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Abstract. Radiation exposure is an important public health issue due to a range of
accidental and intentional threats. Prompt and effective large-scale screening and

appropriate use of medical countermeasures (MCM) to mitigate radiation injury
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requires rapid methods for determining the radiation dose. In a number of studies,
metabolomics has identified small-molecule biomarkers responding to the radiation

] dose. Differential mobility spectrometry-mass spectrometry (DMS-MS) has been
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used for similar compounds for high-throughput small-molecule detection and quan-
titation. In this study, we show that DMS-MS can detect and quantify two radiation
biomarkers, trimethyl-L-lysine (TML) and hypoxanthine. Hypoxanthine is a human

and nonhuman primate (NHP) radiation biomarker and metabolic intermediate,
whereas TML is a radiation biomarker in humans but not in NHP, which is involved in carnitine synthesis. They
have been analyzed by DMS-MS from urine samples after a simple strong cation exchange-solid phase
extraction (SCX-SPE). The dramatic suppression of background and chemical noise provided by DMS-MS
results in an approximately 10-fold reduction in time, including sample pretreatment time, compared with liquid
chromatography-mass spectrometry (LC-MS). DMS-MS quantitation accuracy has been verified by validation
testing for each biomarker. Human samples are not yet available, but for hypoxanthine, selected NHP urine
samples (pre- and 7-d-post 10 Gy exposure) were analyzed, resulting in a mean change in concentration
essentially identical to that obtained by LC-MS (fold-change 2.76 versus 2.59). These results confirm the potential
of DMS-MS for field or clinical first-level rapid screening for radiation exposure.
Keywords: Biomarkers, Radiation exposure, Gamma radiation, Human, Nonhuman primates, Differential mo-
bility spectrometry, Field asymmetric waveform ion mobility spectrometry, DMS-MS, FAIMS-MS
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Introduction

n recent years, the continuing threat of terrorist attacks, and
the numerous power industry, industrial, and medical radio-
logical accidents documented in reports by the International
Atomic Energy Agency (www.iaea.org), and in scientific
literature (for instance, in reports on Fukushima [1]) have
drawn attention to radiation injury and to the need for
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improved technology for screening and assessing the exposed
individuals. Simple and reliable radiation biodosimetry can
minimize the public distress after a radiological event by
triaging patients and providing medical countermeasures in a
timely manner [2—5]. A group of intensive long-term programs
directed from Columbia University (see http://cmcr.columbia.
edu) has extended scientific knowledge of radiation biology
and developed rapid diagnostic technologies by taking a three-
pronged approach, including classic cytogenetic approaches
(micronuclei and gamma-H2AX), transcriptomics, and
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metabolomics. Brenner et al. [3] have recently given a short
overview of diagnostic preparedness and effective countermea-
sures that includes key references. Although metabolomics is not
yet among the available diagnostic tools, it is the most recently
developed approach to radiation biodosimetry and recent publi-
cations validate metabolomic approaches as simple and highly
scalable [6, 7]. Recent work has listed biomarkers with quanti-
fied dose-response and identified affected pathways, in cohorts
including nonhuman primates (NHP) [8], human total-body-
irradiated (TBI) patients [5], and other species such as mouse
and rat [9—13]. The efforts are now beginning to expand into
targeted analyses based on preceding profiling [14] to provide a
deeper mechanistic understanding of radiation response. For
clinical and field diagnostics, we are now developing simplified
high-throughput targeted analysis of diagnostically-significant
metabolites with dose-response specific to radiation exposure
in easily accessible biofluids such as urine and blood.

Many analytical platforms have been used for separation and
characterization of metabolites. Nuclear magnetic resonance
(NMR) was an early popular approach; however, it is limited
by slow processing speed and poor sensitivity leading to detect-
ing metabolites primarily present in high abundance [15]. Cap-
illary electrophoresis (CE) in combination with mass spectrom-
etry (CE-MS) is particularly noted for its applicability to the
analysis of ionic compounds, but suffers from low sensitivity
due to limited sample loading capacity [16]. Gas chromatogra-
phy (GC)-MS using electron ionization (EI) has been an excel-
lent platform for unambiguous identification of metabolites
with the availability of comprehensive mass spectral libraries.
However, only thermally stable, volatile, or chemically
derivatized metabolites can be analyzed [17]. Liquid chroma-
tography (LC)-MS offers considerable flexibility in that it is not
limited to the analysis of thermally stable and volatile com-
pounds and it can deal with many different groups of metabo-
lites. Also due to the different modes of separation mechanisms
including reversed phase, normal phase, ion exchange, hydro-
philic interaction liquid chromatography (HILIC), chiral, and
mixed mode, LC can greatly increase the separation efficiency
for each class of metabolites [5, 8, 18-22]. As a result, LC-MS
has become a method of choice for metabolite profiling in
search of biomarkers related to radiation exposure.

Targeted analyte quantification by LC-MS requires sample
cleanup since the variable complexity of biological matrices
(e.g., proteins, salts, lipids, acids, bases), can interfere with
metabolite signals. Sample purification steps, including protein
precipitation, centrifugation, filtration, dilution, and/or solid
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phase extraction (SPE), are thus required prior to LC-MS
quantification. However, these additional purification steps
add to biomarker analysis time, and this impediment is further
compounded by additional chromatographic run time (depend-
ing on analyte retention time). These time-consuming process-
es are not optimal for urgent high-throughput assessment of a
large number of individuals exposed to radiation, with some
potentially requiring prompt treatment. These considerations
necessitate the need for rapid high-throughput biodosimetry
methods for assessing radiation exposure.

Differential mobility spectrometry (DMS) in combination
with MS (DMS-MS) is an area of considerable in-house activity
and has proven to be effective for many applications, including
peptide analysis, drugs of forensic interest [7, 23-25], and
recently DNA damage biomarker analysis [26]. Here, we inves-
tigate DMS-MS as an alternative approach to LC-MS for select
biodosimetry biomarkers analysis. DMS offers rapid gas-phase
separation/filtration prior to mass analysis, and the advantages
of this platform, such as improved signal to noise (S/N) ratio,
separation of closely related compounds, and removal of back-
ground interferences, have been well demonstrated by a number
of groups [7, 23, 26]. Moreover, improved selectivity and,
hence, further improvement in S/N ratio can be achieved via
the addition of modifiers to the transport gas [27]. Since DMS
can preselect ions before MS, it can function as a pre-filter and
thus serves as an orthogonal separation technique to MS [28].
The ion filtration time in DMS is only milliseconds and, thus, is
no constraint on high-throughput analysis, which is only limited
by the rate of sample delivery and sample transfer line clearance
[23, 26]. A comparison of analysis times between LC-MS and
DMS-MS is summarized in Table 1, showing a clear advantage
of DMS-MS over LC-MS for targeted analysis.

Recent studies from our consortium have identified metabo-
lite biomarkers for NHP and human biodosimetry [5, 8, 18], and
LC-MS has been used for quantification of several of them. The
emergence of radiological terrorism and exposure to radiation in
general has highlighted the need for rapid and ideally field and/
or on-site deployable methods for identification/quantification
of biomarkers indicative of such exposure in biological fluids.
As we were arguably among the first to demonstrate the in-
creased speed of analysis of DMS-MS in the analysis of bio-
markers in biological specimens at the low ppm level [31-33],
we selected two of these compounds, trimethyl-L-lysine (TML)
and hypoxanthine (structures shown in Scheme 1), to test the
effectiveness of DMS-MS as a viable alternative to LC-MS.

Table 1. Comparison of overall analysis times of LC-MS and manual DMS-MS shows a factor of 10 or more reduction in analysis time using DMS-MS.
Development of calibration curves is also faster by about the same factor. Automated flow-injection can further reduce DMS-MS times

Analysis Sample preparation Detection (including two blanks for carryover elimination) ~ Overall time (100 samples)
platform
LC-MS Protein precipitation. 15-25 min for all samples [8,29]  UPLC: 30 min (1 sample, 2 blanks) [29] 50-100 h
(Low selectivity and clean-up efficiency) NanoLC: 60 min (1 sample, 2 blanks) [30]
DMS-MS  Solid phase extraction (SPE) 1-2 h for all samples 2 min/sample (30 s from sample solution to a stable ESI <5.3 h (2 h+2 minx100)

(high selectivity and clean-up efficiency)

signal; 30 s for data acquisition; 60 s for cleaning the

sample transfer line)
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Scheme 1. Structures of trimethyl-L-lysine and hypoxanthine

Experimental
Chemicals and SPE Cartridges

Formic acid (FA), water, acetonitrile, isopropanol, ethyl acetate
(all LC-MS grade), and ammonium hydroxide were purchased
from Fisher Scientific (Atlanta, GA, USA); hypoxanthine-15N4
was purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA, USA); hypoxanthine, TML, and TML—2H9
were purchased from Sigma-Aldrich (Milwaukee, WI, USA);
SCX SPE cartridges (1 mL size) were manufactured by
Supelco Inc. (Bellefonte, PA, USA) and purchased from
Sigma-Aldrich (Milwaukee, WI, USA) and used for TML;
SCX SPE cartridges (1.5 mL size) were manufactured by Grace
Davison Discovery Sciences (Deerfield, IL, USA) and pur-
chased from Fisher Scientific (Atlanta, GA, USA) and used
for hypoxanthine. Different vendors for the cartridges were
used on the basis of their performance to each compound.

DMS-MS Instrumentation

A prototype DMS API 3000 triple quadrupole mass spectrom-
eter (AB SCIEX, Concord, ON, Canada) was used in positive
ion mode; the DMS filtration section consists of a simple
rectangular region, which has both separation and compensa-
tion fields applied when DMS filtration is active, or zero fields
when DMS filtration is off (known as “transparent mode”). Our
Sciex DMS API 3000 requires considerable disassembly to
convert to a non-DMS configuration, and so has been tested
only with DMS present. Setting SV and CV fields to zero
provides non-selective transmission of all ions regardless of
m/z, with the exception of diffusion losses in the DMS section,
which at our microspray flow rates may be on the order of 20%—
30% [28, 34]. Planar DMS dimensions are 1 mm gap 10 mm
width x 15 mm length (H x W x L). The separation voltage
(SV) ranges from 0 to 5000 V, and the compensation voltages
(CV) from —100 to +100 V. SV is applied as a two-harmonic
waveform difference between 6 and 3 MHz waveforms [35],
with the magnitude given as the signed difference between the
minimum and maximum voltage applied across the 1 mm gap,
so that a setting of 4500 V corresponds to a peak of +3000 V/
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mm followed —1500 V/mm (when CV = 0 V), as illustrated in
Kafle et al. [27]. Tonization used an ESI voltage of +3500 V
(+2500V difference between emitter and curtain plate), using a
stainless steel emitter, 30 pm i.d., 50 mm length from Thermo
Electron North America LLC (West Palm Beach, FL, USA). A
syringe pump from Harvard Apparatus (Holliston, MA, USA)
was used to infuse the sample at 300 nL/min. The SCIEX
micro-spray emitter holder provided N, nebulizing at
1000 cc/min. The SCIEX curtain gas flow of 1000 cc/min
was heated to 85 °C , so that both the DMS transport gas and
the 400 cc/min curtain gas counter-flow for ion desolvation
were both maintained at that temperature. The vacuum drag of
the API 3000 was measured to be 600 cc/min. In positive ion
mode, the voltage on the curtain plate is fixed at +1000 V so that
the net emitter potential is 3500 V — 1000 V = 2500 V. The
voltage of the DMS filter section is offset by a few volts from
the instrument orifice plate for best ion transmission. The gas
modifiers used were 1% isopropanol v/v for TML, 0.25% ethyl
acetate v/v for hypoxanthine. The optimized SV values were
4000 V for TML and 2000 V for hypoxanthine (such a big
difference is probably due to the different thermal stability of
the two compounds under field heating), using CV -5 V for
TML, -3 V for hypoxanthine. The peak-peak SV setting of
4000V, when CV is zero, corresponds to apositive peak field of
2667 V/mm and a negative field of —1333 V/mm across the
1 mm gap. Ata DMS transport gas temperature of 85 °C, the E/
N value in Townsends of the 4000 V setting corresponds to a
peak value of 130 Td, and the 2000 V setting used for hypo-
xanthine to a peak value of 65 Td. Townsend values are impor-
tant when considering scaling with atmospheric pressure [36],
butare not sufficient by themselves to specify DMS conditions.
It is necessary to report the bulk temperature of the DMS
transport gas in addition to the field value (field intensity in
kV/cm and atmospheric pressure, or field intensity, in Td). That
bulk temperature is essential for theoretical modeling of the
DMS effect because of a divergence in the influences of tem-
perature and gas density is known from Krylov’s work [37]
and work of Kafle et al. [27]. Gas modifiers were introduced to
the curtain gas by a syringe pump and went through a 50 °C
heated metal tube connected to the curtain gas inlet so that the
organic solvent was completely evaporated. The percentage of
the gas modifier in the curtain gas was calculated by liquid
delivery rate, liquid density, and the ideal gas law [23].

Urine Samples

NHP urine samples were stored at —80 °C after overnight
shipment from Georgetown University. The tested samples
were a subset from a full NHP study (CiToxLAB North Amer-
ica, Laval, Canada), specifically three control samples and
three exposed/irradiated samples collected 7 d after exposure
to 10 Gy. The Institutional Animal Care and Use Committee
approved strict criteria for the use of NHPs. Additional infor-
mation on collection/treatment of these samples has been pre-
viously described [8, 38]. Briefly, six male rhesus monkeys
were involved for this batch of samples, three were treated with
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10 Gy using a ®°Co gamma source; the other three were treated
as controls and received the same handling, but no irradiation.
Urine samples were collected from all groups on d 7 after
irradiation and stored at —70 °C.

SCX-SPE Protocols for TML and Hypoxanthine

TML Urine samples were diluted 5-fold with pH 2 water
(adjusted with FA). Supelco SCX-SPE cartridges were condi-
tioned with 1 mL pH 2 water, then 200 pL diluted urine
samples were applied to each cartridge followed with 1 mL
pH 2 water for washing, then followed with 1 mL pH 11
(adjusted with ammonium hydroxide) water for eluting. All
eluted samples were dried down by speed-vac at 50 °C and
reconstituted in 200 pL 50% acetonitrile + 0.1%FA.

Hypoxanthine Urine samples were diluted 5-fold with pH 2
water (adjusted with FA). Grace SCX-SPE cartridges were
conditioned with 1 mL pH 2 water, then 200 pL diluted urine
samples were applied to each cartridge and washed with 1 mL
pH 9 water (adjusted with ammonium hydroxide), then eluted
with 1 mL pH 11 water (adjusted with ammonium hydroxide).
All eluted samples were dried down with speed-vac under 50 °C
and reconstituted with 500 pL 50% acetonitrile + 0.1%FA.

Sample Preparation for Calibration Curves

All blank urine samples were acidified to pH 2 with FA, stored
at4 °C. Normal species TML and hypoxanthine solutions were
spiked into acidified blank urine to prepare a series of concen-
trations: 3.6-927 uM for TML and 35-500 uM for hypoxan-
thine. Deuterated internal standards were spiked into each
sample to bring its concentration to 65 pM for TML samples
and 50 uM for hypoxanthine samples. All samples were then
diluted 5-fold with pH 2 water, and 200 puL of each sample was
used for SPE sample loading. Diluted samples were extracted
by the protocols mentioned above.

Sample Preparation for TML and Hypoxanthine
Validation Test

TML standard was spiked into acidified blank urine to the
following concentrations: 3.6, 7.2, 14.5, 29, 58, 116, 232, and
464 uM, respectively. TML->Hy internal standard was spiked
into each sample at a concentration of 65 uM. All samples were
then diluted 5-fold with pH 2 water. Two hundred pL of each
sample was used for SPE sample loading. Diluted samples
were extracted with Supelco SCX SPE followed by the proto-
col mentioned above.

Hypoxanthine standard was spiked into acidified blank
urine to the following concentrations: 20, 35, 50, 100, 200,
350, and 500 uM, respectively. Hypoxanthine-'>N internal
standard was spiked into each sample at a concentration of
50 uM. All samples were then diluted 5-fold with pH 2 water.
Two hundred pL of each sample was used for SPE sample
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loading. Diluted samples were extracted with Grace SCX-SPE
followed by the protocol mentioned above.

The validation test of the calibration curve was done by a
single operator. A new set of samples was prepared as men-
tioned above, but analyzed unidentified, and in random order.
After the analysis was done, the concentrations were back-
calculated from the calibration curve for comparison with the
prepared concentrations to determine the reproducibility or
accuracy of the calibration curve.

Sample Preparation for NHP Urine Samples

Forty puL of each NHP urine sample (three controls and three
exposed) were spiked with hypoxanthine-'>Nj to a final con-
centration of 50 uM. All samples were then diluted 5-fold with
water adjusted to pH 2 by the addition of 10 pL FA. Diluted
samples were extracted with Grace SCX-SPE followed by the
protocol mentioned above. Human samples could not yet be
analyzed because of a delay in IRB approval, but validation tests
in human urine were performed using the previous preparation.

Data Processing

All data were acquired by Analyst (ver. 1.5.2) and processed by
Excel. The signal intensities of both analytes (hypoxanthine
and TML) and internal standards (hypoxanthine-'>N, and
TML-?Hy) were recorded. The intensity ratio of analyte/
internal standard was calculated as Y value, the concentration
of spiked analytes was calculated as X value to generate cali-
bration curves. For validation tests and NHP urine samples, the
detected intensity ratio of analyte/internal standard was then
applied into the calibration curve as the Y value. The corre-
sponding X value (concentration, uM) was calculated.

Results and Discussion
Sample Preparation

Although more than 90% of urine consists of water [39], the
presence of proteins, lipids, salts, drugs, and other compounds
necessitates some form of sample cleanup to minimize ion
suppression. Given its simplicity, SPE was selected as a viable
option and proved to be ideal for target analyte purification and
removal of the bulk of interferences. Despite the current longer
time requirement, which can be improved by using a high
efficiency speed-vac system, we found the SPE approach pref-
erable to “protein precipitation/dilution” used in the LC-MS
analysis [5, 8] because of its high selectivity, compatibility with
automation, lower susceptibility for clogging of the sample
transfer line, and reduced contamination of the MS. Another
advantage of SPE is that it can be developed as a universal
sample preparation method for most metabolites since many of
the metabolites are polar and ionic. For example, a mixed mode
SPE (ion exchange/reversed phase) such as SCX/C18 can retain
most of the metabolites and subsequently elute the target



1630

metabolites using appropriate solvents accordingly. In the pres-
ent study, SCX-SPE was used for both TML and hypoxanthine.

Reduction of Chemical Background and Chemical
Noise Using DMS-MS

In the lower mass range, atmospheric pressure ion sources are
known to generate ions from background species, and chemical
noise from fragments at every unit mass interval [40], but this
competing signal is greatly reduced by DMS. In order to assess
the selectivity and ability of DMS-MS to increase the signal in
the analysis of the selected biomarkers, two spiked samples
(60 uM + 65 pM of TML and TML-*H,, and 500 pM +
50 uM of hypoxanthine and hypoxanthine-'>N,) were chosen
and extracted by SCX-SPE as described in the Experimental
section. Each sample was analyzed by DMS-MS both in the
DMS-transparent and DMS-on modes using isopropanol and
ethyl acetate as modifiers in each case. The process of optimiz-
ing a DMS-MS analysis has been previously reported by our
group [26, 27]. Briefly, different organic solvents (gas modi-
fiers) such as isopropanol, ethanol, ethyl acetate, and
trifluoroethanol, and their concentrations in the transport gas
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were tested to give the best intensity and background removal
for analysis of targeted ions under different separation voltages.
The optimal gas modifier conditions and SV were set and the
CV was scanned. The CV corresponding to the apex of the
target ion chromatogram was chosen as the optimal CV for each
compound. Only the target ion and very few other background
and interfering ions are transmitted when the DMS is on at this
stage. In DMS-transparent mode, the separation field and com-
pensation field are zero, whereas in DMS-on mode, the fields
are applied for ion selection. The spectra are shown in Figure 1.
As is clearly evident, in the absence of DMS application the
signals of both TML and TML-*H, are highly obscured, and the
entire spectrum is dominated by other interferences and back-
ground noise. However, upon setting the separation voltage to
4000 V and fixing the compensation voltage to —5 V (the same
compensation voltage was used for both TML and TML-Hy)
and also introducing 1% isopropanol into the transport gas as a
modifier, the intensities show a;oproximately a 2-fold increase
for both TML (from 1.27 x 10° to 2.34 x 10°) and TML-"H,
(1.19 x 10° to 2.85 x 10°. An unexpected excess intensity is
seen for hypoxanthine-'>N, in DMS-transparent mode. Be-
cause DMS-transparent mode passes ions of all m/z unselec-
tively, it is likely that the excess intensity in DMS-transparent

x106 x106
2.5 ( a) 3.5 - (b)
3 4
24
o TML and TML-2H, o 251 Hypoxanthine and
* 15 =
(7] w24
c c H 215
g S .. Hypoxanthine-°N,
14 =
c c
£ £ ] /
0.5
0 - 0 \/\ T — T T T |
50 100 150 200 250 300 120 125 130 135 140 145 150
x10° m/z x105 m/z
3 (C) 37 (d)
2.5 A 25
2 27 2 7]
(72} (%]
C 15 — TML-?H C 15 -
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50 100 150 200 250 300 120 125 130 135 140 145 150
m/z m/z ( e)
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DMS-transparent 1.27x105 1.19x105 1.70x10° * 4.47x104
DMS-on with 2.34x10° 2.85x10° 2.54x105 3.45x104
modifier 1 % isopropanol 0.25% ethyl acetate

Figure 1. Comparison of the signal and background noise between DMS-transparent (DMS filtration off) and DMS-on mode with
optimized modifier concentrations. (a) DMS-transparent mode for TML (m/z 189) and internal standard TML-?Hg (m/z 198); (b) DMS-
transparent mode for hypoxanthine (m/z 137) and internal standard hypoxanthine-'°N, (m/z 141); (¢) DMS-on for TML and TML-2Hg
(isopropanol modifier); (d) DMS-on for hypoxanthine and hypoxanthine-'>N, (ethyl acetate modifier); (€) Table of the intensities of
DMS-transparent mode and DMS-on mode; (*) see text for discussion
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mode for hypoxanthine-'>N, is due to an interfering ion that is
removed when DMS ion filtration is on. The other DMS-
transparent entries in the table did not encounter chemical noise
at their exact m/z values. Or in other words, there might be some
interferents coexisting with hypoxanthine-'°N, under DMS-
transparent mode and showing a superimposed signal, which
was then removed under DMS on mode because of its separa-
tion capability. Even more significant, however, is the removal
of almost all background interferences and the dramatic in-
crease in contrast for both TML and TML-*H,, making them
the base peak ions in the spectrum. As discussed in prior
publications, this can be explained by changes in clustering-
declustering behavior between analyte ions and gas modifiers,
which changes the optimal SV and CV for their transmission
through the DMS field for MS detection [27, 28, 41, 42]. It is
usually found that increasing the separation voltage value from
zero to values that provide DMS filtration actually increases the
MS signal above the DMS-transparent level. This effect is likely
due to enhanced ion desolvation attributable to heating by the
DMS fields as described in Kafle et al. [27] and improved
solvent declustering and some additional ion-focusing. The
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increased transmission is often on the order of a factor of two
in intensity. We report optimized analytical results in this paper,
omitting investigation of additional intensity effects. Moreover,
it is clearly shown in Figure la and c that the signal to noise
ratio(S/N) was dramatically increased with the removal of the
background noise, which can further improve the detection
limit. This improvement was not quantified because endoge-
nous levels were generally not observable without DMS.

Quantitation of TML and Hypoxanthine in Urine
and the Verification of Quantitation Accuracy
by Analysis of Randomized Samples

Optimized conditions for transmission, separation, and detection
of TML and hypoxanthine by DMS-MS were investigated next
in terms of applicability in human and NHP urine biomarker
quantification, a matrix extensively explored in metabolomic
biodosimetry studies. Since there is no available data for the
endogenous level of hypoxanthine in NHP, we used as reference
point the normal endogenous levels of TML and hypoxanthine
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Figure 2. Calibration curve and validation test for accuracy of TML. (a) Calibration curve of TML spiked into human urine (3.6 uM-
927 uM), error bar is one standard deviation (1 0); (b): validation test of TML, gray column is the actual concentration spiked into
urine, black column is the experimental detected concentration, error bar is (1 o)
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in human urine. (http://www.hmdb.ca/metabolites/
HMDBO01325 and http://www.hmdb.ca/metabolites/
HMDBO00157) It was ascertained that normal TML and
hypoxanthine concentrations in human urine are on the order
of 30 uM, depending on diet and other individual differences.
Concentrations of TML and hypoxanthine in human and NHP
irradiated groups are typically elevated less than 10-fold above
those in the control groups [5, 8]. As a result, calibration curves
were sufficiently constructed to cover the dynamic range for
experimental samples (5-500 uM) (Figures 2a and 3a).
Importantly, time consumed to generate individual calibra-
tion curves was under 2 h, whereas a time ranging from 12 h
(UPLC)[29] to 2 d (NanoLC)[30] is required using LC-MS
methods, depending on LC speed due to the duration of LC
runs including the clear-down (blank) runs between standards.
This large difference is attributed to the replacement of LC runs
by the millisecond ion residence time in DMS, which reduces
analysis time to the sample delivery rate. Even under manual
operation, sample delivery rate can be accomplished in a matter
of seconds. In this DMS-MS method, the time spent on each
sample is 2 min, which includes 30 s for picking up the sample
solution to syringe and forming a stable ESI signal, 30 s for
data acquisition, and 60 s for cleaning the sample transfer line.
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In order to establish the reliability and accuracy of the
DMS-MS procedure in abiological matrix, a series of samples
spiked with TML, hypoxanthine, and their respective internal
standards was prepared in blank human urine. Biomarker
concentrations in those samples covered almost the entire
range of the calibration curve in order to evaluate the overall
accuracy of the developed protocol. Comparisons between
experimental and actual values for the analysis of TML and
hypoxanthine are shown in Figures 2b and 3b, respectively.
Relative error in samples 1 through 7 of TML is 25.7%,
14.0%, 18.5%, 9%, —10.5%, 5.4%, and 11.0%, respectively.
Absolute value of relative error in the seven data points has an
average of 10.5%. Relative error in samples 1 through 5 of
hypoxanthine is 29.2%, 20.2%, 2.5%, —7.4%, and —6.3%,
respectively. Absolute value of relative error in the five data
points has an average of 13.1%, showing that DMS-MS anal-
ysis has accuracy as high as 90% + 11% (TML) and 87% +
11% (hypoxanthine). Relative error in TML and hypoxan-
thine validation tests may arise from a number of experimental
effects. However, the achieved accuracy of 90% and 87% is
adequate at this stage to confirm DMS-MS feasibility and
reliability for assessing radiation exposure based on hypoxan-
thine in NHP samples and TML in human samples.
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Figure 3. Calibration curve and validation test for accuracy of hypoxanthine. (a) Calibration curve of hypoxanthine spiked into
human urine (35 pM-500 uM), error bar is (1 ), but technical replicates were highly consistent; (b) validation test of hypoxanthine,
gray column is the actual concentration spiked into urine, black column is the experimental detected concentration, error bar is (1 g)
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Hypoxanthine Level in NHP Urine Samples

Evolutionarily, NHPs are the closest widely used animal model
to humans and are humanely/ethically used to estimate human
response to radiation exposure. In order to show the equiva-
lence of our method to traditional LC-MS, we compared results
obtained by DMS-MS versus LC-MS (obtained at Georgetown
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University) [8] (Figure 4). To compare DMS/LC results within
the NHP urine matrix, but preserve valuable samples for later
protocol development, we worked with a subset of NHP sam-
ples (male, three controls and three exposed), with the exposure
level at the highest dose of 10 Gy. This exposure level was
found to have the highest hypoxanthine fold-change compared

(a)

200
0 A T T — T T T

Control1 Control2 Control3 Exposed 1 Exposed 2 Exposed 3

Sample
S 700 4 DMS-MS (b)
:_ .
< 600 - after averaging
2
¥ 500 -
E S
T 400 -
[N}
=
5 300 -
(8]
Y 200 A
2
w
ol
< 0

Control Exposed
Sample
250 - LC-MS (C)
o after averaging
O 200 A
=
(1]
<
S 150 -
Q2
©
Q 100 -
2
)
Q50 -
(3
0 -
Control Exposed

Sample

Figure 4. Hypoxanthine level in NHP urine. Control and exposed groups are labeled and color-coded. (a) Results obtained from
DMS-MS before averaging; (b) results obtained from DMS-MS after averaging; (c) results obtained from LC-MS after averaging. The
difference in the bar heights gives the change in hypoxanthine level in NHP urine due to 10 Gy exposure. Error bars are (1 0)
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with the control group, whereas TML was not found to be a
NHP biomarker. Examining individual results, control-group
hypoxanthine level is clearly lower than in the exposed group.
On averaging, the hypoxanthine level is found by DMS-MS to
increase by a factor of 2.76. The fold-change determined by
LC-MS was initially reported at 2.4 [8] but has recently been
updated to 2.59. This indicates that SCX-SPE followed by
DMS-MS is approximately equivalent to LC-MS in this appli-
cation. We also found from examining the standard deviation
of the mean that technical replicates using DMS-MS method-
ology were highly reproducible. The individual variation of
DMS-MS is higher than LC-MS, but this could be due to the
degradation of the urine samples during long periods of stor-
age, since additional freeze-thaw cycles from the original anal-
ysis have occurred, changing concentrations and modifying ion
suppression and carry-over effects. Alternative stabilizing
methods of storage and transmittal, such as dried urine spots
(DUS), have been reported, and may have advantages over
cryogenic storage of liquid biofluid samples (especially for
polar, water-soluble, target compounds) [43—45] . Introducing
flow injection rather than using direct infusion can help
eliminating/decreasing the carry-over effects.

The time spent on analyzing the six NHP samples was <1 h
for DMS-MS, whereas ~3—-6 h would be required for similar
LC-MS analysis. The time required to create a calibration curve
for DMS-MS (<2 h) is also much shorter than that required for
LC-MS, as previously mentioned. Although the identity of
hypoxanthine was confirmed in the LC-MS work at George-
town University, quantitation was not performed by UPLC-Q-
TOF methods at Georgetown because of the extra time and
expense. In addition, DMS-MS, for which calibration curves
can be rapidly generated, measured the concentrations of hy-
poxanthine in NHP urine (150 + 20 uM for control group and
417 £ 210 puM for the 10 Gy irradiated group), a result not
previously available. The absolute concentration (150 +
25 uM) of hypoxanthine in the control NHP urine as measured
by DMS-MS is higher than reported for humans (from The
Human Metabolome Database (www.hmdb.ca) human urine,
about 5 umol/mmol creatinine or about 30 pM, typically).

Conclusion

The development of targeted analytical methods for meta-
bolic biomarkers is of high current interest because of the
increasing identification of biomarkers with useful dose-
response behavior. The FDA provides guidelines for the
development and validation of assays with known accuracy,
precision, and recovery [46, 47]. In addition, longitudinal
studies are now appearing that verify the consistency of
biomarker-panel baseline measurements on individuals over
periods as long as 2 y [48], with better performance seen for
fasting samples over non-fasting.

Z. Chen et al.: Detection and Quantitation of Radiation Biomarkers by DMS-MS

In this study, we begin the development of methods to be
applied to high-throughput radiation biodosimetry based on
targeted metabolomics of urine samples. DMS-MS has been
applied to quantitation of two small molecules (TML and
hypoxanthine), comprising water-soluble analytes in biological
samples that have been selected in recent studies for their
association with radiation exposure and biological relevance.
When preceded by an efficient and effective SCX-SPE sample
preparation, the combined methods provide a rapid and accu-
rate method of detection and quantitation of hypoxanthine and
TML in urine matrices. DMS-MS has distinctive advantages
for this type of analysis [7], which include suppression of
chemical noise and the ability to resolve mixture components
from interferents on a continuous basis in milliseconds,
bypassing more time-consuming chromatographic separation
steps. As shown in Figure 2, the construction of a standard
curve comprised of nine calibration points each determined in
triplicate, with additional timing for cleaning the sample trans-
fer line, was completed in less than 2 h. This is much less time
than is required to prepare a calibration curve by LC-MS,
where, in addition to the time consumed for the chromato-
graphic analysis, there is the time associated with column
equilibration between runs and several additional blanks to
correct for any carryover. The use of appropriate modifiers in
DMS-MS (isopropanol and ethyl acetate in this case) tunes the
DMS analyte bands to a region free of interferences, and
suppresses interferents of low charge affinity, thereby reducing
the number of sample cleanup steps. After SPE, the rate deter-
mining step for the analysis is essentially the time required for
sample delivery and forming a stable ESI signal.

With these supporting results, we look forward to the de-
velopment of complete, validated protocols for screening-
quality radiation biodosimetry based on metabolomics that will
be available for subjects exposed to radiological hazards, from
specific short-term events to the decades-long hazard of
Fukushima or Chernobyl significant residual contamination.
Continued methods development will be based on more com-
plete species and time-course response data, further refinement
of sample storage and extraction methods, introducing an au-
tomated flow injection device, standardization and automation
of mass-spectrometric techniques, and continued attention to
new bioinformatic methods [49, 50]. The gains in sample
throughput are to a large extent specific to the analytes de-
scribed in this paper. However, they are likely applicable more
generally to the analysis of targeted analytes in a broader field
of small-molecule bioanalysis.
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