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Abstract

Accelerator Mass Spectrometry (AMS) has been adopted as a powerful bio-analytical method for 

human studies in the areas of pharmacology and toxicology. The exquisite sensitivity (10−18 mol) 

of AMS has facilitated studies of toxins and drugs at environmentally and physiologically relevant 

concentrations in humans. Such studies include: risk assessment of environmental toxicants, drug 

candidate selection, absolute bioavailability determination, and more recently, assessment of drug-

target binding as a biomarker of response to chemotherapy. Combining AMS with complementary 

capabilities such as high performance liquid chromatography (HPLC) can maximize data within a 

single experiment and provide additional insight when assessing drugs and toxins, such as 

metabolic profiling. Recent advances in the AMS technology at Lawrence Livermore National 

Laboratory have allowed for direct coupling of AMS with complementary capabilities such as 

HPLC via a liquid sample moving wire interface, offering greater sensitivity compared to graphite-

based analysis therefore, enabling the use of lower 14C and chemical doses, which are imperative 

for clinical testing. The aim of this review is to highlight the recent efforts in human studies using 

AMS, including technological advancements and discussion of the continued promise of AMS for 

innovative clinical based research.

Introduction

Accelerator mass spectrometry (AMS) is an analytical measurement technique that can 

quantify rare, long-lived isotopes with attomole (amol) (10−18) sensitivity for isotope-

labeled drugs and toxicants. Unlike decay-based methods such as liquid scintillation 

counting, AMS counts atoms of a rare isotope of interest independent of decay events, and 

reports the ratio of the counted isotope to that of the total number of atoms of the element in 
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a given sample. Because most biological materials contain carbon, radiocarbon (14C, t1/2 = 

5730 years) is most commonly used to label the compound or drug of interest. Furthermore, 

most drugs and toxicants are amenable to radiocarbon labeling. The innate sensitivity of 

AMS enables analysis of very small amounts of compounds such that sub-therapeutic or 

environmental levels of analyte can be quantified. These low level attributes of AMS 

detection therefore allow for studies in cells, animals and humans without perturbing the 

biological system under investigation.

AMS has enabled a variety of biological applications including: studies investigating cell 

turnover,1, 2 pharmacokinetics and bio-distribution of drug candidates3, 4 and toxicants5, 

bioavailability of nutrients such as B-126 and covalent binding (adduct formation) of 

compounds with DNA and proteins.7, 8 AMS can also be coupled to other measurement 

capabilities such as high performance liquid chromatography, therefore enabling 

quantification of not only the compound of interest but also its metabolites.

AMS is the most appropriate technique to measure long-lived, low natural abundance 

radioisotopes. While 14C is the most common radioisotope used, other studies have utilized 

other isotopes such as 3H and 41Ca for detection.9, 10 Specific biological applications that 

are enabled by AMS include: long-term tracer measurements (weeks to months), low 

bioavailability or systemic distribution of compounds, highly potent drugs or toxic 

compounds and low quantity/specific activity compounds. Unlike other forms of mass 

spectrometry, AMS only measures the isotope of interest. AMS does not provide any 

structural information within the measurement itself; therefore, the analyzed sample must be 

properly characterized prior to measurement to ensure meaningful results. Fortunately, many 

sample preparation methods used in biological research are compatible with AMS analysis 

as long as sources of extraneous carbon are controlled. For example, volatile carbonaceous 

HPLC mobile phases should be considered to prevent the unwanted addition of carbon to the 

AMS sample. Additionally, the carbon in the biological sample must be sufficiently 

homogenized prior to the removal of the aliquot for AMS analysis to prevent sampling error.

The 14C/C isotope ratio measured with AMS is determined by comparing to ratios of 

prepared standards; this ratio is expressed in units of fraction Modern. One Modern is 

equivalent to 13.56 dpm/g C or 97.89 amol/mg C. For AMS measurement, samples must be 

converted into a form that retains the isotopic ratio of the sample and provides chemical and 

physical equivalence for all measured atoms. Typical ion sources for routine quantitation 

of 14C require samples to be thermally and electrically conductive solids. Consequently, 

biochemical samples for 14C-AMS analysis are first combusted to CO2, followed by a 

chemical reduction to graphite.11, 12 This process eliminates any sample matrix dependence 

on the analyte quantititation.

The conversion of carbonaceous biochemicals to graphite has been extremely successful for 

the vast majority of AMS applications in the biosciences. However, significant manual 

sample processing is required and the whole process suffers from low sample throughput 

(~150 graphite samples prepared/day) and long turnaround times (~3 days minimum). The 

quantitative addition of carrier carbon to samples containing <0.5 mg carbon also limits 

sensitivity to ~2 amol 14C/mg C.
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Conversion of a sample to CO2 gas, which is then fed directly into an AMS gas accepting 

ion source can overcome this bottleneck. CO2 gas-accepting ion sources offer several 

advantages over solid sample ion sources. They make more efficient use of the sample; 

hence much smaller sized samples may be analyzed. Less sample handling is required, 

increasing throughput, while reducing turnaround. Finally, gas-accepting ion sources are 

amenable to the measurement of the continuous output of a gas stream, giving higher time 

resolution for flow separations.

Most applications involving the direct analysis of CO2 are focused on naturally-labeled 

compounds. 13–17 Recently, van Duijn, et al., has adapted some of those methods for tracer 

biomedical applications.18 Discrete aliquots are combusted using a commercial elemental 

analyzer with the resultant CO2 captured and transferred to a gas-tight syringe for 

subsequent metering into a gas-accepting hybrid ion source on a 1 MV HVEE AMS 

spectrometer. A limit of quantitation of 0.52 amol of 14C in biological samples containing 70 

µg carbon was reported. Up to 200 samples may be measured automatically in sequence, 

limited by the capacity of the ion source.

Lawrence Livermore National Lab (LLNL) has developed a moving wire interface to enable 

the conversion of biochemical samples to CO2 for direct injection into a gas-accepting ion 

source.19–21 Figure 1 shows a schematic of the Liquid Sample AMS system (LS-AMS) at 

LLNL. The output from an HPLC is deposited onto a moving nickel wire as a coherent jet. 

The wire is then pulled through a drying oven to remove the solvent before entering a high-

temperature combustion reactor where the carbon content of the sample is oxidized to CO2. 

A helium gas stream is used to carry the combustion products to the AMS system for carbon 

isotope analysis. Although not depicted in Figure 1, microliter-sized drops for discrete 

sample analysis can alternately be placed onto the wire in the same location as the silica tip 

using a disposable pipet tip.

The 50 zmol 14C limit of quantitation of our LS-AMS capability is based on a measurement 

precision of 5%, based on counting statistics. This lower limit can decrease if a lower 

precision can be tolerated (or, conversely, increase if a higher precision is required). The 

minimum carbon sample size for LS-AMS quantitation is 10 ng 12C. These limits represent 

a 50,000-fold reduction in the minimum sample size and a 20-fold improvement in 14C 

sensitivity over solid graphite AMS analysis, enabling the use of even lower 14C and 

chemical doses.

Human studies enabled by AMS

A major concern when developing risk assessments for highly toxic chemicals or when 

investigating new drugs in development is extrapolating high dose experimental animal data 

to relevant real-world human exposure conditions. Traditionally, to assess bioavailability, 

metabolism and pharmacokinetics, animal models are exposed to high chemical doses, 

which do not always extrapolate well to human relevant exposure scenarios.22 AMS can 

bridge this gap and provide a sensitive and accurate method to measure low level doses that 

can range from environmentally relevant concentrations of toxicants to sub-therapeutic and 

microdosing levels of drugs. Microdosing is the administration of a low sub-
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pharmacological dose (up to 100 µg or 1% of the therapeutic dose, whichever is smaller) to 

study the effects of a drug or toxin at levels that are unlikely to produce an observable effect, 

but high enough for assessment of cellular and systemic response.23–25 AMS allows for 

direct testing of toxicants in humans, allowing for a more accurate risk assessment. For drug 

microdosing, AMS allows pharmacokinetics, absolute bioavailability and metabolism 

studies of drugs with minimal risk to human volunteers or patients with relatively few 

animal studies prior to the initiation of clinical work compared to a traditional Phase I 

human study.23, 26, 27

AMS has enabled many human studies including: personalized medicine and earlier 

assessment of novel drug candidates and xenobiotics.28–30 In this review, we focus on recent 

applications for AMS in human risk assessment and new applications of microdosing.

Platinum Drug-DNA adducts as a potential prognostic and predictive biomarker for 
chemotherapy response

The platinum-based drugs cisplatin, carboplatin and oxaliplatin are amongst commonly 

prescribed chemotherapeutic drugs and are used against a broad spectrum of cancers, such 

as bladder, lung, ovarian, and colon, see structures in Figure 2.31–33 However, the overall 

efficacy of platinum-based chemotherapy is limited due to severe side effects and intrinsic or 

acquired drug resistance.32, 34 Gene expression analysis and other genomics approaches 

have revealed many insights into the mechanisms of platinum-based drug resistance. 

However, the genomics approach has so far failed to develop clinically useful tests for 

predicting resistance prior to the initiation of chemotherapy—a critical unmet medical 

need.33, 35

The primary mode of action of platinum-based drugs is the covalent modification (damage) 

of genomic DNA, which initiates cell death via induction of in apoptosis or necrosis.32 The 

levels of such DNA alterations (adducts) are the cumulative result of many factors that 

govern cellular responses to drug exposure including genetics, tumor microenvironment, 

kidney function, overall patient health and others.34, 36 A positive correlation between 

therapy-induced levels of platinum-based drug-DNA adducts in peripheral blood 

mononuclear cells (PBMC) or other surrogate tissues, and good clinical outcome have been 

widely reported in literature for a variety of cancers.37–49 For example, Schellens et al found 

a significant positive relationship of cisplatin induced adduct levels in leucocytes (area under 

the DNA-adduct time curve) with favorable clinical outcome in several different cancers, 

including NSCLC, melanoma and cervical cancer.40 However, not all investigators have 

observed such correlations,50, 51 possibly due to different study designs, drug regimes, 

analytical methods employed and small numbers of patients. Furthermore, limited access to 

tumor tissue for adduct analysis has precluded comparison of drug-DNA adduct levels to 

patient response, and to those measurements in surrogate tissues such as PBMC. Despite the 

previous contradictory conclusions, drug-DNA adduct levels as pharmacodynamic endpoints 

remain potentially more informative and useful than genomic analysis of drug response to 

cytotoxic chemotherapy agents. However, due to the insufficient sensitivity of available 

standard detection methods (i.e. ICP-MS, immunoassays), the adduct levels are commonly 

measured only after exposure to high, therapeutically relevant, drug concentrations. 
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Henderson and coworkers recently reported progress on developing a microdosing strategy 

via accelerator mass spectrometry (AMS), with the goal of predicting individual tumor 

responses to platinum-based chemotherapy before cytotoxic chemotherapeutic 

intervention.29, 52, 53 This approach, called “diagnostic microdosing”, allows study of 

pharmacokinetics (PK) and pharmacodynamics (PD) of carboplatin or oxaliplatin via the 

administration of sub-therapeutic drug doses that are unlikely to produce whole-body 

effects.53 To date, most microdosing efforts have focused on PK predictions of new 

compounds to accelerate drug development; it is now extending to medical diagnostics 

applications. AMS can easily measure one 14C-labeled drug molecule bound to DNA per 

108 nucleotides,8 with a limit of detection of one adduct per 1012 nucleotides,54 and has 

been used to quantify radiocarbon-labeled drug or metabolite concentrations in urine, 

plasma or purified DNA samples.55, 56

In order to measure microdose induced drug-DNA adduct levels the compound needs to 

contain at least one carbon atom that can be labeled with 14C. Cisplatin does not contain a 

carbon atom in the molecule and cannot be detected by AMS. Although less potent, 

carboplatin forms the same final drug-DNA diadduct crosslink structure as cisplatin and 

clinical cross-resistance is common.57, 58 Consequently, these two drugs are sometimes used 

interchangeably in clinical practice and the microdosing approach to identifying carboplatin 

resistance can possibly be applied to cisplatin. AMS specifically detects carboplatin-DNA 

monoadducts (a precursor of the final diadduct), since the 14C-labeled cyclobutane 

dicarboxylate (CBDCA) group is released once the diadduct is formed.32 Initial preclinical 

microdose AMS studies inversely correlated induced drug-DNA adduct level in various 

cancer cell lines with cell line sensitivity toward the drug.29, 52, 59

In ongoing clinical diagnostic microdosing trials lead by Accelerated Medical Diagnostics 

Incorporated in collaboration with UC Davis and LLNL, induced carboplatin-DNA adduct 

levels are being correlated with clinical outcome of bladder and lung cancer patients (Figure 

2A). Patients are administered a diagnostic microdose of 14C label carboplatin at 

approximately 100-times lower than the anticipated therapeutic dosage (Clinicatrials.gov 

identifier NCT01261299). Blood or tissue samples are collected over a period of 24 hours 

and carboplatin-DNA adduct level are then quantified via AMS. Within four weeks each 

patient starts full dose platinum-based neoadjuvant chemotherapy, and drug-DNA adduct 

levels are correlated with tumor response. Our preliminary data show that patients with the 

highest PBMC drug-DNA adduct levels positively responded to the therapy (Figure 2B). 

However, not all responders had high levels of carboplatin-DNA adducts (not shown). The 

possibility that other drugs in the treatment regimen caused the response is being tested with 

bladder cancer patient derived tumor xenografts (PDX) in mice. Mice are subjected to 

microdoses of [14C]carboplatin or [14C]gemcitabine (a commonly used drug combination) 

and to platinum-/gemcitabine-based therapy in order to dissect the role of each individual 

drug on tumor response. Another pilot clinical trial aims to correlate the level of microdose-

induced [14C]oxaliplatin-DNA adducts with clinical outcomes in colorectal cancer patients 

(clinicaltrials.gov identifier NCT02569723). Collectively, these efforts support the feasibility 

of diagnostic microdosing to improve patient outcomes by personalizing chemotherapy.
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Drug development

AMS was initially considered promising for lead candidate selection in the drug 

development process, which could potentially improve success rates and reduce drug 

development costs.60 Early efforts using AMS for drug development have focused on: 1) 

determining the dose linearity between a microdose and a pharmacological dose61, 62 and 2) 

using microdosing to evaluate the potential of new chemical entities.63–65

Linearity must exist between a microdose and therapeutic dose of a drug in order for 

microdosing to be of value in predicting clinically relevant effects. Recent efforts have 

focused on determining the dose linearity of several drugs to evaluate the feasibility of using 

AMS microdosing for drug development.61, 62, 66

Key validation studies for microdosing in humans have been reported from the CREAM 

(Consortium for Resourcing and Evaluating AMS Microdosing), EUMAPP (European 

Microdosing accelerator mass spectrometry [AMS] Partnership Programme), and the NEDO 

(New Energy and Industrial Technology Development Organization) trials. These studies 

evaluated PK and bioavailability correlations between micro and therapeutic doses of 

drugs.61, 67, 68 In example, in the study by Lappin and colleagues, correlations between 

microdoses and therapeutic doses were determined for five drugs (diazepam, midazolam, 

ZK253, warfarin and erythromycin) in human subjects.61 Good agreement for PK 

parameters (i.e. t1/2, CL, F) was observed for all drugs except warfarin and erythromycin. 

While a microdose of warfarin predicted clearance, it did not accurately predict distribution 

pharmacokinetics. Erythromycin data could not be correlated due to possible acid lability 

from the oral dose within the stomach. The authors concluded that while some limitations 

may exist, microdosing has the potential to gain insight into early candidate selection.

The utility of microdosing using AMS in drug development has also been illustrated in 

children.62, 66 Higher risks for drug toxicity and therapeutic failure exist for children 

compared to adults; accurate dose selection in children is often difficult due to 

developmental changes in drug pharmacokinetics (absorption, distribution, metabolism and 

excretion). The potential for microdosing using AMS in children was first reported in a 

review by Vuong et al in which a 14C-labeled ursodiol microdosing study was conducted in 

infants.69 Recent efforts to demonstrate microdosing feasibility in children have included 

PAMPERS (Paediatric Accelerator Mass Spectrometry Evaluation Research Study) and 

PEDMIC (Pediatric Microdosing: elucidating age-related changes in oral absorption to 

guide dosing of new formulations)66. The PAMPERS project is evaluating the feasibility of 

both microdosing and microtracer studies in children using 14C-paracetamol and 14C-

midazolam, two drugs that are well characterized and commonly prescribed to children. The 

PEDMIC study is aimed towards developmental pharmacology; oral microtracers of 14C-

paracetamol and 14C-midazolam are administered with an intravenous therapeutic dose. 

Both projects have preliminary data, which support acceptable dose linearity and feasibility 

of microdosing/microtracer studies for drug development in children.62, 70

In example, in the work by Mooij et al., the feasibility of utilizing microdosing to study 

developmental pharmacokinetics in children was assessed using 14C-paracetamol 

(acetaminophen, AAP).62 Children (0–6 years of age) were given both a single oral 
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microdose of 14C-AAP (3.3 ng/kg, 60 Bq/kg) and intravenous therapeutic doses of AAP (15 

mg/kg) every 6 hours. LC-MS/MS was used to measure AAP blood concentrations and 

AMS was used to measure both 14C-AAP and metabolites (14C-AAP-Glu and 14C-

AAP-4Sul). 14C-AAP and metabolites were detectable at expected concentrations in blood 

of nine out of ten patients tested; this pilot study demonstrated feasibility of using a 

microdose to study PK and metabolite disposition in children.

The combination of technologies such as AMS and positron emission tomography (PET), a 

non-invasive nuclear imaging technique, has shown promise to maximize data output from 

clinical microdosing studies.22, 71, 72 PET is capable of measuring tissue distribution and 

pharmacokinetics of drugs and is enabled using short-lived positron emitting radioisotopes 

(i.e. 11C t1/2 = 20.4 min, 18F t1/2 = 109.8 min).73, 74 Combining the technologies of PET and 

AMS allows identification of tissue distribution and plasma PK information beyond the short 

examination periods using PET. In example, microdosing using PET/AMS was evaluated by 

Wagner et al using a mixture of (R/S)-14C-verapamil and 11C-verapamil as a model drug in 

six healthy volunteers.72 For this combined PET/AMS study, verapamil was chosen due to 

its well-characterized safety profile and frequency of use. Pharmacokinetic parameters were 

measured by both AMS and PET. Plasma PK of 11C-verapamil was measured using gamma 

counting and corrected for metabolites using HPLC, brain PK of both 11C-verapamil and its 

metabolites were measured with PET. Plasma PK was also measured using AMS after chiral 

HPLC for the (R/S)-14C-verapamil mixture. The power of combining these two technologies 

was highlighted in this study. If only using PET, the drug’s elimination phase would not 

have been captured given the longer half-life of verapamil (t1/2 = 6–8 hours) and the shorter 

time frames used for PET experiments. Therefore, utilizing PET imaging for drug tissue 

distribution with AMS for PK analysis is a powerful combination for early clinical drug 

assessment.

Novel drug candidates have also been assessed with microdosing.4, 63–65, 75 These have 

included potential therapeutics for Alzheimer’s disease,65 Staphylococcus aureus,63 

Streptococcus pneumonia64 and cancer.65 The pharmacokinetics, absolute bioavailability 

and lung distribution of AR-709, a novel diaminopyrimidine antibiotic for S. pneumonia, 

was assessed in healthy volunteers in a recent study by Lappin et al.64 While appreciable 

concentrations of AR-709 were measured in the lung, absolute oral bioavailability was low 

(2.5%), indicating the need for an alternative route of administration if the drug was further 

developed for clinical use. In another study, Kaplan et al compared ADME properties of an 

oral and intravenous dose of AFN-1252, a novel inhibitor of the bacterial fatty acid 

biosynthesis pathway.63 Similar pharmacokinetics were observed for both dosing routes, 

including terminal half-lives (~7 hours) and bioavailability (83%) and adequate distribution 

in skin-related samples were also consistent demonstrating the potential use of the novel 

drug for Staphylococcus spp.

Prior to initiating human studies, Malfatti et al. examined whether a novel GyrB/ParE 

inhibitor pre-clinical drug candidate displayed linear kinetics across a sub-pharmacological 

and a pharmacological dose range in an animal model.4 The plasma concentration of 

the 14C-labeled inhibitor was quantified by AMS and the pharmacokinetic parameters from 

both a microdose and a pharmacologic dose were evaluated. Dose linearity across a 300-fold 
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dose range for the novel inhibitor was observed; PK properties for a 0.01 mg/kg microdose 

were similar to those given a 3 mg/kg pharmacologic dose (R2=0.989). Based on these data, 

the PK from the microdosed animals was considered to be predictive of the PK from the 

pharmacologically dosed animals.

Although AMS has clear utility in PK and ADME studies, it has not been widely adopted by 

the pharmaceutical industry for lead candidate selection owing to several factors, including 

skepticism of the value of extrapolation of microdose PK to physiologically relevant doses, 

especially for oral medications, and a conservative culture for adopting new technologies. 

Most pharmaceutical companies are aware of AMS, and are developing internal guidelines 

on when a pharmaceutical project requires the limited utilization of AMS studies in order to 

de-risk a problematic PK issue. For example, Genentech extensively used AMS to better 

understand the complex pharmacokinetics and metabolism of the drug Vismodegib 

(GDC-0449).76 The purpose of the study was to determine routes of elimination and the 

extent of vismodegib metabolism, including assessment and identification of metabolites in 

plasma, urine, and feces in six healthy female subjects. More recently, industry has focused 

resources on the use of AMS for absolute bioavailability studies to support regulatory 

filings, which is the predominant use of AMS for pharmaceutical research currently.77 

Reasons for this development include advantages related to concomitant administration of 

oral and intravenous doses, which reduces within-subject variability, reduced clinical costs 

due to fewer visits/time spent at the clinic, and the use of such low specific activities that 

samples are treated as non-radioactive and may be processed in any laboratory.

Low dose pharmacokinetics and toxicology

The advent of AMS allows studies to determine the xenobiotic bioavailability and 

metabolism in animal models and directly in humans at very low non-toxic human relevant 

doses. The combination of HPLC separation coupled with AMS analysis has allowed for 

metabolic profiling for such exposures.5, 78 These approaches have led to the use of AMS to 

determine the pharmacokinetics and pharmacodynamics of a number of specific agents 

within humans at physiological doses.7, 54, 79 Incorporation of these labeled compounds into 

specific cellular pools has been used to characterize cellular targets and kinetics.80 The 

sensitivity of AMS measurement gives this technique a number of major advantages over 

other methods for the detection of isotopes. Importantly, because of the extreme sensitivity, 

PK studies utilizing AMS for detection have the ability to measure long-term kinetics and 

metabolism using low doses for several months after isotope administration. Furthermore, 

since only low doses of chemicals and radioactivity are required, studies can be performed 

with levels of chemicals equivalent to environmental exposures. In addition, detailed 

pharmacokinetic data require frequent sampling, which is made possible with AMS 

detection, by virtue of the small sample sizes needed for analysis. AMS has been used to 

establish the kinetics of β-carotene uptake and plasma clearance in a human volunteer that 

received a single dose of 14C-β-carotene obtained from 14C-spinach.81 Plasma 

concentrations of β-carotene and its metabolites were determined at intervals over a 7-month 

period and required just 30 µL of plasma for analysis. Such complete investigations would 

not be possible using other methods that lack the necessary sensitivity to detect compounds 

and metabolites months after dosing.
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AMS has also been used in low dose toxicology to establish the kinetics and biodistribution 

of silica nanoparticles over eight weeks after a single exposure in rodents82 and to determine 

the toxicokinetics of the carcinogenic polycyclic aromatic hydrocarbon dibenzochrysene in 

humans.5 Additionally, AMS has been used to characterize the extent of DNA adduct 

formation in humans after exposure to carcinogenic heterocyclic amines at relevant 

environmental exposure levels.83, 84

In the nanoparticle study, the pharmacokinetic (PK) properties and quantitative long-term 

tissue distribution of 14C-labeled amorphous spherical silica nanoparticles (14C-SiNPs) was 

determined. Mice were exposed to a single dose of 14C-labeled silica dioxide nanoparticles 

(0.113 nCi) and blood and tissues were collected over eight weeks.82 The concentration of 

SiNPs in tissue and blood over time was determined by quantifying the amount of 14C-

SiNPs equivalents at each time point by AMS, and constructing concentration versus time 

curves. Mean plasma pharmacokinetic parameters showed the SiNPs were rapidly cleared 

from the central compartment following first order processes with a mean distribution half-

life (t1/2α) of 0.38 h and an elimination half-life (t1/2β) of 78.4 h. The long t1/2β indicated 

that not all the nanoparticles were cleared from the plasma within the 48 h sampling time. 

This was consistent with plasma measurements taken over the study period revealing 

appreciable levels of SiNPs in the plasma over the eight weeks. The sensitivity afforded by 

AMS also allowed for quantitative tissue distribution of SiNPs to be evaluated over the 

eight-week- time course. Initial biodistribution of SiNPs was rapid and was confined 

primarily to tissues of the reticuloendothelial system (RES) including the spleen, liver, 

kidney, lung, and cervical lymph nodes; peripheral tissues showed less accumulation of 

SiNPs. Analysis by AMS revealed that the concentrations of SiNPS varied from tissue to 

tissue with the highest concentrations occurring in the spleen and liver, followed by lung and 

kidney. In all tissues examined, the Cmax concentration of SiNPs occurred within 2 h after 

dosing indicating a rapid distribution to the tissues. The use of AMS enabled long-term 

quantitation of SiNPs in tissue following a single low dose administration. This study 

highlights the utility of using AMS for long-term low dose experiments, which can be 

applied to assess the long-term fate of xenobiotics at environmentally relevant 

concentrations in human.

In a study to determine the human pharmacokinetics of the environmental toxicant/

carcinogen dibenzo[def,p]chrysene (DBC), a nontoxic microdose of 14C-DBC was 

administered to human volunteers.5 The pharmacokinetics of DBC was determined in three 

female and six male human volunteers following an oral microdosing of 14C -DBC (29 ng, 5 

nCi) that was considered of de minimus risk to human health. Following exposure, plasma 

and urine were collected over 72 h and 14C-DBC equivalents in plasma and urine were 

quantified by AMS. The mean plasma Cmax was 68.8 ± 44.3 fg·mL−1 with a Tmax of 2.25 

± 1.04 h. Elimination of DBC occurred in two clear phases: a rapid (α)- phase, with a t1/2 of 

5.8 ± 3.4 h followed by a slower (β)- phase, with a t1/2 of 41.3 ± 29.8 h. The 

pharmacokinetics were notably consistent when body mass index and polymorphisms in 

metabolism are considered. Elimination in the urine yielded only 1.24% ± 0.49% of the 

administered 14C dose over the first 72 h post dose. This was presumably due to the high 

hydrophobicity of DBC. The sensitivity provided by AMS allowed for the safe microdosing 

of human volunteers with DBC, at environmentally relevant doses, providing 
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pharmacokinetic parameters for risk assessment that do not rely solely on high-dose animal 

studies. The ability to determine human pharmacokinetics of carcinogenic chemicals found 

in the environment and their metabolites is an advancement in risk assessment.

The analysis of potential genotoxins for DNA binding was one of the first uses of AMS in 

biology. DNA binding has been measured directly in humans to help elucidate the relevance 

of animal models used to initially assess its genotoxic effects7, 84. The genotoxic 

heterocyclic amine 2-amino-1- methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) was labeled 

with carbon-14 and given orally (70 µg/person; 17 µCi/person) in a capsule to adult cancer 

patients who where scheduled to undergo surgery to remove colon tumors. The dose 

received was equivalent to a real-world exposure.85 After harvesting colon tissue during 

surgery, DNA was also isolated from histologically normal colon tissue surrounding the 

tumor as well as the tumor itself. DNA was also isolated from the colon of rats which where 

given 14C-PhIP using a regimen that provided a similar dose and exposure time compared to 

the humans. The results showed that humans produce higher levels of colon DNA adducts 

than the rats given an equivalent dose, showing that PhIP is bioactivated to a greater degree 

in humans or has different DNA repair capacity in these two systems. Binding of PhIP to 

albumin and hemoglobin was also greater in humans, favoring the hypothesis that people 

have a greater capacity to bioactivate these compounds than rodents.27

More recently, to understand the etiology of pancreatic cancer, human volunteers diagnosed 

with pancreatic cancer were dosed with a microdose of 14C-2-amino-3,8-

dimethylimidazo[4,5-f ]quinoxaline (MeIQx); a similar heterocyclic amine to PhIP.30 Blood 

and urine was collected at several time points after exposure for pharmacokinetic and 

metabolite analysis, as well, as pancreatic tissue during surgery for DNA adduct profiling. 

Pharmacokinetic analysis of plasma revealed a rapid distribution of MeIQx with a plasma 

elimination half-life of approximately 3.5 h. In two of the four cancer patients, very low 

levels of MeIQx were detected in plasma and urine suggesting low absorption from the gut 

into the plasma. Urinary metabolite analysis revealed five MeIQx metabolites indicating 

extensive biotransformation of MeIQx in these volunteers. AMS analysis of isolated DNA 

revealed very low DNA adducts levels in pancreatic tissue. The results from the this study 

showed that MeIQx is rapidly cleared from the plasma and is extensively metabolized with 

less than 5% of unchanged MeIQx remaining in the urine. Under the experimental 

conditions, MeIQx DNA adducts were detected at or near background levels suggesting that 

adducts did not readily form in this tissue. These results suggest that exposure to MeIQx 

alone may not be a significant risk factor for pancreatic cancer. However, other meat-derived 

HCA mutagens have been shown to covalently bind DNA in pancreatic tissue.86 These 

studies may allow for a more accurate prediction of the risk that potential carcinogens pose 

to humans with the ability to develop human relevant mechanistic data.

AMS has also been utilized to assess the effects of chemopreventative agents at low doses. 

In a study by Jubert et al. the effects of chlorophyll and chlorophyllin on the 

pharmacokinetics of Aflatoxin B1 after low dose exposure in humans was evaluated. 

Chlorophyll and chlorophyllin have been shown to reduce carcinogen bioavailability in 

animal models. 87, 88 In addition, a study in China showed that chlorophyllin reduced 

alfoatoxin-DNA adducts in a population at high risk for liver cancer.89 In the Jubert study, 
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the pharmacokinetics of Aflatoxin B1 were assessed in humans after an oral microdose 

of 14C-Alfatoxin B1 with either chlorophyll or chlorophyllin. Results showed that both 

chlorophyll and chlorophyllin significantly decreased the absorption of Alflatoxin B1 and 

reduced the Cmax and AUCs in both plasma and urine when compared to individuals without 

treatment. The use of AMS enabled human pharmacokinetic data to be obtained at safe low 

dose exposures, and confirmed the animal model studies showing that chlorophyll and 

chlorophyllin may limit Alfatoxin B1 bioavailability.

More recently, the chemoprotective effects of resveratrol were interrogated using AMS90. 

Cai et al. reported that when the pharmacokinetics and activity using a dietary equivalent 

dose and a dose 200 times higher were compared a nonlinear response was observed.90 In 

rodents on a high fat diet the low resveratrol dose suppressed intestinal adenoma 

development more efficiently than animals receiving the higher dose. In human colorectal 

tissue exposed, low concentrations of resveratrol ex vivo and in cancer patients from a 14C-

resveratrol trial, enzyme expression profiles indicated better efficacy at the lower doses. 

These findings highlight the importance of dosimetry for dietary chemopretective agents and 

the utility of AMS for low dose human studies to define the proper dose levels for optimal 

efficacy.

Conclusions

AMS applications for human relevant research continue to grow in areas of drug 

development, risk assessment of xenobiotics and in new areas such as personalized 

medicine. AMS allows for quantification of low concentrations of analytes and metabolites 

directly in humans including sensitive subjects such as elderly patients and children. 

Combining AMS analysis with other highly sensitive techniques such as positron emission 

tomography can provide complementary information and maximizes clinical data within the 

same study including: long-term pharmacokinetic information, cellular binding and 

metabolite profiling. These measurements may provide critical information when assessing 

new drug candidates or potential toxicity of environmental materials and chemicals.

While AMS provides an isotope ratio measurement with no intrinsic structural information 

within its measurement, advances in sample fractionation and direct coupling to AMS 

instrumentation are helping to overcome this limitation. For example, liquid sample online 

coupling with chromatographic interfaces allows for identification of parent compound and 

its metabolites within the same sample19–21 and also reduces the need for highly 

experienced personnel for sample processing. The unprecedented sensitivity, precision and 

recent advances in instrumentation highlight the power and increasing importance of AMS 

based studies in clinical research.
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AAP acetaminophen

ADME absorption distribution metabolism excretion

AMS accelerator mass spectrometry

AUC area under the curve

CBDCA cyclobutane dicarboxylate

CREAM Consortium for Resourcing and Evaluating AMS Microdosing

Cmax maximum concentration

DBC dibenzo[def,p]chrysene

DPM disintegrations per minute

EUMAPP European Microdosing accelerator mass spectrometry Partnership 

Programme

HCA heterocyclic amine

HPLC high performance liquid chromatography

LLNL Lawrence Livermore National Lab

LS-AMS Liquid Sample accelerator mass spectrometry

MeIQx 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline

NEDO New Energy and Industrial Technology Development Organization

PAMPERS Paediatric Accelerator Mass Spectrometry Evaluation Research Study

PBMC peripheral blood mononuclear cells

PD pharmacodynamics

PEDMIC Pediatric Microdosing

PET positron emission tomography

PhIP 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine

PK pharmacokinetics

RES reticuloendothelial system

SiNPs silica nanoparticles

Enright et al. Page 12

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Perl S, Kushner JA, Buchholz BA, Meeker AK, Stein GM, Hsieh M, Kirby M, Pechhold S, Liu EH, 
Harlan DM, Tisdale JF. Significant Human β-Cell Turnover Is Limited to the First Three Decades of 
Life as Determined by in Vivo Thymidine Analog Incorporation and Radiocarbon Dating. The 
Journal of Clinical Endocrinology and Metabolism. 2010; 95:E234–E239. [PubMed: 20660050] 

2. Spalding KL, Bhardwaj RD, Buchholz BA, Druid H, Frisen J. Retrospective birth dating of cells in 
humans. Cell. 2005; 122:133–143. [PubMed: 16009139] 

3. Boddy AV, Sludden J, Griffin MJ, Garner C, Kendrick J, Mistry P, Dutreix C, Newell DR, O’Brien 
SG. Pharmacokinetic investigation of imatinib using accelerator mass spectrometry in patients with 
chronic myeloid leukemia. Clin Cancer Res. 2007; 13:4164–4169. [PubMed: 17634544] 

4. Malfatti MA, Lao V, Ramos CL, Ong VS, Turteltaub KW. Use of microdosing and accelerator mass 
spectrometry to evaluate the pharmacokinetic linearity of a novel tricyclic GyrB/ParE inhibitor in 
rats. Antimicrob. Agents Chemother. 2014; 58:6477–6483. [PubMed: 25136019] 

5. Madeen E, Corley RA, Crowell S, Turteltaub K, Ognibene T, Malfatti M, McQuistan TJ, Garrard M, 
Sudakin D, Williams DE. Human in Vivo Pharmacokinetics of [(14)C]Dibenzo[def,p]chrysene by 
Accelerator Mass Spectrometry Following Oral Microdosing. Chem. Res. Toxicol. 2015; 28:126–
134. [PubMed: 25418912] 

6. Carkeet C, Dueker SR, Lango J, Buchholz BA, Miller JW, Green R, Hammock BD, Roth JR, 
Anderson PJ. Human vitamin B(12) absorption measurement by accelerator mass spectrometry 
using specifically labeled (14)C-cobalamin. Proc. Natl. Acad. Sci. U. S. A. 2006; 103:5694–5699. 
[PubMed: 16585531] 

7. Dingley KH, Curtis KD, Nowell S, Felton JS, Lang NP, Turteltaub KW. DNA and Protein Adduct 
Formation in the Colon and Blood of Humans after Exposure to a Dietary-relevant Dose of 2-
Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine. Cancer Epidemiol. Biomark. Prev. 1999; 8:507–
512.

8. Hah SS, Stivers KM, de Vere White RW, Henderson PT. Kinetics of carboplatin-DNA binding in 
genomic DNA and bladder cancer cells as determined by accelerator mass spectrometry. Chem. 
Res. Toxicol. 2006; 19:622–626. [PubMed: 16696564] 

9. Brown K, Tompkins EM, White IN. Applications of accelerator mass spectrometry for 
pharmacological and toxicological research. Mass Spectrom. Rev. 2006; 25:127–145. [PubMed: 
16059873] 

10. Felton JS, Turteltaub KW, Vogel JS, Balhorn R, Gledhill BL, Southon JR, Caffee MW, Finkel RC, 
Nelson DE, Proctor ID, Davis JC. Accelerator mass spectrometry in the biomedical sciences: 
applications in low-exposure biomedical and environmental dosimetry. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms. 1990; 
52:517–523.

11. Vogel JS. Rapid Production of Graphite Without Contamination for Biomedical AMS. 
Radiocarbon. 1992; 34:344–350.

12. Ognibene TJ, Bench G, Vogel JS, Peaslee GF, Murov S. A High-Throughput Method for the 
Conversion of CO2 Obtained from Biochemical Samples to Graphite in Septa-Sealed Vials for 
Quantification of 14C via Accelerator Mass Spectrometry. Anal. Chem. 2003; 75:2192–2196. 
[PubMed: 12720362] 

13. Bronk Ramsey C, Humm MJ. On-line combustion of samples for AMS and ion source 
developments at ORAU. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms. 2000; 172:242–246.

14. Uhl T, Kretschmer W, Luppold W, Scharf A. Direct Coupling of an Elemental Analyzer and a 
Hybrid Ion Source for AMS Measurements. Radiocarbon. 2016; 46:65–75.

15. Xu S, Dougans A, Freeman SPHT, Maden C, Loger R. A gas ion source for radiocarbon 
measurement at SUERC. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms. 2007; 259:76–82.

16. Fahrni SM, Gäggeler HW, Hajdas I, Ruff M, Szidat S, Wacker L. Direct measurements of small 
14C samples after oxidation in quartz tubes. Nuclear Instruments and Methods in Physics 
Research Section B: Beam Interactions with Materials and Atoms. 2010; 268:787–789.

Enright et al. Page 13

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Ruff M, Wacker L, Gäggeler HW, Suter M, Synal HA, Szidat S. A Gas Ion Source for Radiocarbon 
Measurements at 200 kV. Radiocarbon. 2016; 49:307–314.

18. van Duijn E, Sandman H, Grossouw D, Mocking JAJ, Coulier L, Vaes WHJ. Automated 
Combustion Accelerator Mass Spectrometry for the Analysis of Biomedical Samples in the Low 
Attomole Range. Anal. Chem. 2014; 86:7635–7641. [PubMed: 25033319] 

19. Thomas AT, Ognibene T, Daley P, Turteltaub K, Radousky H, Bench G. Ultrahigh Efficiency 
Moving Wire Combustion Interface for Online Coupling of High-Performance Liquid 
Chromatography (HPLC). Anal. Chem. 2011; 83:9413–9417. [PubMed: 22004428] 

20. Thomas AT, Stewart BJ, Ognibene TJ, Turteltaub KW, Bench G. Directly Coupled High-
Performance Liquid Chromatography-Accelerator Mass Spectrometry Measurement of 
Chemically Modified Protein and Peptides. Anal. Chem. 2013; 85:3644–3650. [PubMed: 
23413773] 

21. Ognibene TJ, Thomas AT, Daley PF, Bench G, Turteltaub KW. An interface for the direct coupling 
of small liquid samples to AMS. Nuclear Instruments and Methods in Physics Research Section B: 
Beam Interactions with Materials and Atoms. 2015; 361:173–177. [PubMed: 26456991] 

22. Lappin G, Garner RC. Big physics, small doses: the use of AMS and PET in human microdosing 
of development drugs. Nat Rev Drug Discov. 2003; 2:233–240. [PubMed: 12612650] 

23. Combes RD, Berridge T, Connelly J, Eve MD, Garner RC, Toon S, Wilcox P. Early microdose 
drug studies in human volunteers can minimise animal testing: Proceedings of a workshop 
organised by Volunteers in Research and Testing. Eur. J. Pharm. Sci. 2003; 19:1–11. [PubMed: 
12729856] 

24. Garner RC. Practical experience of using human microdosing with AMS analysis to obtain early 
human drug metabolism and PK data. Bioanalysis. 2010; 2:429–440. [PubMed: 21083253] 

25. Food and Drug Administration, U. D. o. H. a. H. S. Center for Drug Evaluation and Research. 
Guidance for Industry, Investigators, and Reviewers – Exploratory IND Studies. 2006 ((CDER), C. 
f. D. E. a. R., Ed.). 

26. Smith DA. The debate is over: accelerator MS provides the route to better drug-development 
paradigms/protocols. Bioanalysis. 2011; 3:391–392. [PubMed: 21338258] 

27. Turteltaub KW, Vogel JS. Bioanalytical applications of accelerator mass spectrometry for 
pharmaceutical research. Curr. Pharm. Des. 2000; 6:991–1007. [PubMed: 10828298] 

28. Bae SK, Shon J-H. Microdosing studies using accelerated mass spectrometry as exploratory 
investigational new drug trials. Arch. Pharmacal Res. 2011; 34:1789–1798.

29. Henderson PT, Li T, He M, Zhang H, Malfatti M, Gandara D, Grimminger PP, Danenberg KD, 
Beckett L, de Vere White RW, Turteltaub KW, Pan CX. A microdosing approach for characterizing 
formation and repair of carboplatin-DNA monoadducts and chemoresistance. Int. J. Cancer. 2011; 
129:1425–1434. [PubMed: 21128223] 

30. Malfatti MA, Kuhn EA, Turteltaub KW, Vickers SM, Jensen EH, Strayer L, Anderson KE. 
Disposition of the Dietary Mutagen 2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline in Healthy 
and Pancreatic Cancer Compromised Humans. Chem. Res. Toxicol. 2016; 29:352–358. [PubMed: 
26918625] 

31. Kelland L. The resurgence of platinum-based cancer chemotherapy. Nature reviews. Cancer. 2007; 
7:573–584. [PubMed: 17625587] 

32. Dilruba S, Kalayda GV. Platinum-based drugs: past, present and future. Cancer chemotherapy and 
pharmacology. 2016; 77:1103–1124. [PubMed: 26886018] 

33. Dasari S, Bernard Tchounwou P. Cisplatin in cancer therapy: Molecular mechanisms of action. 
European Journal of Pharmacology. 2014; 740:364–378. [PubMed: 25058905] 

34. Galluzzi L, Vitale I, Michels J, Brenner C, Szabadkai G, Harel-Bellan A, Castedo M, Kroemer G. 
Systems biology of cisplatin resistance: past, present and future. Cell Death Dis. 2014; 5:e1257. 
[PubMed: 24874729] 

35. Cimino GD, Pan CX, Henderson PT. Personalized medicine for targeted and platinum-based 
chemotherapy of lung and bladder cancer. Bioanalysis. 2013; 5:369–391. [PubMed: 23394702] 

36. Massari F, Santoni M, Ciccarese C, Brunelli M, Conti A, Santini D, Montironi R, Cascinu S, 
Tortora G. Emerging concepts on drug resistance in bladder cancer: Implications for future 
strategies. Critical reviews in oncology/hematology. 2015; 96:81–90. [PubMed: 26022449] 

Enright et al. Page 14

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Hoebers FJP, Pluim D, Verheij M, Balm AJM, Bartelink H, Schellens JHM, Begg AC. Prediction 
of treatment outcome by cisplatin-DNA adduct formation in patients with stage III/IV head and 
neck squamous cell carcinoma, treated by concurrent cisplatin-radiation (RADPLAT). 
International Journal of Cancer. 2006; 119:750–756. [PubMed: 16550603] 

38. Kim ES, Lee JJ, He G, Chow C-W, Fujimoto J, Kalhor N, Swisher SG, Wistuba II, Stewart DJ, 
Siddik ZH. Tissue Platinum Concentration and Tumor Response in Non-Small-Cell Lung Cancer. 
Journal of Clinical Oncology. 2012; 30:3345–3352. [PubMed: 22891266] 

39. Reed E, Parker RJ, Gill I, Bicher A, Dabholkar M, Vionnet JA, Bostick-Bruton F, Tarone R, 
Muggia FM. Platinum-DNA Adduct in Leukocyte DNA of a Cohort of 49 Patients with 24 
Different Types of Malignancies. Cancer research. 1993; 53:3694–3699. [PubMed: 8339278] 

40. Schellens JH, Ma J, Planting AS, van der Burg ME, van Meerten E, de Boer-Dennert M, Schmitz 
PI, Stoter G, Verweij J. Relationship between the exposure to cisplatin, DNA-adduct formation in 
leucocytes and tumour response in patients with solid tumours. British journal of Cancer. 1996; 
73:1569–1575. [PubMed: 8664132] 

41. van de Vaart PJM, Belderbos J, de Jong D, Sneeuw KCA, Majoor D, Bartelink H, Begg AC. DNA-
adduct levels as a predictor of outcome for NSCLC patients receiving daily cisplatin and 
radiotherapy. International Journal of Cancer. 2000; 89:160–166. [PubMed: 10754494] 

42. Pieck AC, Drescher A, Wiesmann KG, Messerschmidt J, Weber G, Strumberg D, Hilger RA, 
Scheulen ME, Jaehde U. Oxaliplatin-DNA adduct formation in white blood cells of cancer 
patients. British journal of Cancer. 2008; 98:1959–1965. [PubMed: 18506148] 

43. Veal GJ, Dias C, Price L, Parry A, Errington J, Hale J, Pearson ADJ, Boddy AV, Newell DR, Tilby 
MJ. Influence of Cellular Factors and Pharmacokinetics on the Formation of Platinum-DNA 
Adducts in Leukocytes of Children Receiving Cisplatin Therapy. American Association for Cancer 
research. 2001; 7:2205–2212.

44. Reed E, Ozols RF, Tarone R, Yuspa SH, Poirier MC. The measurement of cisplatin-DNA adduct 
levels in testicular cancer patients. Carcinogenesis. 1988; 9:1909–1911. [PubMed: 2458857] 

45. Reed E, Ostchega Y, Steinberg SM, Yuspa SH, Young RC, Ozols RF, Poirier MC. Evaluation of 
Platinum-DNA Adduct Levels Relative to Known Prognostic Variables in a Cohort of Ovarian 
Cancer Patients. Cancer research. 1990; 50:2256–2260. [PubMed: 2180564] 

46. Fichtinger-Schepman AMJ, van der Velde-Visser SD, van Dijk-Knijnenburg HCM, van Oosterom 
AT, Baan RA, Berends F. Kinetics of the Formation and Removal of Cisplatin-DNA Adducts in 
Blood Cells and Tumor Tissue of Cancer Patients Receiving Chemotherapy: Comparison with in 
Vitro Adduct Formation. Cancer research. 1990; 50:7887–7894. [PubMed: 2253228] 

47. Parker RJ, Gill I, Tarone R, Vionnet JA, Grunberg S, Muggia FM, Reed E. Platinum—DNA 
damage in leukocyte DNA of patients receiving carboplatin and cisplatin chemotherapy, measured 
by atomic absorption spectrometry. Carcinogenesis. 1991; 12:1253–1258. [PubMed: 2070490] 

48. Gupta-Burt S, Shamkhani H, Reed E, Tarone RE, Allegra CJ, Pai LH, Poirier MC. Relationship 
between patient response in ovarian and breast cancer and platinum drug-DNA adduct formation. 
Cancer Epidemiology Biomarkers & Prevention. 1993; 2:229–234.

49. Peng B, Tilby MJ, English MW, Price L, Pearson AD, Boddy AV, Newell DR. Platinum-DNA 
adduct formation in leucocytes of children in relation to pharmacokinetics after cisplatin and 
carboplatin therapy. British journal of Cancer. 1997; 76:1466–1473. [PubMed: 9400943] 

50. Motzer RJ, Reed E, Perera F, Tang D, Shamkhani H, Poirier MC, Tsai W-Y, Parker RJ, Bosl GJ. 
Platinum-DNA adducts assayed in leukocytes of patients with germ cell tumors measured by 
atomic absorbance spectrometry and enzyme-linked immunosorbent assay. Cancer. 1994; 
73:2843–2852. [PubMed: 7514956] 

51. Bonetti A, Apostoli P, Zaninelli M, Pavanel F, Colombatti M, Cetto GL, Franceschi T, Sperotto L, 
Leone R. Inductively coupled plasma mass spectroscopy quantitation of platinum-DNA adducts in 
peripheral blood leukocytes of patients receiving cisplatin- or carboplatin-based chemotherapy. 
Clinical Cancer research. 1996; 2:1829–1835. [PubMed: 9816137] 

52. Wang S, Zhang H, Scharadin TM, Zimmermann M, Hu B, Pan AW, Vinall R, Lin T-y, Cimino G, 
Chain P, Vuyisich M, Gleasner C, McMurry K, Malfatti M, Turteltaub K, de Vere White R, Pan C-
x, Henderson PT. Molecular Dissection of Induced Platinum Resistance through Functional and 
Gene Expression Analysis in a Cell Culture Model of Bladder Cancer. PloS one. 2016; 
11:e0146256. [PubMed: 26799320] 

Enright et al. Page 15

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



53. Henderson PT, Pan CX. Human microdosing for the prediction of patient response. Bioanalysis. 
2010; 2:373–376. [PubMed: 21083245] 

54. Mauthe RJ, Dingley KH, Leveson SH, Freeman SPHT, Turesky RJ, Garner RC, Turteltaub KW. 
Comparison of DNA-adduct and tissue-available dose levels of MeIQx in human and rodent colon 
following administration of a very low dose. Int. J. Cancer. 1999; 80:539–545. [PubMed: 9935154] 

55. Sugiyama Y, Yamashita S. Impact of microdosing clinical study — Why necessary and how 
useful? Advanced Drug Delivery Reviews. 2011; 63:494–502. [PubMed: 20950660] 

56. Sandhu P, Vogel JS, Rose MJ, Ubick EA, Brunner JE, Wallace MA, Adelsberger JK, Baker MP, 
Henderson PT, Pearson PG, Baillie TA. Evaluation of microdosing strategies for studies in 
preclinical drug development: demonstration of linear pharmacokinetics in dogs of a nucleoside 
analog over a 50-fold dose range. Drug metabolism and disposition: the biological fate of 
chemicals. 2004; 32:1254–1259. [PubMed: 15286054] 

57. Wang D, Lippard SJ. Cellular processing of platinum anticancer drugs. Nature reviews. Drug 
discovery. 2005; 4:307–320. [PubMed: 15789122] 

58. Ho GY, Woodward N, Coward JIG. Cisplatin versus carboplatin: comparative review of therapeutic 
management in solid malignancies. Critical reviews in oncology/hematology. 2016; 102:37–46. 
[PubMed: 27105947] 

59. Wang S, Zhang H, Malfatti M, de Vere White R, Lara PN Jr, Turteltaub K, Henderson P, Pan CX. 
Gemcitabine causes minimal modulation of carboplatin-DNA monoadduct formation and repair in 
bladder cancer cells. Chem Res Toxicol. 2010; 23:1653–1655. [PubMed: 21028869] 

60. Agency EM. ICH guideline M3(R2) on non-clinical safety studies for the conduct of human 
clinical trials and marketing authorisation for pharmaceuticals. 2009

61. Lappin G, Kuhnz W, Jochemsen R, Kneer J, Chaudhary A, Oosterhuis B, Drijfhout WJ, Rowland 
M, Garner RC. Use of microdosing to predict pharmacokinetics at the therapeutic dose: experience 
with 5 drugs. Clin. Pharmacol. Ther. 2006; 80:203–215. [PubMed: 16952487] 

62. Mooij MG, van Duijn E, Knibbe CA, Windhorst AD, Hendrikse NH, Vaes WH, Spaans E, Fabriek 
BO, Sandman H, Grossouw D, Hanff LM, Janssen PJ, Koch BC, Tibboel D, de Wildt SN. 
Pediatric microdose study of [(14)C]paracetamol to study drug metabolism using accelerated mass 
spectrometry: proof of concept. Clin. Pharmacokinet. 2014; 53:1045–1051. [PubMed: 25227283] 

63. Kaplan N, Garner C, Hafkin B. AFN-1252 in vitro absorption studies and pharmacokinetics 
following microdosing in healthy subjects. Eur. J. Pharm. Sci. 2013; 50:440–446. [PubMed: 
23988847] 

64. Lappin G, Boyce MJ, Matzow T, Lociuro S, Seymour M, Warrington SJ. A microdose study of (1)
(4)C-AR-709 in healthy men: pharmacokinetics, absolute bioavailability and concentrations in key 
compartments of the lung. Eur. J. Clin. Pharmacol. 2013; 69:1673–1682. [PubMed: 23739997] 

65. Tse S, Leung L, Raje S, Seymour M, Shishikura Y, Obach RS. Disposition and Metabolic Profiling 
of [14C]Cerlapirdine Using Accelerator Mass Spectrometry. Drug Metab. Dispos. 2014; 42:2023–
2032. [PubMed: 25217486] 

66. Turner MA, Mooij MG, Vaes WH, Windhorst AD, Hendrikse NH, Knibbe CA, Korgvee LT, 
Maruszak W, Grynkiewicz G, Garner RC, Tibboel D, Park BK, de Wildt SN. Pediatric microdose 
and microtracer studies using 14C in Europe. Clin. Pharmacol. Ther. 2015; 98:234–237. [PubMed: 
26095095] 

67. Lappin G, Shishikura Y, Jochemsen R, Weaver RJ, Gesson C, Brian Houston J, Oosterhuis B, 
Bjerrum OJ, Grynkiewicz G, Alder J, Rowland M, Garner C. Comparative pharmacokinetics 
between a microdose and therapeutic dose for clarithromycin, sumatriptan, propafenone, 
paracetamol (acetaminophen), and phenobarbital in human volunteers. Eur. J. Pharm. Sci. 2011; 
43:141–150. [PubMed: 21540108] 

68. Sugiyama Y. Effective Use of Microdosing and Positron Emission Tomography (PET) Studies on 
New Drug Discovery and Development. Drug Metab. Pharmacokinet. 2009; 24:127–129. 
[PubMed: 19430167] 

69. Vuong LT, Blood AB, Vogel JS, Anderson ME, Goldstein B. Applications of accelerator MS in 
pediatric drug evaluation. Bioanalysis. 2012; 4:1871–1882. [PubMed: 22943618] 

70. Garner CR, Park KB, French NS, Earnshaw C, Schipani A, Selby AM, Byrne L, Siner S, Crawley 
FP, Vaes WH, van Duijn E, deLigt R, Varendi H, Lass J, Grynkiewicz G, Maruszak W, Turner MA. 

Enright et al. Page 16

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Observational infant exploratory [(14)C]-paracetamol pharmacokinetic microdose/therapeutic dose 
study with accelerator mass spectrometry bioanalysis. Br. J. Clin. Pharmacol. 2015; 80:157–167. 
[PubMed: 25619398] 

71. Wagner CC, Langer O. Approaches using molecular imaging technology - use of PET in clinical 
microdose studies(). Adv. Drug Delivery. Rev. 2011; 63:539–546.

72. Wagner CC, Simpson M, Zeitlinger M, Bauer M, Karch R, Abrahim A, Feurstein T, Schutz M, 
Kletter K, Muller M, Lappin G, Langer O. A combined accelerator mass spectrometry-positron 
emission tomography human microdose study with 14C- and 11C–labelled verapamil. Clin. 
Pharmacokinet. 2011; 50:111–120. [PubMed: 21142292] 

73. Cherry SR, Gambhir SS. Use of positron emission tomography in animal research. ILAR J. 2001; 
42:219–232. [PubMed: 11406721] 

74. Aboagye EO, Price PM, Jones T. In vivo pharmacokinetics and pharmacodynamics in drug 
development using positron-emission tomography. Drug Discov. Today. 2001; 6:293–302. 
[PubMed: 11257581] 

75. Lee JJ, Seraj J, Yoshida K, Mizuguchi H, Strychor S, Fiejdasz J, Faulkner T, Parise RA, Fawcett P, 
Pollice L, Mason S, Hague J, Croft M, Nugteren J, Tedder C, Sun W, Chu E, Beumer JH. Human 
mass balance study of TAS-102 using (14)C analyzed by accelerator mass spectrometry. Cancer 
Chemother. Pharmacol. 2016; 77:515–526. [PubMed: 26787503] 

76. Graham RA, Lum BL, Morrison G, Chang I, Jorga K, Dean B, Shin YG, Yue Q, Mulder T, Malhi 
V, Xie M, Low JA, Hop CECA. A Single Dose Mass Balance Study of the Hedgehog Pathway 
Inhibitor Vismodegib (GDC-0449) in Humans Using Accelerator Mass Spectrometry. Drug Metab. 
Dispos. 2011; 39:1460–1467. [PubMed: 21602311] 

77. Lappin G, Rowland M, Garner RC. The use of isotopes in the determination of absolute 
bioavailability of drugs in humans. Expert Opinion on Drug Metabolism & Toxicology. 2006; 
2:419–427. [PubMed: 16863443] 

78. Buchholz BA, Fultz E, Haack KW, Vogel JS, Gilman SD, Gee SJ, Hammock BD, Hui X, Wester 
RC, Maibach HI. HPLC−Accelerator MS Measurement of Atrazine Metabolites in Human Urine 
after Dermal Exposure. Anal. Chem. 1999; 71:3519–3525. [PubMed: 10464479] 

79. Clifford AJ, Arjomand A, Dueker SR, Schneider PD, Buchholz BA, Vogel JS. The dynamics of 
folic acid metabolism in an adult given a small tracer dose of 14C–folic acid. Adv. Exp. Med. Biol. 
1998; 445:239–251. [PubMed: 9781393] 

80. Buchholz BA, Arjomand A, Dueker SR, Schneider PD, Clifford AJ, Vogel JS. Intrinsic erythrocyte 
labeling and attomole pharmacokinetic tracing of 14C–labeled folic acid with accelerator mass 
spectrometry. Anal. Biochem. 1999; 269:348–352. [PubMed: 10222009] 

81. Dueker SR, Lin Y, Buchholz BA, Schneider PD, Lamé MW, Segall HJ, Vogel JS, Clifford AJ. 
Long-term kinetic study of β-carotene, using accelerator mass spectrometry in an adult volunteer. 
J. Lipid Res. 2000; 41:1790–1800. [PubMed: 11060348] 

82. Malfatti MA, Palko HA, Kuhn EA, Turteltaub KW. Determining the Pharmacokinetics and Long-
Term Biodistribution of SiO2 Nanoparticles In Vivo Using Accelerator Mass Spectrometry. Nano 
Lett. 2012; 12:5532–5538. [PubMed: 23075393] 

83. Malfatti MA, Dingley KH, Nowell-Kadlubar S, Ubick EA, Mulakken N, Nelson D, Lang NP, 
Felton JS, Turteltaub KW. The urinary metabolite profile of the dietary carcinogen 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine is predictive of colon DNA adducts after a low-dose 
exposure in humans. Cancer Res. 2006; 66:10541–10547. [PubMed: 17079477] 

84. Turteltaub KW, Dingley KH, Curtis KD, Malfatti MA, Turesky RJ, Garner RC, Felton JS, Lang 
NP. Macromolecular adduct formation and metabolism of heterocyclic amines in humans and 
rodents at low doses. Cancer Lett. 1999; 143:149–155. [PubMed: 10503895] 

85. Zheng W, Gustafson DR, Moore D, Hong C-P, Anderson KE, Kushi LH, Sellers TA, Folsom AR, 
Sinha R, Cerhan JR. Well-Done Meat Intake and the Risk of Breast Cancer. Journal of the National 
Cancer Institute. 1998; 90:1724–1729. [PubMed: 9827527] 

86. Zhu J, Rashid A, Cleary K, Abbruzzese JL, Friess H, Takahashi S, Shirai T, Li D. Detection of 2-
amino-1-methyl-6-phenylimidazo [4,5-b]-pyridine (PhIP)-DNA adducts in human pancreatic 
tissues. Biomarkers. 2006; 11:319–328. [PubMed: 16908439] 

Enright et al. Page 17

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



87. Breinholt V, Arbogast D, Loveland P, Pereira C, Dashwood R, Hendricks J, Bailey G. 
Chlorophyllin chemoprevention in trout initiated by aflatoxin B(1) bath treatment: An evaluation 
of reduced bioavailability vs. target organ protective mechanisms. Toxicol. Appl. Pharmacol. 1999; 
158:141–151. [PubMed: 10406929] 

88. Dashwood RH. Protection by chlorophyllin against the covalent binding of 2-amino-3-
methylimidazo[4,5-f]quinoline (IQ) to rat liver DNA. Carcinogenesis. 1992; 13:113–118. 
[PubMed: 1733563] 

89. Egner PA, Munoz A, Kensler TW. Chemoprevention with chlorophyllin in individuals exposed to 
dietary aflatoxin. Mutat. Res. 2003; 523–524:209–216.

90. Cai H, Scott E, Kholghi A, Andreadi C, Rufini A, Karmokar A, Britton RG, Horner-Glister E, 
Greaves P, Jawad D, James M, Howells L, Ognibene T, Malfatti M, Goldring C, Kitteringham N, 
Walsh J, Viskaduraki M, West K, Miller A, Hemingway D, Steward WP, Gescher AJ, Brown K. 
Cancer chemoprevention: Evidence of a nonlinear dose response for the protective effects of 
resveratrol in humans and mice. Science translational medicine. 2015; 7:298ra117.

Enright et al. Page 18

Chem Res Toxicol. Author manuscript; available in PMC 2016 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Schematic of the Liquid Sample AMS system in which a moving wire device is used to 

enable directly-coupled 14C-AMS quantitation of small liquid samples.
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Figure 2. 
Simplified schematic, summarizing the strategy for evaluating the feasibility of predicting 

response to cytotoxic chemotherapy using diagnostic microdosing. A) Diagram showing the 

formation of cisplatin, carboplatin and oxaliplatin-DNA adducts. Cisplatin does not contain 

carbon atoms and cannot be 14C labeled. The 14C label in carboplatin is included in the 

cyclobutane dicarboxylate (CBDCA) ligand, which is released upon diadduct formation, 

therefore only carboplatin-monoadducts can be measured via AMS. Note that cisplatin and 

carboplatin form the same final diadduct product. The 14C label in oxaliplatin is positioned 
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with in diaminocylcohexane (DACH) ligand. Because the radiocarbon is located in the 

DACH carrier group, oxaliplatin-DNA monoadducts as well as diadducts can be detected by 

AMS. The location of the 14C atom is asterisked. B) Experimental design overview scheme. 

Bladder cancer patients are administered one 14C-labeled carboplatin microdose prior to 

blood sampling and tumor biopsy. DNA is then isolated from PBMC and tumor tissue and 

assayed for drug-DNA damage using AMS. Within four weeks patients begin a standard 

platinum-based regimen with collection of objective cancer response and patient toxicity. 

The drug-DNA damage levels are being evaluated for correlation to response and to patient 

toxicity. Or a biopsy portion from patients with myoinvasive bladder cancer are directly 

propagated in nod scid gamma severe combined immune deficient (NSG) mice in order to 

establish a sufficient population of NSG-PDX mice for subsequent drug-DNA adduct and 

treatment response studies.
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