical comparisons between the two 

groups were performed using an ANOVA test for equality of the mean acid concentration across 

two groups was significant at the 5% level (Figure 2.6).   

 

 
Figure 2.6. Comparison of the methylmalonic acid children which had been diagnosed with autism 
spectrum disorder through the Autism Diagnostic Observation Schedule as compared to age, 
gender, race, and socioeconomic status matched controls (p = 0.00361). 

0

50

100

150

200

250

ASD Diagnosis Matched Control

nm
o/

L

Statistical Comparison of 30 Patients and 
Matched Controls from $1.4 million dollar Red 

Blood Cell Study



 44 

 

Multiple comparisons revealed a significant difference between the mean MMA of the 

children diagnosed with ASD and their matched controls with children diagnosed with ASD 

having the higher mean ratio (p = 0.00361).  Overall, 14 out of 29 patients (48.3%) had MMA 

concentrations below 170 nmol/L (the midpoint of normal and 25 out of 30 control samples 

(83.3%). Four of 29 patient samples (13.8%) were outside the range of normal MMA concentration 

(70-270 nmol/L), while none of the control samples exceeded 220 nmol/L (Figure 2.7). 

 

.

 
Figure 2.7. The methylmalonic acid serum concentration for each individual patient diagnosed 
with autism spectrum disorder and their matched control set separated by data set. The normal 
methylmalonic acid concentrations are represented by solid, green bands (70-270 nmol/L). The 
color matched dashed lines represent the average concentration of methylmalonic acid in each 
sample (193 nmol/L for children with autism disorder and 129.7 nmol/L for matched controls). 
The color matched dotted lines (206.41 and 179.59 nmol/L for children with autism disorder and 
134.4 to 124.5 for the matched controls) represent the 95% confidence limits of each sample set. 
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2.3.2. Comparison of Desorption Techniques for Methylmalonic Acid from Dried Blood Spots 

After separation and optimization of MMA detection, quantitation was performed on dried 

blood which had been desorbed manually utilizing various solvent systems as well as those 

desorbed automatically using a Gerstel SPExos dried blood spot system which is a fully online 

system requiring limited analyst input. These tests were performed to determine the efficiency of 

the Gerstel system extraction as well as determine the optimal method for manual desorption to 

allow comparison between methods. Bovine blood mixtures, which were previously tested to 

determine their ambient MMA levels, were prepared through the addition of concentrated MMA 

solution for a final concentration of concentration of 3.67 x10-02 µmol/g. These solutions were then 

applied to Whatman C-Pak dried blood spot cards and allowed to dry for 24 hours in a clean room 

at ambient temperature. Blood spots were either manually punched using an 8-mm punch with 

samples run in quadruplicate, or a complete card of four blood spots were utilized when testing 

the Gerstel SPExos system desorption method. These results were averaged and compared to the 

known value via IDMS. The results (Table 2.4) showed that the application of IDMS was 

consistent across all desorption methodologies with confidence intervals overlapping for every 

method. 

  



 46 

Table 2.4. Comparison of desorption methodologies for methylmalonic acid utilizing a 
combination of 18.2 MΩ deionized water (H2O) and optima grade acetonitrile (ACN) from 
Whatman C-Pak cellulose blood cards as separated on an Agilent 1200 liquid chromatography 
system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column as seen on an 
Agilent 6460 triple quadrupole mass spectrometer. Gerstel analytes were tested using a Gerstel 
SPExos system and was retained on a on Spark Holland SPExos strong hydrophobic resin single 
use cartridge. 

Desorption Method 
Average 

Concentration 
 (µmol/g) 

95%  
Confidence 

Associated  
Error (%) 

Gerstel 0.03675 0.0023 0.005 

Sonicated, Speed Vac H2O 0.03783 0.0063 0.113 

Vortexed H2O 0.03739 0.0074 0.069 
Sonicated, Speed Vac 50/50 
H2O/ACN 0.03620 0.0032 0.05 

Vortexed, Speed Vac 50/50 
H2O/ACN 0.03479 0.0053 0.191 

Sonicated, Speed Vac 60/40 
H2O/ACN 0.03783 0.0036 0.113 

 

Despite the range of methodological desorption techniques applied, all samples were 

within acceptable error and overlapping confidence intervals (Figure 2.8). Thus, IDMS 

quantification was able to overcome any sample desorption efficiencies which may resulted from 

the application of these methodologies. The Gerstel desorption system had the lowest overall 

associated error followed by a 50/50 mixture of 18.2 MΩ deionized water and optima grade 

acetonitrile. For future comparisons, these two methodologies were to be employed. 

While all measurements were statistically the same, one of the major differences for 

quantification was time. Automatic, online desorption utilizing a Gerstel SPExos system had a run 

time of 22-minutes, while manual extraction was a prolonged affair. Between the required three 

hours for desorption from the blood card to extract in triplicate, then an additional two hours to 

dry, and twenty minutes of centrifugation, manual extraction requires over five hours of sample 

preparation just using instrumentation. This time window does not account for any time the analyst 
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might take to label, combine, transfer, filter, or separate any samples. Thus, the inherent value of 

time associated with utilization of a fully automated, online Gerstel system is obvious.  

 

 
Figure 2.8. Quantified concentration of methylmalonic acid in both automated, online desorption 
(6 mm punch size) and manual elution (8 mm punch size) for methylmalonic acid utilizing a 
combination of 18.2 MΩ deionized water (H2O) and optima grade acetonitrile (ACN) from 
Whatman C-Pak cellulose blood cards as separated on an Agilent 1200 liquid chromatography 
system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column as seen on an 
Agilent 6460 triple quadrupole mass spectrometer. Gerstel analytes were tested using a Gerstel 
SPExos system and was retained on a on Spark Holland SPExos strong hydrophobic resin single 
use cartridge. 
 

Once the efficiency of desorption from dried blood spots utilizing a Gerstel SPExos online 

automated desorption system had been demonstrated, a direct comparison between calibration 

curve quantitation to IDMS quantitation was performed. Among the potential benefits of 

utilization of IDMS over calibration curves is a savings of time and cost. Calibration curves require 

at least six points of linearity on a line of best fit, three quality control samples, and statistical 

blanks, all of which are ideally bookended to the unknowns to account for instrument drift. Despite 

optimization of extraction methodology and a decrease of time to 22-minutes a sample utilizing 

the Gerstel SPExos system, time utilization for calibration curves can still prohibit the use of dried 
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blood spots as a quantitative matrix. As there are four spots on a dried blood card, which would 

all be used for optimal statistical variation, the total run time for a single unknown sample utilizing 

calibration curves would be greater than a 24-hour period and the materials cost would be greater 

than ten times a sample utilizing IDMS. Thus, for optimization of time, as well as materials, dried 

blood spots are best analyzed utilizing IDMS quantification. 

 

2.3.3. Comparison of Quantitation of Methylmalonic Acid Utilizing Calibration Curves Compared 

to Isotope Dilution Mass Spectrometry 

Methodological comparisons between calibration curves an IDMS were performed 

utilizing the fully online automatic Gerstel SPExos system. Time comparison was considered as 

well as accuracy and associated error. Due to time constraints, and difficulty in maintaining solvent 

levels, a 16-hour series of measurements was utilized with only one calibration curve and set of 

quality control samples was utilized rather than a complete 32-hour book ended sample set. 

Samples were prepared and spiked with 13C isotopically enriched MMA, which was utilized for 

both internal standard for calibration curves and for enabling IDMS quantitation, and the 

desorption methodology was applied (Table 2.5).  
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Table 2.5. Concentrations of methylmalonic acid standards for calibration curve, as well as quality 
control standards, unknown, and a blank as well as detected counts of natural methylmalonic acid 
and 13C isotopically enriched methylmalonic acid from Whatman C-Pak cellulose blood cards as 
separated on an Agilent 1200 liquid chromatography system through a Phenomenex Synergi 4 μm 
Hydro-RP 80 Å 150 x 4.6 mm column as seen on an Agilent 6460 triple quadrupole mass 
spectrometer with analytes retained on a on Spark Holland SPExos strong hydrophobic resin single 
use cartridge. 

Calibration 
Curve 
Level 

Concentration 
 (μg/g) 

MMA Counts 13C MMA Counts 
Average Std Dev Average Std Dev 

1 21.640 15747.39 236.01 398.70 67.54 
2 11.047 9489.84 124.57 499.93 68.77 
3 4.878 4758.42 36.92 553.78 32.11 
4 2.399 2257.28 87.50 470.76 68.55 
5 1.117 1252.27 41.51 581.77 77.60 
6 0.522 859.79 41.51 581.77 49.85 

QC 1 3.198 5492.208 101.43 575.87 110.27 
QC 2 1.899 2370.563 103.44 427.09 112.98 
QC 3 0.826 1428.553 6.98 561.53 100.76 

Unknown 1.152 1524.84 72.83 503.10 97.03 
Card 

Blank 0.000 24.92 21.70 35.94 17.96 

 

 These determinations were utilized to construct a six-point calibration curve which was 

normalized and blank subtracted to ensure the most accurate linear response possible all of which 

were above the lower limit of detection. When confidence intervals were applied to the data points, 

all levels overlapped the linear regression (Figure 2.9). 
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Figure 2.9. Normalized, and blank subtracted calibration curve as well as line of best fit and 
correlation coefficient with 95% confidence intervals applied for the quantitation of 
methylmalonic acid from Whatman C-Pak cellulose blood cards as separated on an Agilent 1200 
liquid chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 
mm column as seen on an Agilent 6460 triple quadrupole mass spectrometer utilizing a Gerstel 
SPExos system and was retained on a on Spark Holland SPExos strong hydrophobic resin single 
use cartridge. 

 

 With calibration curves completed, quantitation of the unknown as well as the quality 

control samples were performed using both calibration curves and IDMS (Table 2.6). Each sample 

was quantified in quadruplicate with its methodology and these quantitative methods were used to 

compare intra-sample. While both were able to accurately quantify the concentration of the 

unknown sample, IDMS did so with lower associated error and with better confidence limits.  
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Table 2.6. Comparative methodology between calibration curves an isotope dilution mass 
spectrometry quantitation for methylmalonic acid automatically desorbed from Whatman C-Pak 
cellulose blood cards as separated on an Agilent 1200 liquid chromatography system through a 
Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column as seen on an Agilent 6460 
triple quadrupole mass spectrometer utilizing a Gerstel SPExos system and was retained on a on 
Spark Holland SPExos strong hydrophobic resin single use cartridge. 

Level Concentration 
 (μg/g) 

Calibration Curve  
Quantitation (μg/g) 

Error 
(%) 

IDMS  
Quantitatio

n (μg/g) 

Error 
(%) 

 

QC 1 3.198 5.061 ± 1.869 58.2 3.468 ± 
0.325 7.8  

QC 2 1.899 3.006 ± 1.157 58.3 2.046 ± 
0.203 6.9  

QC 3 0.826 1.211 ± 0.353 46.7 0.867 ± 
0.062 4.7  

Unknown 1.615 1.487 ± 0.458 7.9 1.574 ± 
0.141 2.6  

 

 When compared (Figure 2.10), these systems of quantitation showed a difference in favor 

of IDMS. While both methods were able to have statistically overlapping confidence limits with 

at last 67% of quality control standards in accordance with the bioanalytical method validation 

guidelines provided by the National Institutes of Health (with IDMS being able to accurately 

quantify 100% of quality control samples) only IDMS had an error rate (less than 15%) which is 

low enough to be accepted. The error associated with the unknown value was reduced using IDMS 

from 7.9% to 2.6%. Errors associated with quality control standards were reduced by an order of 

magnitude. Errors associated with calibration curves could have, perhaps, been overcome by 

utilizing a book ended 32-hour calibration curve and quality control standard methodology. 

Quantification utilizing IDMS was superior to traditional calibration curves for all three quality 

control samples as well as the unknown sample. When comparing time required for these two 

methods, IDMS would require only slightly over two hours of sample introduction for the sample 

and blanks which result in a superior quantitation while traditional calibration curves would require 

up to 32-hours for a double book ended calibration curves.  
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Figure 2.10. Comparison of calibration curve and isotope dilution mass spectrometry quantitation 
for methylmalonic acid automatically desorbed from Whatman C-Pak cellulose blood cards as 
separated on an Agilent 1200 liquid chromatography system through a Phenomenex Synergi 4 μm 
Hydro-RP 80 Å 150 x 4.6 mm column as seen on an Agilent 6460 triple quadrupole mass 
spectrometer utilizing a Gerstel SPExos system and was retained on a on Spark Holland SPExos 
strong hydrophobic resin single use cartridge. 
 

2.3.4. Stability Test for Methylmalonic Acid on Dried Blood Spots  

 Once IDMS had been proven to be superior to calibration curve quantitation for MMA for 

dried blood spot quantification, a longevity study was performed. Blood cards were prepared at 

the same time and at a concentration of 2.14 µg/g. They were allowed to sit in ambient clean room 

air to test any degradation that may occur in ambient storage conditions. These cards were then 

tested utilizing automated online desorption of the Gerstel SPExos system at one day, one month, 

six months, and one year (Table 2.7). All four blood spots were tested on each card to give the 

maximum statistical significance for each sample. While samples did degrade slightly over time, 

IDMS was able to correct for these factors as all four measurements were within acceptable error 

and overlapped the true value at the 95% confidence interval.  
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Table 2.7.  Calculated concentration utilizing isotope dilution mass spectrometry and associated 
error in a stability study for methylmalonic acid on dried blood spots which had been stored in 
ambient air in a clean room and were automatically desorbed from Whatman C-Pak cellulose blood 
cards as separated on an Agilent 1200 liquid chromatography system through a Phenomenex 
Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column as seen on an Agilent 6460 triple quadrupole 
mass spectrometer utilizing a Gerstel SPExos system and was retained on a on Spark Holland 
SPExos strong hydrophobic resin single use cartridge. 

Time of  
Measureme

nt 

Concentratio
n  

(µg/g) 

Error 
(%) 

1 Day 2.174± 0.033 0.25 
1 Month 2.163 ± 0.021 2.33 
6 Months 2.200 ± 0.060 5.87 

12 Months 2.174 ± 0.033 3.39 

True Value 2.14   
 

 Degradation of MMA was minimal and accurate quantitation was still possible after one 

year on dried blood spot cards. All error was in acceptable limits (less than 15%) and all confidence 

intervals overlapped the true value (Figure 2.11). This leads to the possibility of analyte storage 

and future testing which can be compared or tested for novel analytes as deemed necessary. 
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Figure 2.11. Plotted concentrations, which were calculated utilizing isotope dilution mass 
spectrometry, and associated error in a stability study for methylmalonic acid on dried blood spots 
which had been stored in ambient air in a clean room which were automatically desorbed from 
Whatman C-Pak cellulose blood cards as separated on an Agilent 1200 liquid chromatography 
system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column as seen on an 
Agilent 6460 triple quadrupole mass spectrometer utilizing a Gerstel SPExos system and was 
retained on a on Spark Holland SPExos strong hydrophobic resin single use cartridge. 
 

 Utilizing a dried blood spot matrix, MMA was able to be quantified accurately on an 

automated, online Gerstel SPExos DBSA system faster and more accurately than would be 

possible using manual desorption. Utilization of IDMS proved to be a more robust analytical 

technique than calibration curves and allowed for accurate quantitation for up to a year on the 

stable organic acid. 

 

2.4. Conclusion 

 MMA is a stable, organic acid which results in the human body from a defect in odd-chain 

fatty acid catabolism.41 MMA, which had been theorized due to its neurological effects including 

its role in demyelination,42 was determined to be a biomarker for ASD. While, currently, MMA is 
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primarily utilized as a qualitative measurement for B-12 deficiency and test for dangerous 

methylmalonic acidemia in neonates, there is a growing body of evidence which suggests MMA 

is a biomarker for ASD and should be tested for more frequently B-12 deficiency may become 

more prominent with age suggesting the need for broader testing in the general population.42 

Accurate quantitation of MMA levels was able to be performed through automatic online 

desorption from DBS cards utilizing a Gerstel SPExos system which was detected on an Agilent 

6460 triple quadrupole mass spectrometer using IDMS. Quantitation utilizing IDMS was 

determined to be more accurate and more efficient than quantitation utilizing calibration curves 

though accurate quantitation of all three quality control standards as well as a reduction in error 

for the unknown sample from 7.9% to 2.6%. Stability studies of MMA determined that the organic 

acid was stable and quantifiable utilizing IDMS on cellulose blood cards for up to a year in 

ambient, open-air conditions in a clean room with all measurements being statistically 

indistinguishable from the starting, known concentration of MMA of 2.14 µg/g. 
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Chapter 3: Extraction and attempted quantification of curcumin and its metabolites in 

human blood and cerebrospinal fluid for secondary dosing through an internal review 

board study. 

 

3.1 Introduction 

 Curcumin (CUR) is the active ingredient of the spice turmeric which is thought to be a 

potential treatment for the progression of Alzheimer’s disease, but it is not readily bioavailable 

due to poor absorption, fast metabolic conversion, and short half-life. A physician and researcher 

had contacted the Kingston Research Group as a collaborator as he believed he had invented a 

novel extraction method which would allow increased absorption of CUR as well decreased 

degradation and facilitate passing through the blood brain barrier. The first of the human trials 

under an internal review board had begun, dosing three patients, 01-03, with their extracted CUR 

mixture. These three patients would then have their blood drawn at certain intervals as well as 

cerebrospinal fluid taken at the end of the trial. A method for extraction, detection, and 

quantification needed to be developed in order to give dosing information to the physician for the 

second set of patients, four through six. Patient samples and numbers can be seen below (Table 

3.1). The neurologist. a rather well-known medical researcher, had designed this study and 

obtained the Internal Review Board approval in such a way as the remaining doses of patients were 

dependent on results of blood and cerebrospinal fluid results of curcumin constituents measured 

in initial patient’s blood and CSF.  The laboratory originally engaged to produce the patient 

measurements was not able to achieve these required quantitative concentrations. Due to the 

metabolization and degradation and metabolization of CUR as it passes it was determined to 

monitor not only for the analyte of interest (CUR), but also a suite of curcuminoid, including: 
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Tetrahydrocucumin (THC), Demethoxycurcumin (DMC), Bisdemethoxycurcumin (BDMC), S-

turmerone (TUR), Curcumin-beta-D-Glucuronide (GLU-CUR), and a deuterated CUR standard 

(D-CUR), Table 3.2. The molecular weight and structures of the curcuminoids which were 

selected for in patients 01-03 can be seen in Figure 3.1 and 3.2. 
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Table 3.1: Patient codes, vials, and blood and cerebrospinal fluid draw times for all paints from 
both portions of the trial.  

 

*Cerebrospinal fluid of patient 1 was contaminated with blood. 

 

Patient
Patient 

Code
Vial Time Code Patient

Patient 
Code

Vial Time Code

1 700794990 1 Pre-Dose 1248887761 4 700798385 1 Pre-Dose 124888091
1 700794990 2 10 Minutes 124888141 4 700798385 2 10 Minutes 125122691
1 700794990 3 20 Minutes 124888151 4 700798385 3 20 Minutes 125122701
1 700794990 4 30 Minutes 124888161 4 700798385 4 30 Minutes 125122711
1 700794990 5 60 Minutes 124888171 4 700798385 5 60 Minutes 125122721
1 700794990 6 90 Minutes 124888121 4 700798385 6 90 Minutes 125122671
1 700794990 7 120 Minutes 124888181 4 700798385 7 120 Minutes 125122731
1 700794990 8 240 Minutes 124888191 4 700798385 8 240 Minutes 125122741
1 700794990 9 360 Minutes 124888201 4 700798385 9 360 Minutes 125122751
1 700794990 10 480 Minutes 124888211 4 700798385 10 480 Minutes 125122761
1 700794990 11 Day 7 124888131 4 700798385 11 Day 7 125122781

2 700794991 1 Pre-Dose 1248887791 5 70098386 1 Pre-Dose 124887881
2 700794991 2 10 Minutes 124888281 5 70098386 2 10 Minutes 125122831
2 700794991 3 20 Minutes 124888291 5 70098386 3 20 Minutes 125122841
2 700794991 4 30 Minutes 124888301 5 70098386 4 30 Minutes 125122851
2 700794991 5 60 Minutes 124888311 5 70098386 5 60 Minutes 125122861
2 700794991 6 90 Minutes 124888261 5 70098386 6 90 Minutes 125122811
2 700794991 7 120 Minutes 124888321 5 70098386 7 120 Minutes 125122871
2 700794991 8 240 Minutes 124888331 5 70098386 8 240 Minutes 125122881
2 700794991 9 360 Minutes 124888341 5 70098386 9 360 Minutes 125122891
2 700794991 10 480 Minutes 124888351 5 70098386 10 480 Minutes 125122901
2 700794991 11 Day 7 124888371 5 70098386 11 Day 7 125122921

3 700794993 1 Pre-Dose 1248887941 6 700798388 1 Pre-Dose 124887911
3 700794993 2 10 Minutes 124888421 6 700798388 2 10 Minutes 125122971
3 700794993 3 20 Minutes 124888431 6 700798388 3 20 Minutes 125122981
3 700794993 4 30 Minutes 124888441 6 700798388 4 30 Minutes 125122991
3 700794993 5 60 Minutes 124888451 6 700798388 5 60 Minutes 125123001
3 700794993 6 90 Minutes 124888401 6 700798388 6 90 Minutes 125122951
3 700794993 7 120 Minutes 124888461 6 700798388 7 120 Minutes 125123011
3 700794993 8 240 Minutes 124888471 6 700798388 8 240 Minutes 125123021
3 700794993 9 360 Minutes 124888481 6 700798388 9 360 Minutes 125123031
3 700794993 10 480 Minutes 124888491 6 700798388 10 480 Minutes 125123041
3 700794993 11 Day 7 124888511 6 700798388 11 Day 7 125123061

1 700798451 CSF Day 7 0516235000004* 4 700798451 CSF Day 7 5163450000015
2 700798451 CSF Day 7 516345000008 5 700798451 CSF Day 7 5163450000019
3 700798451 CSF Day 7 516345000012 6 700798451 CSF Day 7 5163450000023
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Table 3.2: Compound, manufacturer, and batch number of curcumin and its metabolites to be 
investigated  

Compound Abbreviation Manufacturer Batch 

Curcumin CUR  Sigma 
Aldrich  WXBC5392V 

Tetrahydrocurcumin  THC  Sigma 
Aldrich SLBML199V  

Demethoxycurcumin  DMC Sigma 
Aldrich BCB37351V 

Bisdemethoxycurcumin  BDMC  Sigma 
Aldrich BCB51226V 

S-turmerone TUR  Sigma 
Aldrich BCBV3815  

Deuterated Curcumin D-CUR Clear Synth   CS-CM-338 
Curcumin-beta-D-

Glucuronide  G-CUR CellMosaic 290881 
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Figure 3.1: Chemical structures, exact masses, and molecular formulas of curcumin, and its 
analogues and metabolites, demothoxycurcumin, bisdemethoxycurcumin, tetrahydrocurcumin, 
and S-Turmerone. 
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Figure 3.2: Difference in mass and structure of curcumin and its deuterated internal standard. 

 

3.2 Background 

CUR is the active ingredient in the traditional herbal remedy, coloring agent, and spice 

called tumeric.1-3 Turmeric, which has a vibrant yellow color, is derived from the plant Curcuma 

longa and is commonly used in south Asian cooking and traditional medicine.1 Turmeric’s use as 

a medicine has spanned centuries and has an extensive list of anecdotal reported usages, including 

eye aliments, wound dressings, childbirth recovery, dental diseases, digestive disorders such as 

dyspepsia and acidity, indigestion, flatulence, ulcers, as well as alleviation of the hallucinatory 

effects of psychotropic drugs.1 Due to the extensive list of anecdotal remedies and its tolerance 

level in humans researchers have begun to investigate potential therapeutic treatments of CUR.1, 4, 

5 A wide array of healing and anti-cancer benefits for the use of CUR have already been described 

including: anti-inflammatory and antioxidant activities;6-8 chemopreventive, chemotherapeutic, 

and chemosensitizing activities;9-11 radiosensitization in cancer cells and radioprotection in healthy 

cells;12-14 inhibition of angiogenesis and metastasis in cancer cells;15-17 a signaling molecule in key 

survival pathways regulated by NF-κB and Aκt,18-20 as well as cytoprotective pathways dependent 

on Nrf2,21 p53 tumor suppressor,22 induction of phase II enzymes,23 Signal-transducer-and-

activator-of-transcription-3 activation,24 modulation of growth factors,25 and mitogen-activated 

protein kinases.26   
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In addition to anti-cancer properties, CUR has also been reported to slow or arrest the onset 

of symptoms of Alzheimer’s disease.27-30 This is theorized to take place due to one of several 

possibilities. CUR may help reduce the inefficiency in, or reduce defective phagocytosis of, 

macrophages and increase their ability to remove beta-amyloid plaques.31 While the reduction of 

beta-amyloid plaques have been theorized as one potential mechanism of action for the reported 

arresting or reversing of symptoms of Alzheimer’s disease, recent controversy over potentially 

doctored data in the original paper has led to some to question this pathway. Recent histological 

studies have revealed activated microglia and reactive astrocytes around amyloid beta plaques with 

chronic activation shown to secret cytokines which exacerbate pathology.32 CUR has demonstrated 

anti-proliferative actions on microglia32 as well as an overall reduction in “plaque burden” by 

destabilization of the amyloid beta polymer and increased phagocytosis.33, 34 Inflammation is 

another possible cause of Alzheimer’s disease, and CUR has been found to have anti-inflammatory 

effects through inhibition of early growth response gene-1 DNA-binding activity35 as well as the 

inhibition of cyclooxygenase, phospholipases, transcription factor and enzymes involved in 

metabolizing the membrane phospholipids into prostaglandins.36, 37 Curcuminoids are also strong 

anti-oxidants, removing reactive oxygen species, the free radicals of which have a proven 

correlation to deterioration of neurons,36, 38, 39 and are an inducing agent of heme oxygenase-1, 

which increases the concentration of reduced glutathione.40-42 Curcuminoids have also been 

observed to have a chelation effect for copper and heavy metals which have been shown to damage 

neurons.43-45 Finally, CUR has  been shown to reduce cholesterol which has been linked to increase 

in amyloid plaques by the intracellular accumulation of cholesteryl esters.46, 47 A chart of these 

potential benefits to the brain can be seen below, Figure 3.3. While the reduction of amyloid 

plaques has been theorized as one potential mechanism of action for the reported arresting or 
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reversing of symptoms of Alzheimer’s disease, recent controversy over potentially doctored data 

in the original paper has led some to question this pathway.48, 49 

 

 

Figure 3.3: Possible effects on Alzheimer’s disease by curcumin. Adapted from Chen et al.29 

 

Despite the myriad of possible benefits of CUR to humans, its pharmacokinetic properties 

are not widely utilized due to its poor bioavailability due to low intrinsic activity, poor absorption 

from gastrointestinal tract, high rate of metabolism, inactivity of metabolic products and/or rapid 

elimination, and clearance from the body.50-52 Serum concentration of CUR and its metabolites has 

been shown to have extremely poor absorption, requiring a high dose to see any appreciable 

concentration in blood.53-55 The dose dependent bioavailability in the blood shows an even smaller 

concentration reach tissues due to processes such as sulphuration, hydration, glucuronidation, and 

rapid degradation at physiological pH meaning only trace amounts are available once CUR has 

reached the target organ system.51, 55, 56 One final problem is the measured half-life of CUR in the 

body, which appears to be dose independent but has been observed to be as little as 1.45 hours.50, 

57, 58 
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CUR has a difficult time surviving the rigors of the body, it is a fragile molecule that is 

being thermally, photo, pH, and water sensitive.59-62 In temperatures above 25 °C, CUR rapidly 

degrades into 4-vinyl guaiacol, which has little information on therapeutic benefits.59 CUR is 

likewise pH sensitive, with rapid degradation taking place after only three minutes at physiological 

pH and requiring an acidic pH for long term storage.60 Due to its ring structure, CUR is also 

photosensitive degrading in less than 24 hours when exposed to ultraviolet (UV)-light of 254 nm 

wavelength, requiring  a yellow wavelength of 405 nm for long term stability.61, 63 Water also has 

a negative effect on CUR stability, decreasing the overall concentration of the molecule by 15.7% 

per day of storage with CUR being so sensitive concentrations in analysis are known to fluctuate 

due to humidity.62, 64 Thus, samples need to be processed and tested in a cool, dry, light controlled 

environment.  

 

3.3 Patient 01-03 Materials and Methods 

3.3.1 Reagents and Materials 

 Materials purchased for the project included chemical analytes of interest, internal 

standard, extraction materials, mobile phase, and bovine serum for method optimization and 

calibration curve standards. These chemicals were stored as recommended in the packaging so as 

not to cause degradation. Materials were stored in a -80 °C freezer: CUR, THC, DMC, BDMC, 

and TUR after being diluted in methanol, as well as D-CUR which was used as an internal 

standard. For the quantification of curcumin and its metabolites in the first part of the experiment, 

patient samples 1 through 3, calibration curves were made from the analytes described in Table 

3.2. Patient samples were shipped to Duquesne University the day of collection by Federal Express 

on dry ice and were immediately cataloged and placed in a -80 °C freezer until they were to be 
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utilized. They were thawed on ice and covered with a non-transparent lid to be protected from 

exposure to UV radiation. 

 For extraction, optima grade ethyl acetate, Fisher Chemical (Lot 112360), and ethanol, 

Pharmco (Lot LR5178) were utilized. 18.2 Ω deionized water was made using a 7146 Barnstead 

NANOpure system (Model 251115-102), which was then passed through a D7035 Easypure II 

water filtration system (Model 1305080906425). This water was used for all dilutions and rinses. 

High pressure liquid chromatography (HPLC) grade methanol (Lot 170293) and acetonitrile (Lot 

216634) was purchased from Fisher Chemical. Bovine serum purchased from Lampire on 

01/30/2017 which had been stored in -80 °C freezer was utilized. Calibration curve levels were 

made by taking stock solutions of natural analytes: CUR, THC, DMC, BDMC, and TUR with 

concentration of approximately 11,000 ng/g and performing serial dilutions in methanol as well as 

a constant level of deuterated internal standard: CUR-D6. All samples were prepared by spiking 

100 µL of bovine serum, acquired from Lampire with 10 µL of internal standard and 10 µL of 

spike from the corresponding calibration level. 

Artificial cerebrospinal fluid was synthesized using a method from Azlet Osmotic Pumps65 

in two one-liter solutions to decrease potential bacterial growth. Solution A was made by mixing 

4.33 g of sodium chloride, Amresco (Lot 0732C116), 0.112 g potassium chloride, Mallinckrodt 

(Lot 6858 KAAL), 0.103 g of calcium chloride hydride, EM Science (Lot 3440425) and 0.0815 g 

of magnesium chloride hydride, Alfa Aesar (Lot C26W046). Solution B was comprised of 0.0071 

g of sodium hydrogen phosphate, Fischer Scientific (Lot 744526) and 0.107 g sodium dihydrogen 

phosphide hydrate, Fischer Scientific (Lot 923489). These solutions were mixed in a 50:50 

proportion for all cerebrospinal fluid method development and calibration curves.  All masses were 

taken on an XS105 Dual Range Mettler Toledo balance (Model 1129191055). Samples were 
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mixed on a SI-A236 Vortex Genie 2 Digital (Model A3-1896), centrifuged in an AG 5453 

Eppendorf Mini Spin Plus centrifuge (Model 5453ZL055696), and dried and concentrated in a 

SPD1010-115 ThermoFisher Savant SPD1010 SpeedVac Concentrator (Model O23W-433565-

OW). VWR low volume micropipettes and Eppendorf micropipettes were used. Collection, 

centrifugation, and drying were completed in 1.5 mL VWR microcentrifuge tubes (Lot 

211009653-D). 

An Agilent 1200 Liquid Chromatography System comprised of a G13798B degasser, a 

G1312B binary pump, a G1367D high performance autosampler, a G1330B thermostat, and a 

G1316B column compartment, was utilized for separation which was then ionized via electrospray 

using a G1958-65138 Agilent Jet-Stream Electrospray Ionization source and passed into an 

Agilent 6460 Mass Spectrometer. Contents were separated on a Supelco Ascentis Express RP-

Amide HPLC Column 10cm x 2.1mm, 5µm (Lot S14013). Quantification was performed using 

Agilent Technologies MassHunter software (Version B.06.00 SP1) that was loaded on a computer 

which Windows 10 Pro (Version 1909, OS Build 18363.1139) operating system had been installed.  

 All sample, calibration curve, blank, and quality control samples were prepared and 

extracted in a 20 °C walk in refrigerator under a 405 nm wavelength yellow light-emitting diode 

bulb which to prevent degradation. After extraction, samples were placed into amber glass Agilent 

2 mL liquid chromatography vials and the sample chamber of the liquid chromatography system 

was chilled to 20 °C for the duration of the experiment. Due to some proteins not responding to 

ultracentrifugation and remaining suspended in solution, some samples were allowed to sit on ice 

for 10 minutes to allow settling and then were as much of the top layer of liquid was removed as 

possible into a separate amber liquid chromatography vial to prevent column damage.  Due to time 
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constraints, samples were run in replicates of four, separated by blanks, and book-ended by 

calibration curves and quality control standards to measure and correct for instrument drift. 

 

3.3.2 Liquid Chromatography Mass Spectrometry Separations and Detections and Sample 

Processing 

 Prior to development of liquid chromatography separation methods, detection of analytes 

must be achieved. This is done by direct injection and scanning for parent ion then, once achieved, 

utilizing a product ion scan to determine mass transitions after the collision of the ions with inert 

nitrogen gas. Once these identifying markers are discovered, an optimization program is run to 

give the largest possible response to the analytes and give quantification at the lowest possible 

levels. These potential parameters include: the fragmentor and collision energies and the gas 

temperature and flow rate which improved collision efficiency; the polarity of the instrument 

which selects for one of the two possible ionization states; the nebulizer pressure, sheath gas 

temperature and flow rate which determines the efficiency of the electrospray ionization chamber; 

and the capillary and nozzle voltage which determines the efficiency of ions entering the mass 

spectrometer. Due to the potential number of analytes in the sample, the largest response of each 

was taken and used to determine the best average response (Tables 3.3 and 3.4). 
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Table 3.3: Fragmentation weights, energies, and polarity for detection of curcuminoids: curcumin, 
tetrahydrocurcumin, demethoxycurcumin, bisdemethoxycurcumin, and S-turmerone for detection 
on an Agilent 6460 triple quadrupole mass spectrometer. 

Analyte Weight 
(DA) 

Fragment 
Weight (DA) 

Fragmentor 
Energy (V) 

Collision 
Energy 

(V) 
Polarity 

 
BDMC 307.3 186.9 95 10 Negative  

BDMC 307.3 142.9 95 10 Negative  

BDMC 307.3 118.9 95 30 Negative  

CUR 367.1 217.1 95 5 Negative  

CUR 367.1 149.1 95 10 Negative  

CUR 367.1 134 95 30 Negative  

CUR-
D6 373.4 219.9 95 5 Negative  

CUR-
D6 373.4 151.8 95 10 Negative  

CUR-
D6 373.4 133.8 95 30 Negative  

DMC 337.4 216.8 95 6 Negative  

DMC 337.4 173.1 95 10 Negative  

DMC 337.4 118.9 95 30 Negative  

THC 373.4 177 95 3 Positive  

THC 373.4 163 95 5 Positive  

THC 373.4 137 95 30 Positive  

TUR 217.3 118.9 70 15 Positive  

TUR 217.3 91 70 55 Positive  

 

 Other parameters: collision gas temperature and flow rate, nebulizer pressure, sheath gas 

temperature and flow rate, and capillary and nozzle voltages, can also be optimized on an Agilent 

6460 triple quadrupole mass spectrometer to ensure the largest analyte response. 
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Table 3.4: Aggregate optimization parameters for curcuminoids: curcumin, tetrahydrocurcumin, 
demethoxycurcumin, bisdemethoxycurcumin, and S-turmerone for detection on an Agilent 6460 
triple quadrupole mass spectrometer. 

Parameter Optimization 

Gas Temperature 330 ˚C 
Gas Flow Rate 10 L/min 

Nebulizer Pressure 45 PSI 
Sheath Gas 

Temperature 400 ˚C 

Sheath Gas Flow Rate 12 L/min 
Capillary Voltage 5000 V 
Nozzle Voltage 2000 V 

 

 
 Separation was achieved on a Supelco Ascentis Express RP-Amide HPLC Column 10cm 

x 2.1mm, 5µm column (Table 3.5).  

 

Table 3.5: Final separation method for curcuminoids: curcumin, tetrahydrocurcumin, 
demethoxycurcumin, bisdemethoxycurcumin, and S-turmerone on a Supelco Ascentis Express 
RP-Amide HPLC Column 10cm x 2.1mm, 5µm column. 

Time 
(Min) 

H2O 
% 

Acetonitrile 
% 

Flow 
(mL/min) 

0 60 40 1.0000 
1 60 40 1.0000 
4 50 50 1.0000 
5 40 60 1.0000 
6 0 100 1.0000 
7 0 100 1.0000 

7.1 60 40 1.0000 
 

This liquid chromatography method gave baseline separation and gaussian peaks of all 

analytes: CUR THC, DMC, DBMC, and TUR (Figure 3.4). 
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Figure 3.4. Final separation of curcuminoids: curcumin (CUR), tetrahydrocurcumin (THC), 
demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), and S-turmerone (TUR) on a 
Supelco Ascentis Express RP-Amide HPLC Column 10cm x 2.1mm, 5µm column detected on an 
Agilent 6460 triple quadrupole mass spectrometer. Molecular weights and mass transitions are 
listed.  

 

Prior to testing on patient samples, extraction, separation, and detection methods were 

developed and improved upon. The extraction methods and development can be seen below (Table 

3.6). Due to time constraints of the project, patient blood samples from patient one used the 

Modified extraction procedure. Patient blood samples from patients two and three as well as all 

cerebrospinal fluids used the Final Modified Extraction Procedure, which was shown to have an 

increased extraction response.  
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Table 3.6: Evolution of extraction protocol66 in serum and cerebrospinal fluid for curcuminoids: 
curcumin, tetrahydrocurcumin, demethoxycurcumin, bisdemethoxycurcumin, and S-turmerone. 
The final modified extraction procedure was utilized for patients 01-03 in this portion of the study. 

 

  

Once final separation and extraction procedures had been achieved, patient samples were 

extracted and tested for the curcuminoids. An eleven-point calibration curve was made 

following United States Food and Drug Administration (FDA) validation protocol, such that 

at least six could be conserved. All calibration curves were bracketed to correct for instrument 

drift and included three quality control samples which were also bracketed. Blanks consisting 

of a 50:50 mixture of water and acetonitrile were also measured several times throughout the 

Reagent Reagent Reagent

Serum Standard Standard

Standard Internal  Standard Internal  Standard

Internal  Standard

Ethyl  Acetate Ethyl  Acetate Ethyl  Acetate

Ethyl  Acetate Ethyl  Acetate

Ethyl  Acetate

Acetonitri le Acetonitri le Acetonitri le

18 Ω DI Water 18 Ω DI Water 18 Ω DI Water

Formic Acid Formic Acid Formic Acid

Volume

10 µL

10 µL

1000 µL

0.1 µL

100 µL

10 µL

10 µL

3 mL

Volume Volume

Placed in Speed Vac at 45 ˚C for 15 
minutes  and Continued Vacuum for an 

Additional  45 minutes

50 µL

50 µL

0.1 µL0.1 µL

50 µL

50 µL

Placed in Speed Vac at 45 ˚C for 15 
minutes  and Continued Vacuum for an 

Additional  45 minutes

500 µL

Removed 25 µL for Analys is  in LC-MS Removed 50 µL for Analys is  in LC-MS Removed 50 µL for Analys is  in LC-MS

1000 µL

500 µL

500 µL

50 µL

50 µL

Vortexed at 3000 RPM for 30 Seconds Vortexed at 3000 RPM for 30 Seconds Vortexed at 3000 RPM for 30 Seconds

Centri fuged at 6000 RPM for 4 Minutes Centri fuged at 13500 RPM for 4 Minutes Centri fuged at 13500 RPM for 4 Minutes

Centri fuged at 13500 RPM for 4 Minutes

Removed Supernatant into 1.5 mL Tube

Minutes  at 5.1 Torr

Reconsti tution Reconsti tution Reconsti tution

Centri fuged at 13500 RPM for 4 Minutes Centri fuged at 13500 RPM for 4 Minutes

Removed Supernatant into 1.5 mL Tube

Minutes  at 5.1 Torr Vortexed at 3000 RPM for 30 Seconds

Removed Supernatant into 5 mL tube Removed Supernatant into 1.5 mL Tube Removed Supernatant into 1.5 mL Tube

Used Nitrogen to Evaporate Ethyl  Acetate

Vortexed at 3000 RPM for 30 Seconds Vortexed at 3000 RPM for 10 Seconds

Vortexed at 3000 RPM for 30 Seconds Vortexed at 3000 RPM for 30 Seconds Vortexed at 3000 RPM for 10 Seconds

Centri fuged at 6000 RPM for 4 Minutes Centri fuged at 13500 RPM for 4 Minutes Centri fuged at 13500 RPM for 4 Minutes

Extraction Procedure from Literature66 Modified Extraction Procedure* Final Modified Extraction Procedure**

Vortexed at 3000 RPM for 10 Seconds Vortexed at 3000 RPM for 10 Seconds

Vortexed at 3000 RPM for 10 Seconds Centri fuged at 13500 RPM for 4 Minutes Centri fuged at 13500 RPM for 4 Minutes

10 µL

10 µL



 79 

run time to account for any crossover or contamination. A sample workflow could be shown 

as: 

• 11 calibration curve standards run in duplicate 
• 3 quality control samples (low, medium, and high) run in duplicate 
• 11 patient samples run in quadruplicate 
• 3 quality control samples (low, medium, and high) run in duplicate 
• 11 calibration curve standards run in duplicate 

The concentrations of these calibration curve points, and quality control standards (Table 

3.7) lists the known concentrations of each standard in patients 01-03.   
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Table 3.7. Concentrations of curcumin and its analogs in calibration curves, quality control 
standards, and deuterated internal standard for patients 01-03.  

Calibration 
Level 

Concentration of 
Curcumin and 

Analogs in Spike 
(ng/g) 

Final 
Concentration of 
Curcumin and 

Analogs in Serum 
(ng/g) 

11 1000 83.33 
10 500 41.67 
9 250 20.83 
8 125 10.42 
7 62.5 5.21 
6 31.25 2.6 
5 15.63 1.3 
4 7.81 0.65 
3 3.91 0.33 
2 1.95 0.16 
1 0.98 0.08 

Quality Control 3 523.81 43.65 
Quality Control 2 261.9 21.83 
Quality Control 1 130.95 10.91 
Internal Standard 
in All Samples 100 8.33 

 

These standards were used to produce the following calibration curves (Figure 3.5) for 

potential quantification of any detected curcuminoids. Based on these calibration curves, a limit 

of detection of 5.0 ng/mL and a limit of quantitation of 15.1 ng/mL was calculated. Despite these 

relatively low limits, no quantitation of any curcuminoids in any sample was achieved, though 

repeated detection was observed in several samples. 
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Figure 3.5: Combined calibration curves of curcuminoids: curcumin (CUR), tetrahydrocurcumin 
(THC), demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), and S-turmerone (TUR) 
with accompanying linearity for patients 01-03.  
 
 

3.4 Results and Discussion of Patient 01-03 

 Determination of the efficacy of curcumin extraction and dosing required analytical 

quantitation of curcuminoids. Extractions were performed and quantitation was attempted via the 

use of calibration curves (Figure 3.5). Results of extraction and processing of samples (Table 3.8) 

were catalogued, and it was determined that, while analytes of THC, DMC, TUR and BDMC were 

observed qualitatively, they were at an insufficient level to be quantitated. Due to qualitative THC 

being observed in all samples, including those taken prior to dosing of the patients with medication, 

it was believed that these either represented an unknown molecule of similar mass transitions or 
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potential contamination of samples prior to delivery to Duquesne University. As no appreciable 

amount of DMC, TUR, or BDMC were present in samples prior to dosing, it was determined that 

these were more worthy of consideration as being the analytes of interest. However, TUR and 

BDMC only appeared in one of the three patients each. This could potentially be caused by 

different absorption and metabolic rates of patients as they were only observed in the serum of 

patient one. More consistently, DMC was observed in serum and cerebrospinal fluid of all patients 

beginning at the third collection time. Prior to analysis, it was theorized that analyte levels would 

increase as they passed from the gastrointestinal tract into the body and then decrease as they were 

cleared. This would eventually plateau on the final draw, Day 7, after the patient had been dosed 

consistently for a week. However, once absorbed, DMC remained in the body for the duration of 

the first dosing showing a potential longer half-life within the body than other analytes of CUR. 

Chromatograms of analytes THC in serum (Figure 3.6), TUR in serum (Figure 3.7), THC in 

cerebrospinal fluid (Figure 3.8), BDMC in cerebrospinal fluid (Figure 3.9), and an overlay of all 

patient samples, both serum and cerebrospinal fluid (Figure 3.10) to show the observed analytes 

in relation to the signal to noise ratio are presented. 
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Table 3.8: Complied results for patients 01-03 for all serum and cerebrospinal fluid samples. 
Where ND stands for no detection and NQ  stands for not quantifiable.In sample tube 6 of 
Patient 01, in one of the four replicates, a large amount of curcumin was observed. This was 
not seen again in any of the other three repicates or in any of the other time samples before or 
after, this replicate was discarded as an instrument error.  

 

Patient Vial THC CUR BDMC TUR DMC
1 1 NQ ND ND ND ND
1 2 NQ ND ND ND ND
1 3 NQ ND ND ND ND
1 4 NQ ND NQ ND NQ
1 5 NQ ND ND ND ND
1 6 NQ ND* ND ND NQ
1 7 NQ ND NQ NQ NQ
1 8 NQ ND ND ND NQ
1 9 NQ ND ND ND ND
1 10 NQ ND ND ND ND
1 11 NQ ND ND ND NQ

2 1 NQ ND ND ND ND
2 2 NQ ND ND ND ND
2 3 NQ ND ND ND ND
2 4 NQ ND ND ND NQ
2 5 NQ ND ND ND NQ
2 6 NQ ND ND ND NQ
2 7 NQ ND ND ND NQ
2 8 NQ ND ND ND NQ
2 9 NQ ND ND ND NQ
2 10 NQ ND ND ND NQ
2 11 NQ ND ND ND NQ

3 1 NQ ND ND ND ND
3 2 NQ ND ND ND ND
3 3 NQ ND ND ND NQ
3 4 NQ ND ND ND NQ
3 5 NQ ND ND ND NQ
3 6 NQ ND ND ND NQ
3 7 NQ ND ND ND NQ
3 8 NQ ND ND ND NQ
3 9 NQ ND ND ND NQ
3 10 NQ ND ND ND NQ
3 11 NQ ND ND ND NQ

1 CSF NQ ND ND ND NQ
2 CSF NQ ND ND ND NQ
3 CSF NQ ND ND ND NQ
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 THC was theoretically quantitatively observed in all levels of patient samples including a 

pre-dosed blood sample. As such, it was questioned whether these repeated observations were 

authentic, or an artifact. 

 

 

Figure 3.6: Overlaid replicates of all patients showing possible positive response for 
tetrahydrocucumin in serum samples of patients 01-03 With blue being Patient 01, green Patient 
02, and brown Patient 03. 
 

 DMC was observed in the serum of all patients throughout the study, starting with the third 

blood draw. Thus, it is likely this analyte was present, just in a concentration too low for 

quantitation. 
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Figure 3.7: Average overlaid replicates of all patients showing possible positive response for 
demethoxycurcumin in serum samples with Patient 01 in blue, Patient 02 in green, and Patient 03 
in brown. 

 

 THC was observed in cerebrospinal fluid, but due to its ubiquity in the study it remains to 

be determined if the analyte was present, or an artifact. 

 

Figure 3.8: Overlaid replicates showing possible positive response for tetrahydrocucumin in 
cerebrospinal fluid samples, where Patient 01 is blue, Patient 02 is green, and Patient 03 is brown. 
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 DMC was observed in the cerebrospinal fluid of all patients, as well as the provided serum. 

Due to the nature of its appearance in serum samples, it was determined that DMC was present, 

but in a concentration too low to be quantitated using traditional calibration curves. 

 

 

Figure 3.9: Overlaid replicates showing possible positive response for demethoxycurcumin in 
cerebrospinal fluid samples where Patient 01 is blue, Patient 02 is green, and Patient 03 is brown. 
 

 When determining whether a peak can be quantified or even said to be there the signal to 

noise ratio must be determined. All patient samples, for both blood and cerebrospinal fluid were 

taken and overlaid. While no peaks were large enough to reach the requisite ten times signal to 

noise ratio for quantification, or indeed even the 3.3 times to allow for qualitative results, these 

peaks are above the baseline noise and replicated among different attempts and samples.   
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Figure 3.10: Overlapping spectra of all measurments in cerebrospinal fluid for three patients (01-
03) in part I of the experiment. Potentially observed analytes are surrounded by a blue box, those 
that are not present are surrounded by a red box. 

 

3.5 Conclusions of Patient 01-03 Dosing Trials 

 It was determined that the analyte BDMC was present in both serum and cerebrospinal 

fluid due to the repeated observations of peaks between patients as well as its absence in the first 

two blood draws, indicating a time delay for absorption. THC was observed in all patient samples 

and cerebrospinal fluid including a pre-dose measurement. Thus, it was unclear whether this 

analyte was present in the patient’s pre-dose or was an artifact. No quantitation was possible due 

to the low levels of analyte and lack of isotopically enhanced spikes for any curcuminoid other 

than CUR, which was not observed. The physician increased the dose for the next round of 

patients, and it was decided levels of these analytes as well as GLU-CUR (Figure 3.11) to 

determine if any of the absorbed CUR had been metabolized and was no longer viable as an active 

ingredient. 
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3.6 Patients 04-06 Materials and Methods 

3.6.1 Reagents and Materials 

OO

O
O

OH
O

Curcumin-beta-D-Glucuronide (GLU-CUR)
C27H28O12

 Mass: 544.5090

O
CO2H

OHOH

OH

 
Figure 3.11: Chemical structure, exact mass, and molecular formula of glucouronidated 
curcumin (Curcumin-beta-D-Glucu ronide) 
 

3.6.2 Instrumentation 

The same instruments and chemicals were utilized as in the first part of the experiment 

except for the Ascentis Express RP-Amide HPLC Column 10 cm x 2.1 mm, 5 µm column, which 

had been degraded due to method development with peaks beginning to disappear, be cut off, or 

run together. The degradation of the column is shown in Figure 3.12. A new column was 

purchased from a new lot (S14047). When this new column was used, the liquid chromatography 

method that had previously been developed could not be fully transferred with incomplete 

separation of peaks (Figure 3.13). An unscheduled MRM was then run to see more precisely where 

the analytes eluted before further method development was attempted but it was determined that 

the column was insufficient for the needs of the project and was replaced with a third column. 

When the third column was purchased, an attempt was made to acquire one with the same lot 

number as the first (S14013), but this lot had been sold out. As such, an additional column of the 

second lot (S14047) was purchased. Additionally, GLU-CUR was added to the analytes of interest 

attempt to elucidate any metabolism of CUR which may have occurred, and its fragmentation 

parameters (Table 3.9) were added to the overall methodology. After method development, the 

final separation method was used (Table 3.10).  
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Figure 3.12: Degradation of first purchased column: Supelco Column Ascentis Express RP-
Amide HPLC Column 10 cm x 2.1 mm, 5 µm Lot S140413 on calibration curve standard.  
 

 Despite being the same model of column, separation proved difficult on the replacement 

Supelco Column due to a change in lot number. When separation of the same chemicals was 

attempted incomplete and overlapping peaks were detected. This required further method 

development for complete separation of all analytes. 
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Figure 3.13:  Previously developed method when run through new Supelco Column Ascentis 
Express RP-Amide HPLC Column 10 cm x 2.1 mm, 5 µm Lot S14047 on calibration curve 
standard. 
 

 

The addition of GLU-CUR to the list of curcuminoids for detection required the addition 

of analytes of interest on the mass spectrometer.  

 
Table 3.9: Fragmentation weights, energies, and polarity for detection of curcumin-beta-D-
glucuronide for detection on an Agilent 6460 triple quadrupole mass spectrometer. 

 

  

 Separation was achieved using the method described in Table 3.10, which allowed full 

baseline separation of all analytes. 

GLU-CUR 545.5 369 160 3 Negative
GLU-CUR 545.5 285 160 6 Negative
GLU-CUR 545.5 245 160 11 Negative
GLU-CUR 545.5 177 160 17 Negative

Analyte Weight (DA)
Fragment

Weight (DA)
Fragmentor
Energy (V)

Collision
Energy (V)

Polarity
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Table 3.10: Final separation method curcuminoids: curcumin, tetrahydrocurcumin, 

demethoxycurcumin, bisdemethoxycurcumin, S-turmerone, and curcumin-beta-D-glucuronide on 

a Supelco Ascentis Express RP-Amide HPLC Column 10cm x 2.1mm, 5µm column for 

detection on an Agilent 6460 triple quadrupole mass spectrometer. 

Time (Min) H2O 
% 

Acetonitrile 
% 

Flow 
(mL/min) 

0 60 40 1.0000 
0.5 60 40 1.0000 
4 58 42 1.0000 

6.5 54 46 1.0000 
7.5 2 98 1.0000 
8.5 2 98 1.0000 
8.6 60 40 1.0000 

 

 The full chromatographic separation of curcuminoids: GLU-CUR, THC, CUR, DMC, 

TUR, and DBMC can be seen in in Figure 3.14. 
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Figure 3.14: Chromatogram of final separation method for curcuminoids: curcumin, 
tetrahydrocurcumin, demethoxycurcumin, bisdemethoxycurcumin, S-turmerone, and curcumin-
beta-D-glucuronide on a Supelco Ascentis Express RP-Amide HPLC Column 10cm x 2.1mm, 
5µm column for detection on an Agilent 6460 triple quadrupole mass spectrometer 
 

3.6.3 Extraction Methods 

 Due to the lack of quantifiable analytes in the first patients (01-03) it was determined that 

a new extraction method should be developed to extract as much of the analyte as possible and, 

thus, achieve a greater signal. This was done by changing the extraction solvent from ethyl acetate 

to ethanol (Table 3.11). The new extraction method was then tested against the previous extraction 

method. The new extraction method appeared to more than double the extracted material from the 

previous extracted method, Final Modified Extraction Procedure (Figure 3.15). The Ethanol 

Extraction Procedure was tested for its extraction efficiency by extracting three separate samples. 

The first sample contained 50 µL of bovine serum which was spiked with 2 µL of the highest level 

of calibration curve standards. This was extracted three times using the Ethanol Extraction Method, 

GLU-CUR 
544.5 g/mol 

544.5 → 369.0 
544.5 → 285.0 
544.5 → 245.0 
544.5 → 177.0 

 

THC 
373.4 g/mol 

373.4 → 177.0 
373.4 → 163.0 
373.4 → 137.0 

 

CUR 
367.1 g/mol 

  367.1 → 217.1 
  367.1 → 149.1 

367.1 → 134 
 

DMC 
337.4 g/mol 

  337.4 → 216.8 
  337.4 → 173.1 
337.4 → 118.9 

 

BDMC 
307.3 g/mol 

  307.3 → 186.9 
  307.3 → 142.9 
307.3→ 118.9 

 

TUR 
217.3 g/mol 

    217.3 → 118.9 
  217.3 → 91.0 
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dried in the speed vac, reconstituted with a 50:50 mixture of acetonitrile and 18.2 Ω deionized 

water and an addition of 0.1% formic acid. The second trial fully extracted 50 µL of bovine serum 

three times, it was dried and reconstituted and then 2 µL of the highest level of calibration curve 

standards were added. The third and final sample contained 50 µL of bovine serum, which was 

extracted, but no calibration curve standard was added to test for a blank. It was determined that 

the extraction efficiency of the Ethanol Extraction Method was determined to be 63.09% 
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Table 3.11: Ethanol extraction method for curcuminoids: curcumin, tetrahydrocurcumin, 
demethoxycurcumin, bisdemethoxycurcumin, S-turmerone, and curcumin-beta-D-glucuronide 

 

 

 The newly developed method, the Ethanol Extraction Method, was compared to the 

previously used method, Final Modified Extraction Procedure, by extracting the highest level of 

calibration curve and plotting them in the same graph. Below the difference in counts can be seen. 

  

Reagent Volume

Serum 50 µL

Standard 2 µL

Internal  Standard 2 µL

Ethanol 50 µL

Ethanol 50 µL

Ethanol 50 µL

Acetonitri le 50 µL

18 Ω DI Water 50 µL

Formic Acid 0.1 µL

Reconsti tution

Vortexed at 3000 RPM for 30 seconds

Centri fuged at 13500 RPM for 4 minutes

Removed 50 µL for analys is  in LC-MS

Vortexed at 3000 RPM for 10 seconds

Vortexed at 3000 RPM for 60 seconds

Vortexed at 3000 RPM for 10 seconds

Vortexed at 3000 RPM for 30 seconds

Removed supernatant and placed in LC via l

Removed supernatant into 2 mL tube

Centri fuged at 13500 RPM for 10 minutes

Removed supernatant into 2 mL tube

Placed col lected supernatant in centri fuge

Centri fuged at 13500 RPM for 10 minutes

Centri fuged at 13500 RPM for 10 minutes

Removed supernatant into 2 mL tube

Centri fuged at 13500 RPM for 10 minutes

Ethanol Extraction Procedure
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Figure 3.15. Results of comparison of final ethyl acetate extraction and ethanol extraction of 

curcuminoids 

 

3.6.4 Calibration Curves 

Although FDA validation protocol recommends a ten-to-twelve-point calibration curve, 

such that at least six can be conserved, it was observed that the highest and lowest levels in the 

calibration curve were rejected in many cases owing to the sensitivity of the instrument. It was 

determined that a nine-point calibration curve could be utilized with six points still maintained. 

All calibration curves were bracketed to correct for instrument drift and included three quality 

control samples which were also bracketed. Blanks were also measured several times throughout 

the run time to account for any crossover or contamination. Blanks consisted of a 50:50 mixture 

of water and acetonitrile. A sample workflow could be shown as: 

 
• 9 calibration curve standards run in duplicate 

 

Ethanol 
Extraction 
Performed 
in Part II 

Ethyl 
Acetate 

Extraction 
Performed 
in Part I 
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• 3 quality control samples (low, medium, and high) run in duplicate 
• 11 patient samples run in triplicate 
• 3 quality control samples (low, medium, and high) run in duplicate 
• 9 calibration curve standards run in duplicate 

Calibration curve levels were made by taking stock solutions of natural analytes: CUR, THC, 

DMC, BDMC, and TUR with concentration of approximately 11,000 ng/g and performing serial 

dilutions in methanol as well as a constant level of deuterated internal standard: CUR-D6. GLU-

CUR was not extracted well with the current method and, therefore, was excluded from calibration 

curves. These dilutions can be seen in Table 3.12. All samples were prepared by spiking 50 µL of 

bovine serum with 2 µL of internal standard and 2 µL of spike from the corresponding calibration 

level, except for Calibration Level 9, where 3 µL of spike was used due to previously diluted 

sample strength. 
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Table 3.12. Concentrations of curcumin and its analogues in calibration curves, quality control 
standards, and deuterated internal standard. 

Calibration 
Level 

Concentration of 
Curcumin and 

Analogs in Spike 
(ng/g) 

Final 
Concentration of 
Curcumin and 

Analogs in Serum 
(ng/g) 

9* 1000 160.98 
8 1000 107.84 
7 500 53.92 
6 250 26.96 
5 125 13.48 
4 62.5 7.74 
3 31.25 3.37 
2 15.63 1.68 
1 7.81 0.84 

Quality 
Control 3 523.81 17.97 

Quality 
Control 2 261.9 8.99 

Quality 
Control 1 130.95 4.49 

Internal 
Standard in 

All Samples** 
100 11.76 

*3 µL of spike was used due to previously diluted sample strength 
** Due to total volume of Calibration Level 9, Internal Standard was calculated to be 11.71 

ng/g 
 
 
Once the samples had been run, data was analyzed and quantified using Agilent Technologies 

MassHunter software (version B.06.00 SP1) that was loaded on a computer onto which Windows 

7 operating system had been installed calibration curves were constructed. An example of the 

following calibration curves lines of regression can be seen in Figure 3.16 which is a conglomerate 

average of all points on te calibration curves. 
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Figure 3.16: Combined calibration curves of curcuminoids: curcumin (CUR), 
tetrahydrocurcumin (THC), demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC), 
and S-turmerone (TUR) with accompanying linearity for patients 04-06. 

 

 

3.7 Patient 04-06 Results and Discussion 

After performing extractions on each of the patient samples and ran the methodologies on 

the instruments and attempting to quantify the data as described above, the results are catalogued 

in Table 3.13. The limit of quantification was estimated to be approximately 5 ng/ml with a limit 

of quantitation estimated to be 13.1 ng/mL. In all cases the analytes were below the limit of 

quantification and in many below the limit of detection. Despite the better extraction protocols and 

increased dosing of the patients, no increase in analyte detection occurred from patients 01-03. 

The only detection in cerebrospinal fluid was observed to be TUR, but upon comparison to a blank, 

it was deemed not appreciable. Figure 3.17 shows TUR in cerebrospinal fluid with no blanks 

present and Figure 3.18 shows TUR with blanks overlaid. 
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Table 3.13: Complied results for patients 04-06 for all serum and cerebrospinal fluid samples. 
Where ND stands for no detection and NQ stands for not quantifiable, as the concentration was 
too low to be quantfied using calibration curves.  

 

 Potential peaks for TUR were seen in cerebrospinal fluid, giving a gaussian response 

curve with a signal-to-noise ratio too low to be quantitated.  

Patient Vial THC CUR GLU-
CUR BDMC TUR DMC 

4 1 NQ ND ND ND ND ND 
4 2 NQ ND ND ND ND ND 
4 3 NQ ND ND ND ND ND 
4 4 NQ ND ND ND ND ND 
4 5 NQ ND ND ND ND ND 
4 6 NQ ND ND ND ND ND 
4 7 NQ ND ND ND NQ ND 
4 8 NQ ND ND ND NQ ND 
4 9 NQ ND ND ND NQ ND 
4 10 NQ ND ND ND NQ ND 
4 11 NQ ND ND ND NQ ND 
     

 
    

5 1 NQ ND ND ND ND ND 
5 2 NQ ND ND ND ND ND 
5 3 NQ ND ND ND ND ND 
5 4 NQ ND ND ND ND ND 
5 5 NQ ND ND ND ND ND 
5 6 NQ ND ND ND ND ND 
5 7 NQ ND ND ND ND ND 
5 8 NQ ND ND ND ND ND 
5 9 NQ ND ND ND ND ND 
5 10 NQ ND ND ND ND ND 
5 11 NQ ND ND ND ND ND 
     

 
    

6 1 NQ ND ND ND ND ND 
6 2 NQ ND ND ND ND ND 
6 3 NQ ND ND ND ND ND 
6 4 NQ ND ND ND ND ND 
6 5 NQ ND ND ND ND ND 
6 6 NQ ND ND ND ND ND 
6 7 NQ ND ND ND ND ND 
6 8 NQ ND ND ND ND ND 
6 9 NQ ND ND ND ND ND 
6 10 NQ ND ND ND ND ND 
6 11 NQ ND ND ND ND ND 
     

 
    

4 CSF ND ND ND ND ND ND 
5 CSF ND ND ND ND ND ND 
6 CSF ND ND ND ND ND ND 

 



 100 

 

Figure 3.17: Average S-turmerone extracted from cerebrospinal fluid samples from: Patient 04 
in blue, Patient 05 in green, and Patient 06 in brown 
 

 However, when TUR signal in the sample was compared to the blanks run before and 

after the sample, similar sized peaks were seen representing potential cross contamination from 

book-ended calibration curves or an artifact from the extraction process. 
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Figure 3.18: Average S-turmerone extracted from cerebrospinal fluid samples from: Patient 04 
in blue, Patient 05 in green, and Patient 06 in brown, as well as Blanks in Grey. 
 
 
3.8 Conclusions 

Initial patient samples, Patients 01-03, were run with an ethyl acetate extraction. Most of 

the analytes were below the limit of detection in all samples. THC was the only analyte observed 

consistently throughout all patient samples. The analogue DMC was also observed in several 

patient samples. For the following set of patient samples, Patients 04-06, an improved extraction 

technique using ethanol was employed achieving a 63.09% extraction efficiency, however, was 

not effective in extracting the additional curcumin analogue, GLU-CUR. The first purchased 

column ceased to function properly and was replaced, but the second column was defective causing 

a loss of six weeks of time. Once a third column was obtained, a new chromatography method was 

developed, and the samples were processed. However, despite the improved extraction and 

increased patient dose, the only curcumin metabolite found in cerebrospinal fluid was TUR, which 

was also observed in comparable counts in the blank. This proves the need for a novel method to 
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be developed which allows for accurate quantitation at levels below what would be considered 

possible using traditional calibration curves.  

3.9 Sensitive Quantification Improvements as a Foundation for Future Research   
  

These medical quantifications demonstrated the critical need for more and better sensitive 

quantification beyond the capabilities of the current mass spectrometers used in standard 

configurations. This was a reduction to practice of a new patented method for quantification which 

is digital and does not use the analogue calibration curve methods described in this research for 

quantification. These research development applied to ultra-sensitive mass spectrometry 

quantification are discussed elsewhere in this dissertation. However, it was these critical medical 

examples that demonstrated the need that for the research enabling quantification issues in 

subsequent chapters that are part of this dissertation. 
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Chapter 4: Development of Novel Accurate Quantification Technique of Methylmalonic 

Acid Below the Instrument Manufacturer’s Lower Limit of Quantitation Known as Thor’s 

Hammer Isotope Dilution Mass Spectrometry. 

 

4.1. Introduction 

 As technology has increased, detections of analytes have matched its pace throughout 

scientific disciplines. Techniques as varied as epiflorescence microsopy,1 the incorporation of an 

Orbitrap into mass spectrometry,2 and the use of ion mobility chromatography3 have been used to 

detect various analytes in concentrations well below what was possible in just a decade past. In 

the field of proteomics alone, researchers propose the existence of between 10,000 and several 

billion different protein species in the human body.4-6 According to the Plasma Proteome Database, 

10.5 thousand blood-plasma proteins have been detected and less than 10% have been measured 

in a quantitative manner.6, 7 One of the major challenges in protein quantitation is detecting 

ultralow-abundance species with concentrations <10−12 M in the presence of high-copied protein 

molecules at concentrations >10−6 M.8 The increased frequency of protein detection and isolation 

has been a potential boon for the discovery and characterization of biomarkers for various disease 

states which may aid in future treatment and patient monitoring.9 However, due to the absence of, 

or poor quality, of quantitation for these potential biomarkers, physicians are unable to utilize them 

to their fullest extent.10 Thus, the future of medicine requires not only greater tool to determine 

and categorize potential biomarkers, but to quantitate them by lowering the lower limit of 

quantitation (LLOQ). 

 The development of potential quantitative techniques to decrease the LLOQ and allow for 

quantitation of low levels of analytes can follow two potential routs in mass spectrometry.11 The 
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first is by decreasing the signal to noise ratio or increasing the sensitivity of the instrument, which 

typically requires utilization of highly purified chemicals and advanced and expensive 

instrumentation.12-14 The second is signal amplification of the analyte, which typically utilizes the 

reduction of a large volume of matrix to quantitate a small concentration of analyte,15 adding a 

known concentration of analyte to the sample via standard addition,16 or through derivatization.17 

These techniques may be difficult or impossible to perform due to sample size limitations or lack 

of functionalization sites of the analyte of interest. Thus, from the perspective of an analyst, it 

would be beneficial to produce a robust quantitation method which could be utilized across many 

platforms without being cost prohibitive.  

 In addition to the LLOQ, the lower limit of detection (LLOD) and limit of the blank (LOB) 

are required for analytical determinations utilizing mass spectrometry prior to the beginning of 

testing. When utilizing calibration curves, the LOB is 1.3 times the standard deviation of the signal 

response over the slope of the calibration curve, the LLOD is 3.3 times the standard deviation of 

the signal response over the slope of the calibration curve, and the LLOQ is 10 times the standard 

deviation of the signal response over the slope of the calibration curve.18 This is, traditionally, the 

most widely utilized form of lower limit determination due to the ubiquity of calibration curves in 

quantitation as well as its relative simplicity.19 However, this is by no means the only accepted 

method of determination of the limits of calibration curves.20, 21 There is currently no universally 

accepted definition of the LLOD and LLOQ let alone standard on how to determine them.22-24  

 One frequently used method to determine the LLOD and LLOQ utilizes signal to noise 

ratio of the blank to determine the signal to noise ratio which analyte can be reliably distinguished 

from the noise of the sample.21 In this determination, a series of blanks are processed first to 

determine the LOB which is the highest apparent analyte concentration expected to be found when 
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replicates of a blank sample containing no analyte are tested.21 The LOB is determined by means 

of the blank plus 1.645 times the standard deviation of the blank.21 This limit is then used to 

determine the LLOD, which is the lowest analyte concentration likely to be reliably distinguished 

from the LOB and at which detection is feasible, by taking this number and adding 1.645 times 

the standard deviation of a low concentration sample.21 Finally, the LLOQ, the lowest 

concentration at which the analyte can not only be reliably detected but at which some predefined 

goals for bias and imprecision are met, may be equivalent or higher than to the LLOD.21 This 

methodology was utilized to determine the LLOD and LLOQ as isotope dilution mass 

spectrometry (IDMS) does not utilize calibration curves. While statistical determinations have 

been proposed, there is no defined method for determination of LLOD and LLOQ utilizing 

IDMS.25 

IDMS is a quantification technique developed by George de Hevesy which won a Nobel 

Prize in 1943.26 IDMS allows for accurate quantitation without the use of a calibration curve by 

means of isotopic measurement, or perhaps it is better explained as the use of a one-point internal 

calibration curve. A heavy isotopic labeled version of the analyte in question, which does not exist 

in high quantity in the natural world, is purchased or synthesized and added to a sample and 

equilibrated. Once equilibrated, the foreknowledge of the weight and concentration of this 

isotopically labeled molecule allows for accurate quantitation without the use of a calibration curve 

using the IDMS equation (Equation 1). This combined with the knowledge that the chemistry of 

the isotopes is identical, meaning the rate of ionization of the added spike and the natural chemical 

are similar in most cases, allow for quantitation to be based on ratio without time constraints of 

using calibration coves. Compared to traditional calibration curves, both accuracy and precision 

are increased even at low levels. IDMS is designated by the International Union of Pure and 



 115 

Applied Chemistry as one of the definitive methods for the certification of a reference material.27 

Professor Kingston teaches that calibration curves are an analog method while IDMS is a digital 

method of quantifying concentrations.   

 Proper application of isotopic spike to sample is determined by the error propagation factor 

(Equation 1.2).28 This is dependent on the isotopic enhancement of the spike and isotopic 

abundances of the natural sample.28 The error propagation factor equation is applied to avoid 

pitfalls of the application of the isotopic spike, namely the spiked sample ratio approaching the 

spike ratio, known as overspiking, or approaching the natural isotopic ratio, known as 

underspiking.28 The effect of the error propagation factor is dependent on the mass spectrometric 

precision, and the relative enrichment of the spike isotope and natural isotope.28 Optimal spiking 

ratio can is determined utilizing the equation, but the associated error can be low over orders of 

magnitude. For carbon the optimal spiking ratio close to 1:1, but error remains low from a ratio of 

carbon 13/12 ranging from 0.01 to 10 (Figure 4.2). 
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Figure 4.1. Calculated and plotted error propagation factor for use in carbon isotope 13/12 for use 
in determining the optimum spiking ratio for isotope dilution mass spectrometry and acceptable 
error window for MetaSpike™ use in Thor’s Hammer isotope dilution mass spectrometry. 
 
 

This range of relatively low error can be exploited by expanding on one of the natural 

features of IDMS, namely the presence of a small concentration of natural in the isotopically 

enriched standards. As an example, carbon has two stable isotopes, carbon-12 and 13. Carbon 

naturally has an isotopic ratio of 98.93% carbon-12 and 1.07% carbon-13 (Figure 4.2). 
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Figure 4.2. Natural isotopic abundance of carbon in methylmalonic acid. Naturally, carbon has a 
98.89% carbon-12 isotope and a 1.11% carbon-13 isotopic distribution. Methylmalonic acid has 
four carbons and standards were measured to have an isotopic distribution of 99.41% which would 
fall into the mass transition of 11773 and 0.59% in the isotopically enhanced mass transition of 
12176. 

 

In contrast, isotopically enriched standards of MMA can be purchased for quantification 

utilizing both calibration curves as an internal standard and IDMS for the enabling spike. This 

standard has four carbons, each of which were enriched to carbon-13, which has a mass transition 

of 12176. These mass transitions are unique and do not overlap with any known isobar. 

Abundances of isotopes are published by the manufacturer (Figure 4.3) and must be considered 

when utilizing IDMS for quantitation.  
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Figure 4.3. Isotopic abundance of carbon in methylmalonic acid purchased from Cerilliant (Lot 
FN06121302). This lot was reported to have a carbon isotopic abundance of 1.47% carbon-12 
isotope and a 98.53% carbon-13 isotopic distribution. Standards were measured to have an isotopic 
distribution of 2.13% carbon-12 and 97.87% carbon-13. 
 

This impurity is a known value in isotopic standards and is reported by the manufacturer. 

The knowledge of the isotopic abundances in the natural sample and spike is what allows for 

deconvolution in IDMS and speciated isotope dilution mass spectrometry (Figure 4.4).29 Given 

that the optimal spiking ratio of heavy to light isotopes can have a relatively large range in which 

error associated with spiking is low, this can be utilized to enhance the purchased spike with natural 

sample to create a new MetaSpike™ which will increase the signal of the analyte and allow for 

quantitation at levels below the LLOQ (Figure 4.5).  
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Figure 4.4. Optimal isotopic abundance of carbon in methylmalonic acid of an isotope dilution 
mass spectrometry spike based on the error propagation factor curve. These curves are unique to 
the element of interest for isotope dilution mass spectrometry but have not been prepared for more 
complex molecules. This represents how spike for traditional isotope dilution mass spectrometry 
is utilized. By the nature of the spike, a small percentage of natural isotope is added to the sample 
which is deconvoluted in the isotope dilution mass spectrometry equation (Equation 1.1). 
 
 

 
Figure 4.5. The completed MetaSpike™ which is ready to add to the sample to enable Thor’s 
Hammer isotope dilution mass spectrometry. The natural addition of a small concentration of 
analyte through the traditional isotope dilution mass spectrometry spike has been expanded upon 
to create a unique isotope found nowhere else on the planet. There is, so far, no literature which 
investigates the creation of such a spike for signal enhancement. 
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 Elevated methylmalonic acid (MMA) is seen at levels of one in 48,000 patients in North 

America, and at a level of one in 26,000 patients in China.30 The accepted normal range of MMA 

is between 70 and 270 nmol/L,31-33 however some conditions, such as a genetic deficiency in 

MCEE, the gene on chromosome 2 which controls the enzyme methylmalonyl-CoA epimerase, is 

seen in concentration of only 7 nmol/L.34 This concentration is too far below the calculated LLOQ 

for MMA to be quantitated by calibration curves.  For this reason, MMA was chosen as a proof of 

concept to enable a new quantification technique known as Thor’s Hammer isotope dilution mass 

spectrometry (TH-IDMS).  

 

4.2. Materials and Methods 

4.2.1 Chemicals and Preparation of samples 

 MMA purchased from Sigma Aldrich (Lot STBB4671) and SUC purchased from Alfa 

Aesar (Lot Y12A042) were purchased and made into standards of approximately 1 µg/g being 

dissolved in 15-mL Fisher Scientific (Lot 035329) in Fisherbrand metal free disposable centrifuge 

tubes (Lot 26920041) utilizing 18.2 MΩ deionized water was which was made in lab using a 7146 

Barnstead NANOpure system (Model 251115-102), which was then passed through a D7035 

Easypure II water filtration system (Model 1305080906425). These solutions were allowed to mix 

on a Vortex Genie 2 Digital Serial (Model A3-1896) for 30 seconds at 5000 RPM. The samples 

were then filtered via a 10-mL Norm-Ject luer lock solo syringe (Lot 20F01C8) and passed through 

a 0.22 µm pore size polypropylene Agilent technologies filter (Lot FG4627). Solutions of MMA, 

SUC, and a combination of the two were made and used for liquid chromatography separation and 

mass spectrometry optimization. A 4C13 isotopically enriched standard of MMA which was 
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purchased from Cerilliant (Lot FN06121302) which had been enriched to 98.53% and was diluted 

with 18.2 MΩ deionized water to create an 84.037 ng/g isotopically enriched standard which would 

be utilized as an internal standard for calibration curve measurements as well as heavy isotopic 

standards for IDMS quantification. 

 Abundance testing was performed on samples of MMA, both isotopically enhanced and 

natural, which were diluted to approximately 1mL of 8.4 ng/mL in 1 mL Agilent amber glass liquid 

chromatography vials (Lot 18154222). These samples were made in triplicate and then directly 

injected onto an Agilent triple quadrupole system with five replicates.35, 36 Mass transitions ranging 

from 117  68-78 and 121  68-78 were monitored for each sample to determine the extent of 

full enrichment of MMA in the isotopic and natural analogs. Three levels of MMA spike 

concentrations were tested. First was natural MMA with no isotopically enriched analog added. 

The second was the isotopically enriched analog to which no natural MMA had been added. The 

third and final sample was the MetaSpike™ for use in TH-IDMS quantitation which had be 

reconstituted to roughly 30% natural and 70% isotopically enriched MMA. 

 Calibration curve and TH-IDMS quantitation levels were made in 18.2 MΩ deionized 

water and which were serial diluted prior to the addition of internal standard of 4C13 enriched 

MMA purchased from Cerilliant for the calibration curve quantitation and the MetaSpike™ which 

had been prepared prior to the experimentation which were added to each sample, respectively. 

After dilution and addition of the respective spikes, new concentrations for each level of 

quantitation were recalculated to account for this further dilution. These spikes weighed 

approximately 0.025 g for each sample and consisted of an isotopically enriched MMA with a 

concentration of 5.9127 µg/g for the calibration curves and a MetaSpike™ which contained a 

concentration of roughly 30% natural and 70% isotopically enriched MMA made from mixture of 



 122 

1.9845 µg/g natural and 5.9127 µg/g isotopically enriched analogs. These samples were prepared 

in triplicate and tested in replicates of five to ensure precision and repeatability of the method.   

Comparison samples of TH-IDMS to traditional IDMS were performed by the addition of 

natural MMA as well as the IDMS standard and MetaSpike™ to bovine blood samples to which 

Ethylenediaminetetraacetic acid had been added which were purchased from Lampire on 

11/29/2016 which had been stored in a -80 °C freezer until needed and was then thawed overnight 

on ice which had been spiked with MMA. Blood card testing was application of 20 µL of spiked 

bovine blood samples to cellulose Whatman C-Pak cards (Lot ET7059416). These blood samples 

were created with a concentration of roughly 0.15 µg/g of natural MMA and 0.025 g of 5.9127 

µg/g isotopically enriched MMA and a separate sample to which 0.025 g of roughly 30% natural 

and 70% isotopically enriched MMA made from mixture of 1.9845 µg/g natural and 5.9127 µg/g 

isotopically enriched analogs for the Meta Spike and allowed to dry on the Whatman C-Pack blood 

cards for 24 hours. These samples were then desorbed using the method developed on the Gerstel 

SPExos system as well as the liquid chromatography separation achieved on the Agilent 1200 

liquid chromatography system and the optimization parameters which were determined on the 

Agilent 6460 triple quadrupole mass spectrometer. Samples which were quantitated through 

traditional IDMS were then compared to those who were quantitated using TH-IDMS. 

 

4.2.2 Instrumentation 

Detection was achieved using an Agilent 6460 triple quadruple mass spectrometer (Model 

US92170174) in negative mode selecting for an ion of mass/charge (m/z) of 117 in the first 

quadrupole and 73 in the third through multiple reaction monitoring for natural MMA and 121 in 

the first quadrupole and 76 in the third quadrupole for the isotopically enriched MMA.37-39 While 
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many of the literature values for determining MMA in the MS have derivatized the molecule to 

aid in detection and analysis, one of the goals of the experiment was to automate the process as 

much as possible.40-42 As such, it was determined that no additional derivatization should be 

performed on the MMA and all detection and quantification would occur for the natural state of 

the organic acid. This may potentially decrease the sensitivity of detection, however the increase 

of detection through instrumental optimization should overcome this discrepancy. 

An Agilent 1200 Liquid Chromatography System comprised of a G13798B degasser, a 

G1312B binary pump, a G1367D high performance autosampler, a G1330B thermostat, and a 

G1316B column compartment, was utilized for separation which was then ionized via electrospray 

using a G1958-65138 Agilent Jet-Stream Electrospray Ionization source. Samples were separated 

on a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column (Lot 00F-475-F0) was used 

for successful peak separation. A flow rate of 1.000 mL/min was utilized with a mobile phase 

consisting of 18.2 Ω deionized water from a Barnstead NANOpure system manufactured by 

Thermo Scientific (Model 7146) which was then passed through an Easypure II water filtration 

system manufactured by Thermo Scientific (Model D7035) and HPLC grade acetonitrile 

purchased from Fisher Scientific (Lot 190931) to both of which 0.1% optima grade formic acid 

from Fisher Chemical (Lot 173815) had been applied to aid in the ionization process.43 The 

complete method can be seen below (Table 4.1). 
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Table 4.1. Final LC-MS method for separation of methylmalonic acid and succinic acid on an 
Agilent 1200 liquid chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 
Å 150 x 4.6 mm column for detection on an Agilent 6460 triple quadrupole mass spectrometer. 
This method resulted in complete baseline separation with Gaussian peaks. 

Time 
(Min) 

H2O 
% 

Acetonitrile 
% 

0.00 99.0 1.0 
4.00 90.0 10.0 
4.50 35.0 65.0 
4.75 5.0 95.0 
5.75 5.0 95.0 
5.80 99.0 1.0 

 

The Agilent 6460 triple quadrupole mass spectrometer was optimized for the detection of 

MMA over SUC by utilizing the source optimization program in Agilent’s software. The optimal 

factors are shown below in Table 4.2.  

 

Table 4.2. Optimization parameters for the detection of methylmalonic acid on an Agilent 6460 
triple quadrupole mass spectrometer which was run in negative mode. 

Parameter Optimization 
Gas Temperature 230 ˚C 

Gas Flow 4 L/min 
Nebulizer 45 PSI 

Sheath Gas Temp 300 ˚C 
Sheath Gas Flow 9 L/min 
Capillary Voltage 4000 V 
Nozzle Voltage 500 V 

 

A Gerstel Inc. DBSA SPExos Automated Blood Card system comprised of a model 730 

high pressure dispenser, a model 725 automated cartridge extraction system, a model 410 dried 

blood spot desorption unit, and a model 014-02A multipurpose sampler arm was used. This was 

controlled by Maestro software (Version 1.4.25.1) was utilized for this purpose and samples were 

applied to Whatman FTA DMPK-C Card with a nitrocellulose membrane and a 0.1-12.0 μm pore 
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size and analytes were collected on Spark Holland SPExos strong hydrophobic styrene-

divinylbenzene polymer resin (Lot 86.329) single use cartridges before being injected into the 

liquid chromatography system and further detection on the mass spectrometer. First, the pure 

MMA sample was tested, then the mixed MMA and SA sample, next the spiked blood sample, and 

finally the isotopically spiked blood sample. Twenty μL of sample was added to each of the four 

spots on the card and allowed to dry overnight. Once dried, the blood card was inserted into the 

Gerstel SPExos and a method was developed for detection and quantification. It began by 

conditioning a Gerstel SPExos cartridge with a strong hydrophobic resin (styrene-divinylbenzene) 

inside. The desorption hot cap was set to 80 ˚C (which aids in the removal of analyte from DBS) 

and the flow rate was set to 4000 μL/min with a 1000 μL/min dispense, which was then optimized 

to 250 μL/min. After detection of the analyte, it was necessary to determine if the analyte had been 

lost in the washing step of the MMA elution for a possible increase in response from MMA. The 

complete method for desorption can be seen below (Table 4.3). 
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Table 4.3. Method for desorption of methylmalonic acid from a quantitative dried blood spot using 
a Gerstel SPExos system onto strong hydrophobic resin (styrene-divinylbenzene) cartridges. All 
solvents contained 0.1% formic acid except the clean mix (acetonitrile, methanol, isopropanol, and 
18.2 Ω deionized water in a 3:3:2:2 Ratio) which had 0.05% formic acid. 

 

 

4.2.3 MetaSpike™ Preparation 

  Once the dynamic range of isotopic error had been determined, the MetaSpike™ standard 

was created by mixing standards of the purified analyte of interest at natural isotopic abundances. 

A natural MMA standard, purchased from Fisher Chemical, and enriched 4C13 labeled MMA, 

purchased from Cerilliant, were utilized to create a unique isotopic spike of MMA. The ratio of 

natural and enriched mixture standard depends on factors such as the natural abundance of 

isotopes, the desired signal amplification, the error propagation factor curves, and the LLOD and 

LLOQ of the analyte. The isotopic standards should be mixed in such a way that the altered isotopic 

abundance profile of the newly created MetaSpike™ which reduces imprecision by boosting the 

signal to quantifiable levels above the LLOQ. The MetaSpike™ can be mixed in any ratio but 

works best if the natural analyte is between 20 and 80% of the spike which enables quantitation at 

levels below the LLOQ. 

 The MetaSpike™ is applied to the sample in the same way as spike is applied in IDMS, 

measured by mass, and thoroughly equilibrated. The MetaSpike™ must have the correct 
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concentration, as an excessive spike will overwhelm the signal from the sample and a low 

concentration will not aid in quantitation. Thus, prior to application, concentration of the 

MetaSpike™ should be determined through experimentation and should attempt to be slightly 

below the LLOQ or LLOD. For the determination of MMA at or below the LLOQ, a MetaSpike™ 

was prepared from solutions of 1.984 µg/g natural and 5.926 µg/g enriched MMA into a single 

solution which had a concentration of 0.333 µg/g natural and 0.995 µg/g isotopically enriched 

MMA. This MetaSpike™ was utilized for all TH-IDMS experiments. However, the roughly 30% 

natural and 70% isotopically enriched MetaSpike™ is only one possible concentration and can be 

altered to increase signal and enable quantitation at lower levels of analyte concentration. 

 

4.2.4 Isotope Dilution Mass Spectrometry Sample Preparation 

 For IDMS quantitation at or below the calculated LOQ, samples of natural MMA were 

made starting at 1.912 µg/g of solution and diluted for six data points such that. These samples 

were then spiked with 0.995 µg/g of 4C13 enriched MMA purchased from Cerilliant which acted 

as an internal standard. These samples were prepared in 18.2 MΩ deionized water and in 1 mL 

Agilent amber glass liquid chromatography vials to decrease overall waste of solution. These 

samples were separated by an Agilent 1200 liquid chromatography system after being passed 

through a Phenomenex Synergi Hydro RP column and detected on an Agilent 6460 triple 

quadrupole mass spectrometer. Abundances were then calculated and used for future IDMS 

quantitation.  
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Table 4.4. Concentration and responses for isotope dilution mass spectrometry quantitation of 
methylmalonic acid for quantitation at or below lower limit of quantitation. 

Calibrant Level 1 2 3 4 5 6 
Concentration (µg/g) 1.912 0.962 0.492 0.245 0.128 0.067 

Natural Methylmalonic 
Acid Counts 23401 12683 7121 4437 2484 1474 

Natural Methylmalonic 
Acid Standard Deviation 489.1 222.0 212.4 182.0 77.3 294.8 

Natural Methylmalonic 
Acid 95% Confidence 

Interval 
162.0 73.6 70.4 60.27 25.6 97.6 

Enriched Methylmalonic 
Acid Counts 10400 11369 13083.6 15563 17027 17632 

Enriched Methylmalonic 
Acid Standard Deviation 963.1 706.8 133.2 407.9 372.4 123.3 

Enriched Methylmalonic 
Acid 95% Confidence 

Interval 
319.0 234.1 44.1 135.1 123.4 40.8 

 

 IDMS quantitation was then applied to determine accurate concentration levels at or below 

LLOQ. 

 

4.2.5 Thor’s Hammer on Dried Blood Spot Preparation 

 Blood samples were made first from bovine whole blood with Ethylenediaminetetraacetic 

acid purchased from Lampire on 11/29/2016 which had been stored in a -80 °C freezer until needed 

and was then thawed overnight on ice which had been spiked with MMA and SUC. Blood card 

testing was application of 20 µL of spiked bovine blood samples to cellulose Whatman C-Pak 

cards (Lot ET7059416). These blood samples were created with a concentration of 0.155 µg/g 

MMA and either 0.9828 µg/g of Cerilliant 4C13 enriched MMA for IDMS samples or a 

MetaSpike™, which was comprised of concentration of 0.3333 µg/g natural and 0.9949 µg/g 

isotopically enriched MMA for TH-IDMS. 20 µL of these samples were pipetted onto each of the 

four blood spots and allowed to dry in a clean room on Whatman C-Pack blood cards for 24 hours. 
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Once dried, these samples were passed through the method developed on the Gerstel SPExos 

system as well as the liquid chromatography separation achieved on the Agilent 1200 liquid 

chromatography system and the optimization parameters which were determined on the Agilent 

6460 triple quadrupole mass spectrometer. 

 

4.3 Discussion 

4.3.1 Determination of Lower Limit of Detection and Quantification 

 Before TH-IDMS utilizing MetaSpike™ technology can be employed, the LLOD and 

LLOQ must be established for the analyte of interest on the instrument that is to be utilized. There 

is currently no universally accepted mathematical determination of the LLOQ,44 however, there 

are three widely utilized methods of determination, those which stem from a calibration curve, 

signal to noise ratios, and those which stem from the measured blank.18, 21, 45 However, the LLOQ 

is generally accepted to be 10 times the standard deviation of the signal to noise ratio of the blank.46 

Experimentally, 20 blanks were run and the signal to noise ratio was recorded for both tracked 

mass transitions of MMA and SUC (Table 4.5). Note that these experimental methods of 

establishing measurement parameters are instrument and method dependent. As any peaks were 

indistinguishable from the noise, SUC and MMA peaks were taken from the elution time of the 

analytes for separation method, 4.5 minutes, and 5.1 minutes respectively. This experiment was 

repeated three separate times to ensure consistency and repeatability.  
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Table 4.5. Average peak areas and standard deviations of methylmalonic acid and succinic acid 
taken from twenty blank samples an Agilent 1200 liquid chromatography system through a 
Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm column for detection on an Agilent 6460 
triple quadrupole mass spectrometer. 
 Mass Transition 117-73 Mass Transition 121-76 

 Succinic Acid Methylmalonic 
Acid Succinic Acid Methylmalonic 

Acid 
 S/N Peak Area S/N Peak Area S/N Peak Area S/N Peak Area 

Average 
Counts 3.4 15.3 3.3 13.0 4.3 5.9 4.3 4.8 

Standard  
Deviation 1.4 6.4 1.4 4.2 1.7 3.3 1.7 2.4 

 

From these results, the LOB, LLOD, and LLOQ were calculated for SUC and MMA using 

the previously developed methodology for detection and quantification on an Agilent 1200 liquid 

chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm 

column for detection on an Agilent 6460 triple quadrupole mass spectrometer (Table 4.6).21  

 

Table 4.6. Calculated results for limit of the blank, lower limit of detection, and lower limit of 
quantification of succinic and methylmalonic acid utilizing blank-derived methodology on an 
Agilent 1200 liquid chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 
Å 150 x 4.6 mm column for detection on an Agilent 6460 triple quadrupole mass spectrometer. 

 
Mass Transition 117-73 Mass Transition 121-76 

Succinic 
Acid 

Methylmalonic 
Acid 

Succinic 
Acid 

Methylmalonic 
Acid 

Average Counts 15.3 13.0 5.9 4.8 
Standard Deviation 6.4 4.2 3.3 2.4 

Limit of Blank 25.8 19.9 11.3 8.7 
Limit of Detection 51.0 41.3 21.0 16.6 

Limit of 
Quantitation 51.0 41.3 21.0 16.6 

 

Thus, the LLOD and LLOQ based on signal to noise ratio for methylmalonic acid based 

on the employed sample preparation technique and separated on an Agilent 1200 liquid 

chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm 
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column and detected on an Agilent 6460 triple quadrupole mass spectrometer should be greater 

than 41.3 for accurate quantitation.  

 

4.3.2 Analyte and Isotopic Spike Abundance Testing 

The final step prior to quantitation testing using TH-IDMS is to determine an accurate 

abundance of each of the isotopes which are being measured. In this case, the analytes were natural 

MMA and 4C13 isotopically enriched isotopes purchased from Cerilliant which was reported to 

be enriched to 98.53%. Abundance testing was performed on an Agilent 6530 quadrupole time of 

flight mass spectrometer to which samples of each analyte which had been dissolved in 18.2 MΩ 

deionized water to approximately 1mL of 5.4 µg/mL in 1 mL Agilent amber glass liquid 

chromatography vials. These samples were separated by an Agilent 1200 liquid chromatography 

system after being passed through a Phenomenex Synergi Hydro RP column and detected on an 

Agilent 6460 triple quadrupole mass spectrometer. Abundances were then calculated (Table 4.7) 

and used for future IDMS and TH-IDMS quantitation. 

 
Table 4.7. Calculated abundances of isotope transitions 117  73 and 121   76 natural 
methylmalonic acid, 4C13 enriched methylmalonic acid purchased from Cerilliant, and for the 
MetaSpike™ which enables Thor’s Hammer isotope dilution mass spectrometry for use in accurate 
quantitation. 

  

Natural Methylmalonic 
Acid 

Abundance  

13C Enriched Methylmalonic 
Acid 

Abundance 
Natural Standard 0.9941 0.0059 
IDMS Standard 0.0216 0.9784 
Thor's Hammer 

Standard 0.2911 0.7089 
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 Calculated abundances were then used in the IDMS equation for both the spike (IDMS 

standard and Thor’s Hammer standard respectively) and the sample (Natural standard) to allow 

more accurate quantitation. 

 

4.3.3 Thor’s Hammer Quantitation and Validation as Compared to Traditional Isotope Dilution 

Mass Spectrometry 

 While quantitation utilizing calibration curves is the gold standard of metrology, it is not 

appropriate to utilize this quantitative tool below the established LLOQ. As this exceeds the 

definition of the calibration curve, any resultant data would be meaningless. Thus, validation and 

comparison must be performed utilizing IDMS, a quantitative tool with no universally defined 

LLOQ, but instead one with only limits which are dependent on observation. Methylmalonic acid 

is a stable organic molecule and there should be no difficulty in quantitating it at levels above the 

LLOQ, Chapter 2, however, this changes at lower concentrations where calibration curves begin 

to falter the standard of metrology is to be replaced with an IUPAC gold method for standard 

certification. To preform analogous testing and allow a direct comparison between methodologies, 

a serial dilution for methylmalonic acid was prepared which began above the limit of detection of 

MMA, which was determined to be approximately 1.9 µg/g of analyte. While this quantitation 

would not normally be possible utilizing calibration curves, a comparison of IDMS was used for 

method validation. This solution was serial diluted for six levels to experimentally determine the 

LLOQ for MMA based on IDMS as well as TH-IDMS. Samples were prepared with natural MMA 

and 4C13 enriched MMA in 18.2 MΩ deionized water. Samples underwent chromatographic 

separations on an Agilent 1200 liquid chromatography system and were passed through a 

Phenomenex Synergi Hydro RP column before being detected on an Agilent 6460 triple 
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quadrupole mass spectrometer. Samples were run in replicates of five before quantitation was 

attempted with IDMS as well as TH-IDMS. Using the prepared samples above, attempts were 

made to quantitate samples of MMA (Table 4.8). 

 

Table 4.8. Calculated concentration of methylmalonic acid at or below the lower limit of detection 
from isotope dilution mass spectrometry along with the confidence interval and error.  

Sample Level 1 2 3 4 5 6 

Known MMA Concentration 
(µg/g) 1.912 0.962 0.492 0.245 0.128 0.067 

Calculated MMA Concentration 
(µg/g) 1.870 0.898 0.425 0.189 0.060 0.002 

95% Confidence Interval (µg/g) 0.100 0.011 0.018 0.010 0.033 0.039 
Associated Error (%) 2.4 6.7 13.6 22.9 53.1 97.0 

 
 

 The associated error of at or below the LLOQ of MMA as quantified by IDMS was 

successful at three levels below the traditional LLOQ with ≤15 % error to 0.492 µg/g before levels 

exceeded the ≤20 % error as defined by the FDA’s Bioanalytical Method Validation Guidance for 

Industry. The 95% confidence limits did encompass the known concentration of the analyte for 

the first three data points but failed to overlap in the lowest three levels. (Figure 4.6). These points 

did not overlap, however, meaning they were statistically different. 
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Figure 4.6. Graphical representation of isotope dilution mass spectrometry quantitated data points 
at or below the limit of quantitation. All 95% confidence intervals overlap, meaning samples were 
not statistically different. 
 

 This data is representative of the reason which the LLOQ is calculated, at certain 

concentration of low-level quantitation calibration curves are no longer reliable. This leads to a 

blind spot in quantitation which may lead to limitations in diagnosis and care from physicians. 

Through the application of the MetaSpike™ and quantitation using TH-IDMS, the signal from the 

analyte is increased in and accurate quantitation is possible below the LLOQ as determined for a 

calibration curve.  

 A second set of samples had the MetaSpike™ applied, and the known concentrations of 

MMA were recalculated to reflect the change in mass of the sample. The MetaSpike™ acts as a 

single-point calibration curve inside each sample which can utilize the IDMS equation to allow for 

accurate quantitation. These samples were introduced in replicates of five through the same 

methodology and instrumentation as the calibration curve quantitated samples, the results of which 

were quantitated using the IDMS equation with the abundances of the spike updated to reflect the 

concentration of the MetaSpike™ (Table 4.9).  
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Table 4.9. Calculated concentration of methylmalonic acid at or below the lower limit of detection 
from Thor’s Hammer isotope dilution mass spectrometry along with the confidence interval and 
error.  

Sample Level 1 2 3 4 5 6 
Known MMA Concentration 

(µg/g) 1.912 0.962 0.452 0.208 0.088 0.020 

Calculated MMA Concentration 
(µg/g) 1.952 0.927 0.492 0.245 0.128 0.067 

95% Confidence Interval (µg/g) 0.211 0.079 0.051 0.021 0.017 0.001 
Associated Error (%) 1.5 3.7 8.0 15.0 31.3 70.8 

 

 Quantitation was successful and within acceptable error using TH-IDMS up to the fourth 

dilution below the LLOQ, which was 0.208 µg/g of sample, one order of magnitude below the 

calculated LLOQ. While quantitation exceeded the acceptable error of ± 20% at the LLOQ as 

stipulated by the Food and Drug Administration.47 When viewed graphically, no overlap of error 

bars on any level are observed, meaning the samples are statistically distinct from one another at 

the 95% confidence interval (Figure 4.7). These confidence intervals do not overlap with the 

known concentration at the lowest levels, suggesting that there is a limit to the potential extension 

of TH-IDMS below the L-LOQ. These errors may potentially be overcome by altering the 

MetaSpike™ such that it has a greater percentage of natural analyte which could increase the signal 

from the mass spectrometer further and allow quantitation at even lower levels. 
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Figure 4.7. Graphical representation of Thor’s Hammer isotope dilution mass spectrometry 
quantification. No 95% confidence intervals overlap other samples and are accurate up to one order 
of magnitude below the previously determined limit of quantitation.  
 

 At every level of the data set, the errors were reduced (Figure 4.8) including the levels in 

which TH-IDMS could no longer accurately be applied with a reduction of error by greater than 

50% in all cases. This indicates creating a MetaSpike™ with a greater percentage of natural MMA 

may be able to increase the signal to allow for accurate quantitation at even lower concentrations 

of analyte. 
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Figure 4.8. Decrease in error of each sample compared from isotope dilution mass spectrometry 
and Thor’s Hammer isotope dilution mass spectrometry. The error was decreased by 0.9%, 3.0% 
5.6%, 7.9%, 21.8%, and 26.2% respectively. 
 

4.3.4 Thor’s Hammer Isotope Dilution Mass Spectrometry Compared to Traditional Isotope 

Dilution Mass Spectrometry on Dried Blood Spots 

 Quantitation utilizing TH-IDMS had proven a superior method to calibration curves below 

the previously established LLOQ. Previously, traditional IDMS had been proven a successful 

quantitation tool for MMA on DBS cards and it was determined to test TH-IDMS in a similar 

manner and as a comparison tool to traditional IDMS. As TH-IDMS utilizes the same equation as 

traditional IDMS but includes the MetaSpike™ which increases signal from the mass 

spectrometer, TH-IDMS should allow for accurate quantitation at lower levels than traditional 

IDMS. Neither IDMS nor TH-IDMS utilize calibration curves, however, instead rely on the single 

point calibration curve of the spike that is digitally applied.  IDMS is one of the IUPAC definitive 

methods analytically.27  Thus, no calibration curves were created, and a single MMA concentration 

was applied to bovine blood which was then spiked with either 4C13 which was purchased from 

Cerilliant, or from the MetaSpike™ which had been previously utilized. These blood samples were 
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then applied to Whatman-C Pak blood cards and allowed to dry overnight in a clean room. These 

cards were then desorbed using a fully automated Gerstel SPExos system and the results were 

quantitated (Table 4.10). Due to the loss of potential signal from analytes when utilizing this 

system, it was determined that quantitation below the LLOQ should be tested utilizing the 

automated system and desorbed from DBS in order to compare these two metrology techniques on 

a matrix where TH-IDMS may be the most beneficial. As each blood spot can only be tested once, 

all blood spots were utilized in order for the maximum statistical benefit. 

 

Table 4.10. Comparison of quantitation methods isotope dilution mass spectrometry and Thor’s 
Hammer isotope dilution mass spectrometry of methylmalonic acid which had been desorbed from 
a Whatman C-Pack dried blood spot card using a Gerstel SPExos system and was retained on a on 
Spark Holland SPExos strong hydrophobic resin single use cartridge by an Agilent 1200 liquid 
chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 4.6 mm 
column as seen on an Agilent 6460 triple quadrupole mass spectrometer 

IDMS TH-IDMS 
Volume (µL) 20 Volume (µL) 20 

Replicates 4 Replicates 4 
Known Concentration 

of MMA (µg/g) 0.1544 
Known 

Concentration of 
MMA (µg/g) 

0.1569 

Calculated 
Concentration of 

MMA (µg/g) 
0.1922 ± 0.1505 

Calculated 
Concentration of 

MMA (µg/g) 
0.1672 ± 0.0550 

Associated Error (%) 19.7 Associated Error (%) 9.9 
 

 Quantitation utilizing IDMS and TH-IDMS were both within acceptable (≤20%) error and 

had overlapping confidence intervals at the 95% level (Figure 4.9) at over an order of magnitude 

below the previously established LLOQ. However, TH-IDMS had a superior performance with 

˂10% error and smaller confidence intervals. As the error associated with TH-IDMS for MMA on 

DBS cards was superior even to traditional IDMS, it suggested that accurate quantitation could be 

performed at an even lower level and possibly up to two orders of magnitude below the calculated 
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LLOQ. Introducing a new MetaSpike™ with a unique ratio of natural to isotopically enriched 

analyte, which would enhance the signal further, would allow an even lower LLOQ. 

 

 
Figure 4.9. Graphical comparison of quantitation methods isotope dilution mass spectrometry and 
Thor’s Hammer isotope dilution mass spectrometry of methylmalonic acid which had been 
desorbed from a Whatman C-Pack dried blood spot card using a Gerstel SPExos system and was 
retained on a on Spark Holland SPExos strong hydrophobic resin single use cartridge by an Agilent 
1200 liquid chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 
4.6 mm column as seen on an Agilent 6460 triple quadrupole mass spectrometer. 
  

Overall error reduction of TH-IDMS as compared to traditional IDMS was reduced by 

49.5%, (Figure 4.10) to enable accurate quantitation at levels an order of magnitude below the 

LLOQ. When utilizing a DBSA system, signal is naturally lost as the analyte is desorbed from a 

DBS on a cellulose card, retained on a cartridge, and finally eluted from the cartridge.  
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Figure 4.10. Comparison of errors of quantitation methods isotope dilution mass spectrometry and 
Thor’s Hammer isotope dilution mass spectrometry of methylmalonic acid which had been 
desorbed from a Whatman C-Pack dried blood spot card using a Gerstel SPExos system and was 
retained on a on Spark Holland SPExos strong hydrophobic resin single use cartridge by an Agilent 
1200 liquid chromatography system through a Phenomenex Synergi 4 μm Hydro-RP 80 Å 150 x 
4.6 mm column as seen on an Agilent 6460 triple quadrupole mass spectrometer. Error was 
reduced by 49.5%. 
 

4.4 Conclusions and Future Development 

One significant issue with performing accurate quantitation on dried bloods spots is the 

loss of analyte and signal which is inherent when processing the sample. Loss of signal can be 

partially attributed to analyte loss in three major steps in processing blood cards on a fully 

automated solid phase extraction system: the desorption of analyte from the blood card, cartridge 

retention, cartridge elution. Not all analytes may be completely desorbed from the blood card, not 

all analytes may be retained on the cartridge, and not all analytes may be eluted from the cartridge 

into the liquid chromatography system. An even greater loss of analyte may be seen in manual 

punch and desorption from blood cards. Due the loss of signal, and trace analyte concentration in 
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the body, many analytes need signal enhancement before any quantification can occur. Currently 

derivatization to enhance signal output is widely utilized, but this approach using calibration curve 

quantitation falls short of the desired levels of data quality. The use of MetaSpike™ invention 

allows for accurate quantitation without derivatization of analyte at even the lowest levels of 

quantitation.  

Optimally, MetaSpike™ concentrations for the more abundant isotope of the natural 

sample should be close to the LLOQ, thus a 1:1 ratio of the naturally occurring isotopic portion of 

the MetaSpike™ and isotopically labeled portion of the MetaSpike™ would be inappropriate as 

both isotopes must be above the LLOQ for quantitation. The optimal spike would have a higher 

concentration of the isotopically labeled portion of the MetaSpike™, by three to four times for 

methylmalonic acid. Once the MetaSpike™ has been mixed with endogenous sample, the outcome 

should be quantifiable and should consist of the sample, which has a natural isotopic distribution 

ratio, and the MetaSpike™, which consists of both natural isotopic distribution ratios as well as an 

isotopically enhanced standard designed to raise the signal to quantifiable levels without masking 

the original sample. The concentrations of both isotopic signatures within the MetaSpike™, as 

well as the MetaSpike™ itself, can be adjusted to fit the lab’s needs with nothing more complicated 

than isotopic abundance testing. With the signal raised about the LLOQ, and with concentrations 

and abundances known, a simple IDMS or SIDMS calculation can be performed for accurate 

quantitation that has been shown to lower the LLOQ by almost two orders of magnitude as 

compared to calibration curves. 

 Proper medical diagnosis and health assessment require accurate metrology, with some 

conditions presenting symptoms associated with the concentration of and endogenous analyte that 

may be too low to measure with classical mass spectrometric and IDMS and SIDMS techniques. 
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Previous attempts to improve quantification at the LLOQ level in a mass spectrometer by 

engineering augmentation by pushing more ions in the instrument has not addressed the challenge. 

TH-IDMS has been shown to effectively lower the limit of quantitation by almost two 

orders of magnitude compared with the traditional calibration curves methods by implementing 

MetaSpike™-enabled IDMS without derivatization. Previous successes on quantification from 

blood cards in Kingston laboratories indicate this invention will be successful in widening the 

dynamic range and thereby increasing the number of analytes that can be analyzed by quantitative 

dried blood spot analysis. Further, MetaSpike™ invention has been automated in an integrated 

sample handling. This work was given a provisional patent WO 2022/086819 A1.48 This system 

can be easily scaled up and duplicated in any analytical laboratory. 

TH-IDMS is necessary to developed QDBS as the small sample size reduces the amount 

of analyte.  Development of QDBS relying on TH-IDMS could enable world-wide testing and 

sharing of data and it is our current focus of research.     
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Chapter 5: A Novel Blood Test for Radon Based on Isotopic Abundances and Concentrations 

of Long Lived Radioactive and Stable Lead Isotopes 

 

5.1 Introduction 

Radon is a colorless, odorless, and flavorless inert gas with a half-life of 3.8 days that occurs 

naturally from the decay of unstable isotopes of uranium or thorium.1, 2 As radon is heavier than air, 

it tends to concentrate in enclosed spaces such as underground mines or basements, and is a major 

contributor to the ionizing radiation to which the general population is exposed.3 While thorium is 

several times the concentration of uranium in the Earth’s crust, the distribution is not equivalent in 

all areas. Maps published by the United States Geological Survey, Figure 5.1 and Figure 5.2, shows 

the inhomogeneous distribution of uranium and thorium, respectively. Uranium and thorium are 

both unstable elements with long half-lives based on isotopic abundance. They are localized inside 

the contiguous United States at various approximate concentrations. In western Pennsylvania, radon 

originating from uranium decay is deposited significantly in the Marcellus Shale region.4, 5 Roughly 

390 million years ago, what is now western Pennsylvania was part of a large inland sea.4 As the 

ocean retreated, uranium naturally found in sea water was left behind and salted the land with ocean 

water from the northern Atlantic containing two to four times more uranium than thorium.6, 7 Despite 

remediation efforts developed through the Indoor Radon Abatement Act of 1988, there are still 

21,000 small cell lung cancer deaths linked to radon exposure annually.  Of these approximately 

2,900 of have never smoked.3, 8, 9 Worldwide total radon related deaths are estimated to be 

approximately 84,000 yearly, prominently noted in India and Korea. The US accounts for a quarter 

of these deaths.3, 8  Currently, Allegheny County has an average indoor radon concentration of 6.5 

pCi/L, significantly above the 4.0 pCi/L level deemed safe by the EPA.10 Elevated radon levels are 
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estimated to affect 43% of households in Allegheny County and may expose as many as 520,000 

individuals.10 This is a significant issue in this region and, as such, hospital networks in Allegheny 

County have been searching for diagnostic tests to determine if radon exposure has occurred. 

Presently, such a test is not available. 

  

 
Figure 5.1. Map of uranium concentration in the soil of the contiguous United States. Taken from 
2014 United States Geological Survey Map.11 
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Figure 5.2. Map of thorium concentration in the soil of the contiguous United States. Taken from 
2014 United States Geological Survey Map.11 

 

As inhaled, the air contains some amount of radon and decay products, alpha particles 

emitted by short-lived decay products of radon, most notably polonium metal ions which can interact 

with biological tissue in the lungs, leading to DNA damage and potentially cancer.3 Metal ions tend 

to attach to moist tissue on contact.  Health effects of radon, most notably lung and bronchial cancer, 

have been investigated for decades with initial investigations focusing on underground miners 

exposed to high concentrations of radon in their occupational environment.3 In the early 1980s, 

radon concentration surveys in homes and other buildings were carried out, and as a result, radon 

was determined to be a significant cause of lung cancer in the general population.3 Recent 

investigations have shown the association between indoor radon and lung cancer even at levels 

commonly found in buildings.3 Radon is now recognized as the second most important causal factor 

of small cell lung cancer after smoking in the general population.3 

Radon is formed as a decay product primarily from uranium and thorium which will require 

different analytical assessment targets during testing. The 238, 235, and 234 isotopes of uranium, as 
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well as the 232 and 230 isotopes of thorium, are the primary naturally occurring radioactive isotopes 

that have half-lives long enough to pose a prolonged environmental health risk. The decay pathways 

of 238, 235, and 234 uranium can be seen in Figure 5.3 and Figure 5.4, respectively. Alpha, beta, 

and gamma radiation is emitted during these radioactive transformation.12 Among the radon 

progeny, the alpha emitters polonium 218 and lead 214 contribute to the significance of the radiation 

dose (over 90%) from exposure to radon.13 Radon decay products in the air often become attached 

to dispersed aerosols due to their electrostatics nature.14 Depending on factors including aerosol 

concentration of the surrounding environment, electrostatic charge of radon progeny, and humidity 

of surrounding environment about 80% of the decay products will attach to aerosols which can be 

inhaled and emit radiation that cause DNA damage in sensitive tissues such as the bronchus and 

lungs.15  

 
Figure 5.3. Decay pathway of 238uranium, 234uranium, and 230thorium. This pathway represents 
99.27% of uranium decay and 0.02% of thorium decay. Only the Main decays are shown, no 
Gamma emitters are represented. Adapted from the US EPA.16 
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Figure 5.4. Decay pathway of 235uranium. This pathway represents 0.72% of uranium decay. Only 
the main decays are shown, no gamma emitters are represented. Adapted from the US EPA.16 

 
These pathways prove to be a challenge in the chemical detection of radon in the blood, as 

many radon progeny, the decay products of radon gas, tend to be short lived. The sole exception is 

seen in the degradation pathways of uranium-238 and uranium-234, which comprise 99.28% of all 

uranium species and thorium-230, which comprises only about 0.02%, the lead 210 isotope. Lead-

210 is a relatively long-lived radioactive isotope with a half-life of 22.4 years.16 Lead in the human 

body is cleared at a variety of rates depending on the specific tissue the molecule has impacted. 

Averages includes roughly a month in blood, one to one and a half months in soft tissue, and 25-30 

years in bone.17As lead-210 has a half-life of 22.4 years it makes the isotope a viable target for the 

testing for radon which comes from uranium decay, as this uranium decay pathway (99.28%) will 

prove a relatively simple qualitative test for radon exposure.16 Isobaric interferences of mass 210, as 

seen in Table 5.1, are either in the direct decay pathway of radon or have short enough half-lives so 



 153 

as to not be present at the time of testing. Polonium-210 is one exception which may be introduced 

into the body via smoking at a potentially measurable concentration and is downstream in the 

uranium decay pathway from radon and may constitute a false positive result.18, 19 Currently, 12.5% 

of people in the United States are smoker and thus may not be able to take advantage of this potential 

test.20 Lead-210 is upstream of 210polonium in the uranium decay pathway and could be tested 

separately utilizing ion exchange chromatography. Separation of 210lead and the potential 

confounding elements 210bismuth and 210polonium are routinely performed in ground and sea water 

utilizing a strontium resin based off of (4,4’(5’)-bis-(t-butyl-cyclohexano)-18-crown-6) crown 

ether.21   

 

Table 5.1. Possible interferences for proposed 210lead in radon test from 238uranium pathway 

Element Half-Life 
Mercury (Hg) 210 10 minutes 
Thallium (Tl) 210* 1.3 minutes 
Bismuth (Bi) 210* 5.01 days 
Polonium (Po) 210*† 138.28 days 
Astatine (At)210* 8.1 hours 
Radon (Rn) 210* 2.45 hours 
Francium (Fr)210 3.18 minutes 
Radium, (Ra) 210* 3.7 seconds 
Actinium (Ac) 210 350 milliseconds 
Thorium (Th) 210 9 milliseconds 

†Polonium-210 is a radioactive material that occurs in nature at very low levels. It is found 
naturally in the environment, and the general population is internally contaminated with small but 
measurable amounts of it on a regular basis through food, water, and air. Because tobacco leaves 
are known to concentrate polonium-210, users of tobacco products are likely to have higher levels 
of this radioactive element in their bodies. 
 

Testing for radon originating from the degradation of Thorium-232 poses a different 

challenge. As is seen in Figure 5.5, no radon progeny exists with a half-life long enough to be tested 

until the end of the decay chain at lead-208. Lead-208 as the major isotope of lead in the natural 

world and thus, its presence is normal in the average patient’s blood. 
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Figure 5.5. Decay pathway of 232thorium. This pathway represents 0.72% of uranium decay. Only 
the main decays pathways are shown, no gamma emitters are represented. Adapted from US 
EPA.16 

 

The decay pathway of thorium-232 poses a quantitative assessment parameter in 

differentiating lead inhaled through environmental exposure, such as car exhaust, power plant 

emissions, or ingestion from food, from the decay of radon-222. Referencing the relative isotopic 

abundance of lead in nature, which has four naturally occurring isotopes (Table 5.2.1 and Table 

5.2.2) may offer a solution to this issue. Three isotopes are unique to lead, while isotopes during 

measurement of a mass spectrometer for lead-204 are indistinguishable from stable mercury isotope 

known as an isobar in mass spectrometry. Mercury can be found in small quantities in most patients 

in the United States and around the world and is introduced to the population through processes such 

as dietary intake of fish, pollution, and/or dental fillings.22 The isotopic abundance of mercury-204 

is 6.87%, which is significantly greater than the 1.4% of lead isotope at this mass.   
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Table 5.2.1. Natural isotopic abundances of all stable lead isotopes. Due to the decay of radioactive 
material, these percentages may change depending on the area in which the lead was acquired. 

204 206 207 208 
1.4 % 24.1% 22.1% 52.4% 

 
Table 5.2.2. Natural isotopic abundances of all stable lead isotopes, excluding 204lead due to its 
overlapping mass with 204mercury. Natural abundances were adjusted to reflect the changes after 
disregarding the 204 Isotope. 

206 207 208 
24.44% 22.41% 53.14% 

 

As patients are also exposed to mercury environmentally, it would not be suitable to 

investigate lead-204, however, instead focus on lead-206, lead-207, and lead-208. As radon-222 

decays to lead-208, the isotopic makeup of lead isotopes in blood would be altered, resulting in an 

increased percentage of lead-208 and a decreased percentage of lead-206 and lead-207 (Figure 5.6). 

As lead-207 abundance is affected by the final decay product of uranium-235, which is a small 

concentration (0.72%) in nature, it could possibly bias results and should not be utilized for 

concentration determination. Thus, optimal targets for isotopic abundance testing are lead-206 and 

lead-208 with lead-208 potentially increasing and lead-206 potentially decreasing. Due to the low 

concentration of environmental radon which can result in negative outcomes, and its comparison to 

lead concentration in the blood, it is recommended that the isotopic ratio of lead-208 to lead-206 is 

measured and calculated to extend the difference between the two isotopes and allow statistical 

differentiation. Due to the increase in abundance of lead-208, it is hypothesized that the isotopic 

ratio would increase as compared to natural lead standards. It is true that the decay pathway of radon-

222, which is the progeny of both the uranium-238 and thorium-230 decay pathway, eventually ends 

at the stable product of lead-206, which would affect potential ratios. However, once the degradation 

pathway from radon-222 begins, lead-210 has a 22.4-year half-life and would not substantially 

further decay until cleared from the blood. Thus, lead which results from the radon-222 decay 

pathway is not expected to alter the isotopic ratio of lead in the blood in an appreciable way.  
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Figure 5.6. Potential shift in lead isotopes 204, 206, 207, and 208 with the introduction of lead 
from radon decay pathways. Lead which results from radon decay in the thorium-232 pathway will 
result in lead-208 with consistency and lead which results from radon decay in the uranium-235 
pathway will result in lead-207 with consistency.  

 

Thus, if the isotopic abundance of lead in a patient’s blood were to be tested against a 

commercially available naturally occurring lead standard, the indication of radon exposure can be 

deduced. Table 5.3 displays the interferences for these masses; however, it should be noted that 

none of these isotopes listed in this table are naturally occurring and therefore should not be observed 

in the average patient. While more involved than the test for radon stemming from uranium by 

testing for lead-210. Testing for lead-206, lead-207, and lead-208 could be performed 

simultaneously by a mass spectrometrist trained in isotopic assessment using an inductively coupled 

plasma mass spectrometer (ICP-MS). However, when elements undergo chemical or a physical 

process, their isotopes will be being treated disproportionally. This results in what is known as 

isotope fractionation.23-25  
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Table 5.3. Assessment of possible elemental and isotopic interferences when isolating isotopes 
206, 207, and 208 of lead. None of these isotopes are naturally occurring, and do not reflect a 
significant risk for false positive results. 

Element Half-Life Element Half-Life Element Half-Life 
  
  

Actinium 
(Ac) 207 

22 
milliseconds 

Actinium 
(AC) 208 

95 
milliseconds 

Radium 
(Ra) 206 

0.24 
seconds 

Radium 
(Ra) 207 1.3 seconds Radium 

(Ra) 208 1.3 seconds 

Francium 
(Fr) 206 

15.9 
seconds 

Francium 
(Fr) 207 

14.8 
seconds 

Francium 
(Fr) 208 

59.1 
seconds 

Radon (Rn) 
206 

5.67 
minutes 

Radon (Rn) 
207 

9.25 
minutes 

Radon (Rn) 
208 

24.35 
minutes 

Astatine 
(At) 206 

30.0 
minutes 

Astatine 
(At) 207 1.8 hours Astatine 

(At) 208 1.63 hours 

Polonium 
(Po) 206 8.8 days Polonium 

(Po) 207 5.8 hours Polonium 
(Po) 208 2.898 years 

Bismuth 
(Bi) 206 6.243 days Bismuth 

(Bi) 207 31.55 years Bismuth 
(Bi) 208 

3.68 x 105 
years 

 

ICP-MS analysis is ideal for testing elemental isotopes, as organic molecules and complexes 

are destroyed in the heat of the plasma torch and the associated quadrupoles allow for detection of 

individual atomic masses.26 Clinical trials studying  isotopic analysis of lead in blood and serum of 

patients27 have shown that ICP-MS is sufficiently sensitive to test for lead below the concentration 

of radon determined to be deleterious to health by the International Commission on Radiological 

Protection (ICRP) as 0.5 ng/mL.28 The limit of detection of lead using an ICP-MS has to be 

determined individually in each lab however from literature the current mass spectrometry studies 

reported a quantification limit of 0.057 ng/mL,29 which is an order of magnitude greater sensitivity 

than required.29 In addition, the ultra-trace analysis of isotope of lead-210 has already been 

performed by ICP-MS.30 Isotopic signatures of lead determined via ICP-MS analysis are precise 

within approximately 0.5% relative standard deviation from the norm.31 Finally, utilizing the 

quadrupole in an ICP-MS, testing for each desired isotopes in the sample could be performed rapidly 
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in succession and simultaneously in the same analysis session, saving time and allowing for patient 

tests in a relatively short time. Thus, the ICP-MS is an analytical tool well-suited to determine the 

concentration of lead isotopes in blood and possibly in urine. 

 

5.2 Materials and Methods 

5.2.1 Chemicals 

 Lead samples were made utilizing lead acetate purchased from Fisher Scientific (Lot 

035329) in fisherbrand metal free disposable centrifuge tubes (Lot 26920041), lead standards were 

made from lead oxide purchased from SPEX (Lot 5-9s 06751) and Applied Isotope Technologies 

206Lead-isotopically enhanced lead (Batch 118641 Lot PB010102006A) in 250 mL Thermo 

Scientific Nalgene flasks (Lot 1140582) flasks. All dilutions and rinses were made by utilizing 18.2 

MΩ deionized water was which was made in lab using a 7146 Barnstead NANOpure system (Model 

251115-102), which was then passed through a D7035 Easypure II water filtration system (Model 

1305080906425). Solutions were allowed to mix on a Vortex Genie 2 Digital Serial (Model A3-

1896) for 30 seconds at 5000 RPM. Blood sample digestion was adapted from Yahaya et al by 

adding lead standards to 0.5 mL whole bovine blood into a polytetrafluoroethylene (PTFE) Teflon 

flask and inserted into the MAXI-44 (Model MA 179) Milestone rotor. PTFE vessels were cleaned 

by addition of ten mL of cleaning solution comprised of 65% nitric acid, 7% hydrochloric acid, and 

28% 18.2 MΩ deionized water and run through an EPA developed microwave digestion method 

which began with a 30-minute ramp at 1800 W of power to 180 °C which was maintained at 180 

°C for an additional 30-minutes 1800 W, and then allowed to cool to ambient temperature for an 

hour to remove any organic residue and were rinsed thoroughly with 18.2 MΩ deionized water. 

Three milliliters of freshly prepared mixture of concentrated nitric acid purchased from Fisher 
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Scientific (Lot 183460) and hydrogen peroxide purchased from J.T. Baker (Lot 5155-01) in a 2:1 

V/V ratio. Extraction techniques and initial quantification were first performed and optimized using 

synthetic negative blood purchased from Immunalysis (Lot E38284) which had been stored in a -

20 °C freezer and, once extraction had been optimized, bovine whole blood with 

Ethylenediaminetetraacetic acid purchased from Lampire on 11/29/2016 which had been stored in 

a -80 °C freezer until needed and was then thawed overnight on ice in a 20 °C cold room. Human 

blood samples were purchased from the Stanford Blood Bank on 08/19/2018 and were stored in a 

20 °C cold room in their original containers and packaging. No SPEX lead standard were added to 

these samples, as human blood has trace levels of lead already in solution this will represent a 

natural level of isotopic enhancement based on theoretical levels of lead resultant from radon-222 

degradation. Ten individual patient samples were utilized (Table 5.4) which was believed would 

show variability between patient blood isotope levels prior to calculation of a ratio and would 

potentially show regional variability of lead isotopes.    

 

Table 5.4. Patient ID of patient samples for blood purchased from the Stanford Blood Bank for 
determination of human blood viability of radon-222 degradation testing. 

Vial Patient ID 
1 W07051800217000* 
2 W070518101769000 
3 W070518101775004 
4 W070518101776002 
5 W070518101777000 
6 W070518101781008 
7 W070518202169005 
8 W07051820217000J 
9 W07051820217300D 
10 W07051820217400B 
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5.2.2 Instrumentation 

Samples were introduced into an Agilent 7700 ICP-MS (Model G3281A) utilizing a Cetac 

Autosampler (Model AST-520). The Agilent ICP-MS was cooled by an Agilent Heat Exchanger 

(G18798) and argon gas was provided by Airgas (Lot UN1951). Quantification was performed 

using Agilent Technologies MassHunter 4.6 software (Version C.01.06) that was loaded on a 

computer which Windows 10 pro (Version 1903) operating system had been installed. Optimization 

parameters for lead response on an Agilent 7700 ICP-MS were taken from Agilent technical note 

which can be seen in Table 5.5.32 Mass difference was performed on an Agilent 6530 quadrupole 

time of flight mass spectrometer (Model G6530B) which was run in positive mode. Samples were 

introduced through electrospray ionization (Model G1958-652 68) on an Agilent direct injection 

on an Agilent 1100 liquid chromatography system utilizing an Agilent G1312A binary pump which 

introduced a solution of 18.2 MΩ deionized water solution which had 0.1% optima grade formic 

acid from Fisher Chemical (Lot 173815) had been applied to aid in the ionization process as the 

mobile phase. Samples were injected utilizing an Agilent G1367A auto injector which was 

programed to introduce 10 µL of solution for each sample. Chromatograms were extrapolated using 

Agilent Technologies MassHunter software (Version B.06.00 SP1) that was loaded on a computer 

which Windows 10 Pro (Version 1909, OS build 18363.1139) operating system had been installed. 

Closed Vessel microwave digestion was performed in a Milestone EthosUp microwave (Model MA 

182). 
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Table 5.5. Optimization parameters for stable lead isotopes, 204, 206, 207, and 208 on an 

Agilent 7700 ICP-MS system 

Parameter 
RF Power (W) 1250 
RF Matching (V) 1.70 
Sample Depth (mm) 7.0 
Nebulizer Gas Flow (L/min) 0.40 
Nebulizer Pump (rps) 0.10 
Skimmer Cone Temperature (°C) 2 
Makeup Gas Flow (L/min) 0.90 

Lenses 
Extract 1 (V) -75.0 
Extract 2 (V) -155.0 
Omega Bias (V) -100.0 
Omega Lens (V) 4.2 
Cell Entrance (V) -30 
Cell Exit (V) -55 
Deflect (V) -0.4 
Plate Bias (V) -60 

Cell 
He Gas Flow (mL/min) 6.0 
Octupole Bias (V) -18.0 
Octupole Rf (V) 200 
Energy Discrimination (V) 4.0 

 

 

5.2.3 Sample Preparation 

Three milliliters of a freshly prepared mixture of concentrated nitric acid and hydrogen 

peroxide (2:1V/V) were added the 500 µL blood sample and allowed to stand for 10 minutes to 

react. These samples were mineral acid decomposed following EPA method 3052. They were 

heated in a three-stage microwave mineral acid digestion procedure which began with a ten-minute 

ramp up to 140 °C at 1800 W Power, then a 5-minute ramp up to 180 °C at 1800 W power. That 
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temperature was then held steady for ten minutes before allowing the samples to cool. The total run 

time of the method was 40 minutes. Samples were then placed into 15-mL fisherbrand metal free 

disposable polypropylene centrifuge tubes (Lot 30720140) and centrifuged in an Eppendorf 5810 

R 15-amp version centrifuge for 30 minutes at 3000 rpm with a constant temperature of 22 °C. 

Two-mL of these samples were then removed from their 15-mL tubes via a 10-mL Norm-Ject luer 

lock solo syringe (Lot 20F01C8) and passed through a 0.22 µm pore size polypropylene Agilent 

technologies filter (Lot FG4627) before being placed in 50-mL fisherbrand metal free disposable 

polypropylene centrifuge tubes and diluted to 20-mL with 18.2 MΩ deionized water. Samples were 

run in replicates of 5 on an ICP-MS with blanks of 18.2 MΩ deionized water in between each 

replicate to allow for the subtraction of signal from blanks. Additionally, samples with no lead 

added and samples of only lead and no blood were processed and analyzed in the same manor. Prior 

to each use of the ICP, tuning was performed utilizing an Agilent Technologies tuning solution for 

ICP-MS comprised of 1 µg/L concentrations of cerium, cobalt, lithium, magnesium, thallium, and 

yttrium in 2% nitric acid (Lot 39-22GSX2) to ensure proper instrument response. 

 Bovine blood standards were prepared in triplicate in five levels by adding either 0 µL, 50 

µL, 100 µL, 500 µL, or 1000 µL of 2.89 µg/g solution of SPEX purchased lead standard with the 

balance being supplemented with nitric acid to ensure a consistent volume for microwave digestion. 

Another set of standards was made in the same manner with the addition of 14.66 µL of 0.7545 

µg/g lead-206 enhanced isotopic standard. These samples were digested and run on the ICP in 

replicated of five for each sample prepared. Patient samples were prepared with no addition of lead 

standard for any level, with a second sample set being prepared with the addition of 14.66 µL of 

0.7545 µg/g lead-206 enhanced isotopic standard. Due to the limited supply of patient blood, these 

samples were not prepared in triplicate, but were still run in a replicate of five.  
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5.3 Discussion 

5.3.1. Determination of Isotopic Lead Ratio and Associated Correction Factor 

 While the Indoor Radon Abatement Act of 1988, cut deaths caused by radon approximately 

in half, however 21,000 citizens of the United States still die annually of lung and bronchial cancers 

which are linked to radon, with greater than 10% never having used tobacco products.3, 8 Allegheny 

County is especially vulnerable due to its soil make up, with regional hospital systems searching 

for a rapid and accurate diagnostic test. The first step was to create a lead standard at roughly 

physiological concentration. It was determined that the samples should be made as close as possible 

to the average lead concentration to attempt to isolate isotopic fluctuations at exposure 

concentration of radon gas. As Allegheny County as a higher than average concentration of lead,33 

it was determined to test at the CDC limit of lead in blood, of 5.0 µg/dL.17 Samples were made 

from lead acetate and, when tested on an Agilent 7700 ICP-MS, it was determined that the isotopic 

ratios were not consistent with National Institute of Standards and Technology (NIST) defined lead 

isotopes (Table 5.6). This could be caused by the sourcing of the lead, as radioactive isotopes 

degrade to lead.34 This is a documented difficulty in determining lead isotopic abundances and has 

been used in forensic determination for the origin of lead.35, 36    
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Table 5.6. Isotopic abundances of lead 204, 206, 207, and 208 from Fisher Scientific lot number 
035329 as determined by an Agilent 7700 inductively coupled plasma mass spectrometer. It is 
statistically different from the accepted isotopic abundances from the National Institute of 
Standards and Technology and will require a mass bias correction. 

Pb 
Isotopes 204 206 207 208 

Average 
% 1.1% 24.7% 20.9% 53.2% 

St Dev 0.5% 0.6% 0.4% 0.4% 
95% CI 0.180% 0.200% 0.122% 0.144% 
Natural 
% 1.4% 24.1% 22.1% 52.4% 

Difference 0.3% 0.6% 1.2% 0.8% 
 

 This can be better viewed graphically, as there is no overlap of the 95% confidence intervals 

(Figure 5.7). 

 
Figure 5.7. Isotopic abundances of lead 204, 206, 207, and 208 from Fisher Scientific lot number 
035329 as determined by an Agilent 7700 inductively coupled plasma mass spectrometer plotted 
graphically with no 95% confidence interval overlap of National Institute of Standards and 
Technology values. 
 

Once the lead isotope 204, which is an isobar of mercury, had been removed, this did not 

solve the discrepancy (Table 5.7).  
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Table 5.7. Isotopic abundances of lead 206, 207, and 208, with removal of isobar mass 204, from 
Fisher Scientific lot number 035329 as determined by an Agilent 7700 inductively coupled plasma 
mass spectrometer. It is statistically different from the accepted isotopic abundances from the 
National Institute of Standards and Technology and will require a mass bias correction. 

Pb 
Isotopes 206 207 208 

Average % 25.02% 21.19% 53.79% 
Standard 
Deviation 0.58% 0.33% 0.42% 

95% 
Confidence 
Interval 

0.19% 0.11% 0.14% 

Natural % 24.44% 22.41% 53.14% 
Difference 0.58% 1.22% 0.65% 

 
This can be better viewed graphically, as there is no overlap of the 95% confidence 

intervals (Figure 5.8). 

 

 
Figure 5.8. Isotopic abundances of lead 206, 207, and 208, with removal of isobar mass 204, from 
Fisher Scientific lot number 035329 as determined by an Agilent 7700 inductively coupled plasma 
mass spectrometer plotted graphically with no 95% confidence interval overlap of National 
Institute of Standards and Technology values. 
 

A correction factor for lead isotope detection must be applied to the lead standard.37-39 This 

is performed by a series of equations, which begins with a determination of mass difference of the 
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lead isotopes on a time of flight mass spectrometer which is compared to NIST values (Table 

5.8).38 The NIST values must be compared to calculated values for lead based on the sum of its 

subatomic particles.38 Lead having 82 protons with a mass of 1.67262 x 10-27 kg, or 1.00728 amu, 

82 electrons weighing 9.10938 x 10-31 kg, or 0.00054858 amu, and a range of 122 to 126 neutrons 

with a mass of 1.67492 x 10-27 kg, or 1.00866 amu.  A small correction factor was applied to the 

accepted mass difference formula in that the molecule was positively charged and, therefore, had 

one fewer electron. Thus, the predicted mass was calculated from 81 electrons rather than 82.  

 

Table 5.8. Measured values for exact masses of stable lead isotopes 204, 206, 207, and 208 on an 
Agilent 6530 quadrupole time of flight mass spectrometer as compared to the calculated value 
based on the mass of subatomic particles as compared to National Institute of Standards and 
Technology (NIST) determined values. 

Lead  
Isotope 

Calculated  
Mass (amu) 

NIST  
Mass 
(amu) 

Difference  
(amu) 

Measured  
Mass 
(amu) 

Difference 
(amu) 

204 205.697915 203.973044 1.724871 203.90784 1.790079 
206 207.715235 205.974466 1.740769 205.98494 1.730293 
207 208.723895 206.975898 1.747997 206.78240 1.941499 
208 209.732555 207.976653 1.755902 207.98139 1.751167 

 
 The ratios of these differences are then calculated so that they can be compared to one 

another both intra and inter sample (Table 5.9) for adjustment and future calculation. 
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Table 5.9. Calculated lead isotopic ratios for stable lead isotopes 204, 206, 207, and 208 on an 
Agilent 6530 quadrupole time of flight mass spectrometer as compared to the calculated value 
based on the mass of subatomic particles as compared to National Institute of Standards and 
Technology (NIST) determined values.  

Lead 
Isotope 

NIST Lead 
Isotopic 

Ratio 

Lead  
Isotopic 

Ratio 
208/204 1.01799 1.01954 
207/204 1.01472 1.01103 
206/204 1.00922 1.01841 
208/206 1.00869 1.00111 
207/206 1.00415 1.00842 

 
 
5.3.2. Determination of Lead Isotopic Ratio in Negative Synthetic Blood After Microwave 

Digestion 

Measurements of lead isotopic samples were then normalized against isotopic ratios of 

208/206 of a NIST traceable lead standard and corrected based on variances of this standard from 

published isotopic abundance values. It was also determined that research should focus on the 

ratios of isotopic mass 208/206 as this represented the largest isotopic shift with the addition of 

the lead-206 isotope without the confounding factors of isobars or a potential interference of 

competing isotopic shifts due to nuclear decay pathways. Lead standard samples with a 

concentration of 31.62 ng/mL as well as those to which a 0.318 ng/mL lead-206 have been added 

were prepared in a synthetic blood solution, which were prepared in triplicate. These samples then 

underwent microwave digestion, following EPA method 3052 authored by Professor Kingston, 

and were measured on an Agilent 7700 ICP-MS with five replicates of each sample. Once these 

samples were averaged and corrected, they showed promising results of statistically differentiated 

values (Table 5.10). 
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Table 5.10. The corrected ratio of lead 208/206 with 95% confidence intervals of National Institute 
of Standards and Technology traceable SPEX lead standard which was made to 31.62 ng/mL as 
compared to the same standard with the addition of a 0.318 ng/mL lead-206 Oak Ridge National 
Laboratory traceable standard from Applied Isotope Technologies. 

208/206 Corrected Ratio 
NIST Lead  
Standard 

0.965706 ± 
0.00065  

206  
Enhanced 

Lead 

0.961506 ± 
0.00522 

 

 When plotted graphically, these ratios prove to be statistically independent showing a 

depression in the ratio of lead 208/206 after the introduction of a 99.77% pure isotopic lead-206 

spike (Figure 5.9). It is theorized that testing results for lead which originates in the degradation 

of radon-222 would show an increase of this ratio due to the final degradation product being lead-

208. However, a statistical difference can be observed at physiological concentrations of lead and 

the potential change in the ratio due to radon-222 degradation contribution. 

 

 

Figure 5.9. The corrected ratio of lead 208/206 with 95% confidence intervals of National Institute 
of Standards and Technology traceable SPEX lead standard which was made to 31.62 ng/mL as 
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compared to the same standard with the addition of a 0.318 ng/mL lead-206 Oak Ridge National 
Laboratory traceable standard from Applied Isotope Technology.   
  

5.3.3. Determination of Lead Isotopic Ratio in Bovine Blood Samples 

After microwave digestion methods had been optimized, bovine blood purchased from 

Lampire were utilized to create samples of varying concentration of lead standard. These standards 

were made to determine if the isotopic ratio would be influenced by changes concentration of lead 

in the blood and to potentially discover and upper limit of blood lead concentration to which this 

test may become inconclusive. These were compared to samples to which no lead had been added 

and those who had a known concentration of isotopic spike of lead-206 had been added to test the 

extraction under natural conditions. Due to the fact that bovine blood may contain lead naturally 

from diet or air quality, blood with no additional SPEX lead standard was also tested to determine 

a how isotopic shift may occur at natural ambient levels of lead. Five levels of lead solution were 

prepared, digested, and analyzed (Tables 5.11.1 and 5.11.2). These normalized lead ratio levels 

were then compared to determine the statistical independence of these samples.  

 

Table 5.11.1. Concentrations of prepared standards prepared in bovine blood and digested in an 
Ethos-up microwave system applying EPA method 3052 and responses to the 208 and 206 stable 
isotopes of lead measured on an Agilent 7700 inductively coupled plasma mass spectrometer to 
which no isotopically enriched 206-lead standards had been applied.   

Non-206 Lead Enriched Bovine Blood 
Concentration 

of 
Lead Added 

(ng/mL) 

Average 
Lead 208 
Counts 

Average  
Lead 206 
Counts  

Lead  
208:206 

Ratio 

Normalized  
Lead 

208:206 
Ratio 

Coefficient 
of 

Variances 

95% 
Confidence 

Interval 

0.00 1446.17 681.56 2.1218 1.0066 0.0017 0.0006 
4.13 24867.40 11792.89 2.1087 1.0093 0.0013 0.0004 
8.03 133988.16 63719.55 2.1028 1.0088 0.0005 0.0002 
36.12 770913.33 262119.12 2.9411 1.0089 0.0012 0.0004 
64.22 1669270.33 782627.46 2.1329 1.0096 0.0149 0.0049 
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Table 5.11.2. Concentrations of prepared standards prepared in bovine blood and digested in an 
Ethos-up microwave system applying EPA method 3052 and responses to the 208 and 206 stable 
isotopes of lead measured on an Agilent 7700 inductively coupled plasma mass spectrometer to 
which approximately 0.5 ng/mL of isotopically enriched 206-lead standards had been applied.   

206 Lead Enriched Bovine Blood 
Concentration 

of 
Lead Added 

(ng/mL) 

Average 
Lead 208 
Counts 

Average  
Lead 206 
Counts  

Lead  
208:206 
Ratio 

Normalized  
Lead 

208:206 
Ratio 

Coefficient 
of 

Variances 

95% 
Confidence 

Interval 

0.00 909.83 448.88 2.0269 0.6097 0.0348 0.0115 
4.13 12734.19 19104.06 0.6666 0.8707 0.0070 0.0023 
8.03 125926.20 64450.82 1.9538 0.9984 0.0002 0.0001 
36.12 757730.58 270377.42 2.8025 0.9240 0.0032 0.0011 
64.22 1870755.77 885013.54 2.1138 1.0091 0.0002 0.0001 
 

 All samples to which isotopically enriched 206-lead that were not applied were statistically 

indistinguishable, except for the solution to which no SPEX lead solution had been added. This 

may suggest a different environmental source of lead than the lead standard solution. This warrants 

further investigation and may point to the need for localized banks of lead isotopes in areas which 

may be tested for radon to compare isotopic blood concentrations. In addition, while adding a 

consistent concentration of roughly 0.5 ng/mL of 206-lead isotopically enhanced solution, it shows 

the potential upper bounds of the viability of this test, as the highest level of spiking is statistically 

indistinguishable (Table 5.12).   

   

Table 5.12. Concentrations of prepared standards prepared in bovine blood and digested in an 
Ethos-up microwave system determined isotopic ratios of 208:206 lead isotopes measured on an 
Agilent 7700 inductively coupled plasma mass spectrometer to which approximately 0.5 ng/mL 
of isotopically enriched 206-lead standards had been applied. 

Lead  
208/206 

Corrected Ratio of Lead Isotope 
0.00 ng/mL 4.13 ng/mL 8.03 ng/mL 36.12ng/mL 64.22 ng/mL 

Lead  
Standard 

1.0066 ± 
0.0006 

1.0093 ± 
0.0004 

1.0088 ± 
0.0002 

1.0089 ± 
0.0004 

1.0096 ± 
0.0049 

206  
Enriched 

Lead 

0.6097 ± 
0.0115 

0.8707 ± 
0.0023 

0.9984 ± 
0.0001 

0.9240 ± 
0.0011 

1.0091 ± 
0.0001 
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When compared graphically, the measured 208:206 ratio of 0.5 ng/mL 206-lead 

isotopically spiked samples were statistically distinct at lower concentrations, 0 to roughly 36.12 

ng/mL, but not distinct at the highest level, roughly 64.22 ng/mL (Figure 5.10). The isotopic shift 

is most dramatic at natural concentrations, which relates to the overall concentration of lead in the 

bovine blood. While the isotopic ratio is distinct from all spiked ratios, even a small amount, 

roughly 4.13 ng/mL of lead added to the solution was enough to add two orders of magnitude to 

the overall detection of lead isotopes. This will need to be further explored at low concentrations 

under a patient focused study. 
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Figure 5.10. Concentrations of standards prepared in bovine blood and digested in an Ethos-up 
microwave system applying EPA method 3052 determined isotopic ratios of 208:206 lead isotopes 
measured on an Agilent 7700 inductively coupled plasma mass spectrometer to which 
approximately 0.5 ng/mL of isotopically enhanced 206-lead standards had been applied which are 
graphically represented. Uncertainty displayed at the 95% confidence limit. 
 

5.3.4. Determination of Lead Isotopic Abundance in Human Blood 

 Alpha-numerically identified blood from individuals purchased from the Stanford Blood 

Bank was utilized to determine if inter-patient samples would be statistically different and to test 

the statistical methodology. It was determined that, blood from the Stanford Blood Lab from 

individuals could be utilized to help method development to measure differences in the isotopic 

ratios between patient samples. Ten samples were subjected to the same digestion and detection 

as previous samples and were statistically compared (Table 5.13). After digestion and detection 
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of isotopic ratios, it was apparent that there was a low level of ambient lead in patient samples, 

with many being similar, or even at a lower concentration than was seen in bovine blood samples. 

 

Table 5.13. Lead 208 and 206 stable isotopes present in human blood samples purchased from 
Stanford Blood Bank which were digested on an Ethos-Up microwave system and measured on 
an Agilent 7700 inductively coupled plasma mass spectrometer. These are natural samples with 
no SPEX lead solution or isotopically enriched 206-lead standards having been applied. 

Non-206 Lead Enriched Stanford Blood Bank Samples 
Stanford Blood 
Bank Sample 
Identification 

Number 

Average 
Lead 208 
Counts 

Average  
Lead 206 
Counts  

Lead  
208:206 

Ratio 

Normalized  
Lead 

208:206 Ratio 

Coefficient 
of 

Variances 

95% 
Confidence 

Interval 

W07051800217000* 2594.34 1230.72 2.1080 1.0089 0.0024 0.0008 
W070518101769000 1176.71 575.52 2.0446 1.0060 0.0020 0.0007 
W070518101775004 750.81 359.29 2.0897 1.0082 0.0063 0.0021 
W070518101776002 657.85 313.45 2.0988 1.0086 0.0074 0.0025 
W070518101777000 814.26 390.36 2.0859 1.0081 0.0030 0.0010 
W070518101781008 1161.57 549.84 2.1126 1.0090 0.0037 0.0012 
W070518202169005 1156.02 551.98 2.0943 1.0086 0.0076 0.0025 
W07051820217000J 1409.05 690.78 2.0398 1.0057 0.0038 0.0013 
W07051820217300D 649.16 313.29 2.0721 1.0074 0.0052 0.0017 
W07051820217400B 3570.84 1694.05 2.1079 1.0089 0.0023 0.0008 

 

When compared graphically, it was apparent that, while many of the isotopic ratios of 

208:206 lead concentrations were statistically indistinguishable, some donated blood samples were 

isotopically distinct (Figure 5.11).  
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Figure 5.11. Graphical representation of lead 208:206 stable isotope ratios present in human blood 
samples purchased from Stanford Hospital Blood Bank which were digested on an Ethos-Up 
microwave system applying EPA method 3052 and measured on an Agilent 7700 inductively 
coupled plasma mass spectrometer. These are natural human samples with no SPEX lead solution 
or isotopically enriched 206-lead standards having been applied. Precision is at the 95% 
confidence limit.  
 
 When patient samples were compared, it was apparent some 208:206 lead ratios were 

statistically distinct. Samples such as W07051800217000* and W070518101769000 do not 

overlap at a 95% confidence interval and can be said to have 208:206 lead ratios which are 

statistically independent at the 95% confidence limit, while samples such as W070518101777000 

and W070518101781008 are statistically indistinguishable, yet different from 

W070518101769000. As all samples underwent the same sample preparation, detection, and were 

subject to the same statistical methods and as such, they can be compared. Due to the variability 

of lead isotope abundances, it is reasonable to assume that these samples were donated from 

different individuals experiencing environmentally distinct exposures and these examples had 

isotopic decay that affected lead isotopic abundances. 

 Finally, the results of these samples were compared to a second batch of samples to which 

0.5 ng/mL of 206-enriched isotopic standard had been added and were processed in the same way. 
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These samples had a vastly altered lead 208:206 isotopic ratio as compared to the sampled to which 

206-isotopically enriched lead standards. Results were inconclusive as a level of 0.5 ng/mL of 206-

enhanced isotopic standard seemed to radically shift the overall isotopic ratio (Table 5.14). This 

leads to the conclusion that the 0.5 ng/mL of radon suggested to be deleterious as proposed by the 

ICRP may be an overestimation or show to radically change the isotopic make up of lead in the 

human body. In either case, this suggests the need for further investigation. 

  

Table 5.14. Lead 208 and 206 stable isotopes present in human blood samples purchased from 
Stanford Blood Bank which were digested on an Ethos-Up microwave system applying EPA 
method 3052 and measured on an Agilent 7700 inductively coupled plasma mass spectrometer. 
These samples were spiked with 0.5 ng/mL 206-isotopically enriched lead standard from Applied 
Isotope Technologies which is Oak Ridge National Laboratory traceable.  

206 Lead Enhanced Stanford Blood Bank Samples 

Stanford Blood Bank 
Sample Identification 

Number 

Average 
Lead 
208 

Counts 

Average  
Lead 
206 

Counts  

Lead  
208:206 

Ratio 

Normalized  
Lead 

208:206 
Ratio 

Coefficient 
of 

Variances 

95% 
Confidence 

Interval 

W07051800217000* 2802.37 7334.81 0.3821 0.3139 0.0108 0.0198 
W070518101769000 1169.43 5600.98 0.2088 0.1702 0.0058 0.0195 
W070518101775004 921.21 6046.39 0.1524 0.1224 0.0147 0.0677 
W070518101776002 992.94 5326.18 0.1864 0.1507 0.0087 0.0330 
W070518101777000 1032.13 5636.29 0.1831 0.1491 0.0137 0.0527 
W070518101781008 1516.97 5074.84 0.2989 0.2448 0.0047 0.0110 
W070518202169005 2219.81 6150.43 0.3609 0.4127 0.1762 0.2405 
W07051820217000J 2151.39 7289.50 0.2951 0.2421 0.0045 0.0107 
W07051820217300D 872.26 5107.37 0.1708 0.1378 0.0134 0.0555 
W07051820217400B 715.37 5941.21 0.1204 0.0931 0.0104 0.0611 

 

  When comparing the Stanford Blood Bank samples to which 0.5 ng/mL of 206-enriched 

isotopic standard had been added, the lead isotopic ratio of 208:206 were statistically distinct in 

the same way as those who had not been spiked. Samples such as W07051800217000* and 

W070518101769000 do not overlap at a 95% confidence interval and can be said to have 208:206 

lead ratios which are independent, while samples such as W070518101777000 and 
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W070518101781008 are statistically the same, yet different from W070518101769000. This is 

expected as the addition of standard was consistent throughout the samples and reveals the 

consistency of extraction of the isotopic lead from samples as well as the metrology and statistics 

which aids in their deconvolution. 

The statistical differentiation between the Stanford Blood Bank samples to which 0.5 ng/mL of 

206-enriched isotopic standard had been added can be more easily observed in graphical form 

(Figure 5.12). 

 

 
Figure 5.12. Graphical representation of lead 208:206 stable isotope ratios present in human blood 
samples purchased from Stanford Blood Bank which were spiked with roughly 0.5 ng/mL of Oak 
Ridge traceable Applied Isotope Technologies isotopically enriched 206-lead standards which 
were digested on an Ethos-Up microwave system applying EPA method 3052 and measured on an 
Agilent 7700 inductively coupled plasma mass spectrometer. Uncertainties are expressed at the 
95% confidence limit. 
 

Direct comparison of isotopic lead 208:206 ratios between unadulterated and spiked 

samples may not be the most revealing as the isotopic shift of the samples to which isotopically 

enriched 206-lead standards had been applied were greatly reduced. In graphical form these 

differences are striking and can only result in a major isotopic shift from the dominant lead-208 
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species the more minor lead-206 species with an addition of only 0.5 ng/mL and may be better 

differentiated in a table (Table 5.15). As many of these isotopic ratios in unadulterated patient 

samples are approaching the counts of the blank prior to isotopic spiking, a more sensitive test may 

need to be developed, perhaps through optimization of alternative instrumentation such as a linear 

ion trap or, potentially, an orbitrap system (Thermo). Other optimizations may also be developed 

if a patient-based initiative were desired for a regional and or national study.  Optimizations would 

be able to concentrate the available lead-208 and lead-206 ions to increase the response and 

decrease the limit of detection. These systems would also help to decrease potential instrumental 

noise and more clearly define lead 208:206 isotopic ratios.  

 

Table 5.15. Determined isotopic ratios of lead 208:206 isotopes in 500 µL aliquots of blood 
samples purchased from the Stanford blood bank and 500 µL aliquots of blood samples to which 
approximately 0.5 ng/mL of isotopically enriched 206-lead standards had been applied digested 
on an Ethos-Up microwave system and measured on an Agilent 7700 inductively coupled plasma 
mass spectrometer. 

Patient Sample 
Number 

Stanford Blood 
Bank Samples 

206  
Enriched Lead 
Stanford Blood 
Bank Samples  

W07051800217000* 1.0089 ± 0.0008 0.3139 ± 0.0198  

W070518101769000 1.0060 ± 0.0007 0.1702 ± 0.0195  

W070518101775004 1.0082 ± 0.0021 0.1224 ± 0.0677  

W070518101776002 1.0086 ± 0.0025 0.1507 ± 0.330  

W070518101777000 1.0081 ± 0.0010 0.1401 ± 0.0527  

W070518101781008 1.0090 ± 0.0012 0.2448 ± 0.0110  

W070518202169005 1.0086 ± 0.0025 0.4127 ± 0.2405  

W07051820217000J 1.0057 ± 0.0013 0.2421 ± 0.0107  

W07051820217300D 1.0074 ± 0.0017 0.1378 ± 0.0555  

W07051820217400B 1.0089 ± 0.0008 0.0931 ± 0.0611  

 

When compared to samples from the same patient to which 206-isotoically enriched lead 

was not added, vast differences can be easily observed in graphical representation of this data 
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(Figure 5.13). This is again perhaps due to underestimation of isotopic shift or concentration 

which may explain the differences. 

 

 
Figure 5.13. Graphical representation of lead 208:206 stable isotope ratios present in human blood 
samples purchased from Stanford Blood Bank which were digested on an Ethos-Up microwave 
system and measured on an Agilent 7700 inductively coupled plasma mass spectrometer as 
compared to samples to which isotopically enriched 206-lead standards had been applied. 
 

The ratios of lead 208:206 isotopic ratios are statistically significantly different and not 

easily comparable between sample groups. As such, these groups were compared statistically 

through the application of a Student’s t-test. First an f-test was performed which showed the 

variances of the samples were equal. From that information, the correct t-test was chosen, and it 

was demonstrated that the addition of 0.5 ng/mL of isotopically enriched 206-lead standard to 

Stanford Blood Bank Samples produced statistically distinct sample sets.   
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5.4 Conclusion  

 An appropriate method of testing for radon exposure originating from both uranium and 

thorium utilizing blood as a matrix is theoretically possible and has been preliminarily demonstrated. 

Such a test may employ an appropriate mass spectrometer such as the ICP-MS specifying mass lead-

210 to test for radon-222 originating from uranium decay, though this was not demonstrated in this 

study due to lack of adequate patient samples. A lead-210 presence will provide a range that would 

establish ambient exposures of the individual patient. However, due to interferences with polonium-

210 from a smoking origin, the patient will have to be questioned as to their smoking habits. The 

viability of this proposed test should be investigated in an IRB study under the guidance of physician, 

and bioanalytical and mass spectrometry experts. Testing could establish a quantitative test similar 

to measuring lead-210 response which would indicate a hazardous material in a biospecimen but 

specify the possible origin. A second test is needed to reveal radon-220 originating from the decay 

of thorium to be run simultaneously with the test for uranium. For this test, a ratio of mass 208:206 

lead should be tested in the sample. Certified standard lead isotope materials from NIST or tracible 

to NIST are required to establish analytical accuracy of the described measurements. This second 

test will enable measurement of the isotopic shifts. Any isotopic shift resulting from radon-220 

degradation should show an overall increase in the lead 208:206 ratio, compared to a standard sample 

having natural abundance of lead isotopes. Any isotopic measurement greater than 0.5 % relative 

standard deviation should be considered abnormal. A database of measurements would enable 

regional and national exposures and facilitate relationships with other health norms.  We believe this 

test could be developed and applied in regional and national health assessment and could have a 

significant informational component for environmental human health.   
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The novel method described in this report demonstrated that these isotopic shifts can be measured 

and statistically differentiated even at low levels of concentration, optimizations remain. For one, 

ambient levels in patients are present, yet are at low enough concentrations that they approach the 

levels found in analytical blanks. This requires an assay of increased sensitivity which may require 

alternative mass spectrometry optimization and sample preparation techniques that boost signal and 

decrease noise. Such as the mass spectrometry signal boosting technique such as employing an ion 

trap or employing the technique invented by Professor Skip Kingston. In addition, the approximated 

concentration by ICRP of 0.5 ng/mL of radon to cause harmful effects may be an overestimation as 

this appears to completely overwhelm the lead 208:206 ratio in many natural cases. A more precise 

concentration should be determined through a study which links radon concentration in homes to 

lead isotopes in blood. Finally, this study could enable an IRB study in collaboration with University 

of Pittsburgh Medical Center (UPMC) and the Hillman Cancer Institute and regionally guided test 

using patient samples who already were diagnosed with small cell lung or bronchial cancer due to 

radon exposure. These collaborations are in discussion at the present time.   
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Chapter 6: Conclusions and Future Research Directions 

 

6.1 Biomarker Quantitation Conclusions 

 The research in this document produced three novel methods of quantitation of biomarkers 

for diseases states in blood serum which are applicable to measurements within the medical field. 

The first method allowed for automated, accurate quantitation of potential biomarkers on dried 

blood spots utilizing isotope dilution mass spectrometry rather than calibration curves. This was 

performed as a proof of concept by utilizing methylmalonic acid which was determined to be a 

biomarker for autism spectrum disorder through a study of 30 patients who had been diagnosed 

with autism spectrum disorder as well as 30 age, sex, and socioeconomically matched controls 

with a p value of 0.00361. This method was determined to be more rapid, utilizing only two hours 

of instrument time per sample rather than 32, more accurate, with the unknown sample as well as 

the three quality control samples being quantified with ˂10% error as well as having all 95% 

confidence intervals overlap with a known value, and able to be stabilized in ambient clean room 

air for a year with all quantitation being achieved with  ˂10% error as well as having all 95% 

confidence intervals overlap with a known value. An at-home test kit for rapid quantitative 

response with only a finger stick is being developed. 

 The second method produced by this work allowed for quantitation of analytes below the 

established limit of detection both as sample injections and on quantitative dried blood spots. This 

was performed utilizing a novel quantitation technique known as Thor’s Hammer isotope dilution 

mass spectrometry which provided superior quantitative power than either calibration curves or 

isotope dilution mass spectrometry at over an order of magnitude below the calculated limits of 

detection providing accurate quantitation with ˂15% error and overlapping 95% confidence 
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intervals at a level of 0.208 µg/g of methylmalonic acid when the limit of detection utilizing a 

calibration curve was calculated to be 1.916 µg/g of methylmalonic acid. When compared to 

traditional isotope dilution mass spectrometry, Thor’s Hammer isotope dilution mass spectrometry 

was able to accurately quantitate with an error of ˂10% and overlapping 95% confidence intervals 

a level 0.1569 µg/g of methylmalonic acid to a comparable concentration utilizing traditional 

isotope dilution mass spectrometry which produced an error of almost 20%. For this work, a patent 

is being reviewed with no contention on nine out of ten claims (WO US2021055242).1 

 The final method described herein is the development of a novel test for the progeny or 

radon degradation in the human body. Searching for changes in the level of lead-208 isotope has 

shown a statistical difference at the 95% confidence level between lead standard samples with a 

concentration of 31.62 ng/mL as well as those to which a 0.318 ng/mL lead-206 have been added, 

which mimics the high level of lead as defined by the United States Environmental Protection 

Agency and the concentration of radon as defined by the International Commission on 

Radiological Protection (ICRP) as 0.5 ng/mL.2, 3 Samples using lead spiked bovine blood were 

proven to be statistically similar independent of the concentration of the spike which proved the 

robustness of the statistical methodology. Testing of individual human blood samples purchased 

from the Stanford Blood Bank showed inter-patient variability of isotopic abundances of lead 

208:206 ratio which shows the sensitivity of the analysis and statistical methodology. Some 

patients, however, had low blood lead levels which were approaching the levels seen in analytical 

blanks and should be further investigated at such low concentrations by utilizing Thor’s Hammer 

isotope dilution mass spectrometry and advanced instrumentation. This study could enable an IRB 

study in collaboration with University of Pittsburgh Medical Center (UPMC) and the Hillman 

Cancer Institute to perform regionally guided testing using patient samples which already were 
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diagnosed with small cell lung or bronchial cancer due to radon exposure. These collaborations 

are in discussions at the present time. 

 

6.2 Future Outlook for Quantitative Dried Blood Spots 

 The use of dried blood spots as an analytical matrix has long been investigated, but accurate 

quantitation has been difficult due to low analyte availability, difficulty in constructing calibration 

curves, and difficulty in overcoming hematocrit variances of samples. Utilizing isotope dilution 

mass spectrometry, a definitive method of quantitation, on dried blood spots allows for a rapid and 

accurate quantitation which does not need to consider the hematocrit of the sample due to each 

sample having an internal, one-point, calibration by the appropriate application of isotopic 

standards. Utilization of Thor’s Hammer isotope dilution mass spectrometry allows a signal 

amplification of the analyte to allow for accurate quantitation up to two orders of magnitude below 

the lower limit of detection. Utilizing this new technique and advanced instrumentation would 

allow for quantitation at the smallest concentrations.  

 These techniques are being combined to develop quantitative dried blood spot cards which 

are impregnated with isotopically enriched standards to be shipped to the homes of patients for 

blood collections and quantification of groups of biomarkers to test for disease states or treatment 

response. The samples of which can be taken from simple finger sticks at the home and shipped 

throughout the world to a testing facility. The spots combined with advanced instrumentation such 

as the Gerstel SPExos system for automated, online blood desorption can provide rapid and 

economical testing for suites of biomarkers which would allow access to information for 

physicians throughout the globe. Stability testing will still need to be performed in various 
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temperatures and over years to determine which biomarkers should be investigated and for how 

long they could be stored. 

 

6.3 Future Development of Thor’s Hammer Isotope Dilution Mass Spectrometry 

 Utilization of Thor’s Hammer isotope dilution mass spectrometry can enable accurate 

quantitation of analytes at low concentrations. Currently it is being explored for use in developing 

quantitative dried blood spots, but there are still further advances of the technology itself which 

can be pursued. First, the technology should be investigated for disparate isotopic abundances 

which would potentially allow the quantitation at even lower concentrations. The second is to 

combine Thor’s Hammer isotope dilution mass spectrometry with advanced instrumentation such 

as a Thermo orbitrap system to determine the lowest current limit of quantitation and determine if 

concentrations can be quantified at even below the lower limit of detection. Finally, this system 

has been proven to work with methylmalonic acid on a triple quadrupole mass spectrometer. It is 

theorized that this system would work with any analyte which could be quantified with traditional 

isotope dilution mass spectrometry, but development of an analyte quantitation on other mass 

spectrometry systems would be needed for full development of health analysis in patients.   

 

6.4 Future Development for Testing Radon Progeny in Human Blood, Plasma, and Urine 

 Isotopic changes in lead abundance have been previously used forensically to determine 

the origin of materials. Testing for isotopic blood levels should be done on a community level with 

individuals in the study also having their residences tested for radon levels concurrently. These 

results of isotopic ratio lead 208:206 as well as 210 could then be compared to see an exposure 

level which could correlate with the patient treatment as well as recommendations for radon 
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abatement system installation. Testing utilizing Thor’s Hammer isotope dilution mass 

spectrometry should be investigated for signal enhancement in patients whose lead blood levels 

are not large enough to overcome baseline levels of blank analysis. 

 Chromatography should be developed in order to easily and rapidly separate out lead 210 

from isobars bismuth and polonium 210. These separations would be able to remove the 

interferences from the smoking in the form of polonium 210 which is downstream from lead in 

radon’s decay pathway. Successful implementation of this test could potentially save as many as 

84,000 lives a year throughout the world.   

 The University of Pittsburgh Medical Center (UPMC) and the Hillman Cancer Institute has 

a biobank of over 20 years of samples of various tissues which could help develop this test and 

they are currently proposing a regional study of patient samples with concurrent radon testing as 

well as lifestyle surveys to help correlate patients with small cell lung or bronchial cancer due to 

radon exposure. They are interested in developing tests with various tissue samples with a hope to 

focus on blood, plasma, and urine.  

 

6.5 Overall Conclusions 

 Without accurate metrology, physicians are less effective as they may not know what the 

results of their interventions truly are. Bioanalytical validation for biomarker testing is possible 

and can be expedited by moving from the calibration curve as the gold standard of analytical 

metrology. Utilization of the techniques elucidated here, isotope dilution mass spectrometry and 

the newly developed Thor’s Hammer isotope dilution mass spectrometry can help increase the 

dynamic quantitative range of biomarker development which will enable greater physician 

understanding, better treatment outcomes, and allowing for the era of a more personalized 
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medicine for patients to truly begin. Some patients tend to respond to one treatment preferably and 

to another detrimentally. It is possible that utilizing tests based on methodology described in this 

text, these biological preferences may be discovered prior to the onset of treatment, allowing for a 

faster patient response and a reduction in harmful side effects.  
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