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bstract

A novel method employing high-performance liquid chromatograph–mass spectrometry (LC–MS) has been developed and va
he quantitation of plasma 2′-deoxyuridine (UdR). It involves a plasma clean-up step with strong anion-exchange solid-phase e
SAX-SPE) followed by HPLC separation and atmospheric pressure chemical ionization mass spectrometry detection (APCI
elected-ion monitoring (SIM) mode. The ionization conditions were optimised in negative ion mode to give the best intensity of the
ormate adduct [M + HCOO]− atm/z273. Retention times were 7.5 and 12.5 min for 2′-deoxyuridine and 5-iodo-2′-deoxyuridine, an iodinate
nalogue internal standard (IS), respectively. Peak area ratios of 2′-deoxyuridine to IS were used for regression analysis of the calibr
urve. The latter was linear from 5 to 400 nmol/l using 1 ml sample volume of plasma. The average recovery was 81.5% and
′-deoxyuridine and 5-iodo-deoxyuridine, respectively. The method provides sufficient sensitivity, precision, accuracy and sele
outine analysis of human plasma 2′-deoxyuridine concentration with the lowest limit of quantitation (LLOQ) of 5 nmol/l. Clinical stu
n cancer patients treated with the new fluoropyrimidine analogue capecitabine (N4-pentoxycarbonyl-5′-5-fluorocytidine) have shown th
lasma 2′-deoxyuridine was significantly elevated after 1 week of treatment, consistent with inhibition of thymidylate synthase (TS
ndings suggest that the mechanism of antiproliferative toxicity of capecitabine is at least partly due to TS inhibitory activity of
etabolite 5-fluoro-2′-deoxyuridine monophosphate (FdUMP). Monitoring of plasma UdR concentrations have the potential to help c

o guide scheduling of capecitabine or other TS inhibitors in clinical trials. Marked differences of plasma 2′-deoxyuridine between hum
nd rodents have also been confirmed. In conclusion, the LC–MS method developed is simple, highly selective and sensitive a
harmacodynamic studies of TS inhibitors in several species.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The synthesis of intracellular nucleotides occurs by both
e novo and salvage pathways. The enzyme thymidy-

ate synthase (TS) catalyses the reductive methylation

∗ Corresponding author. Tel.: +61 2 9767 6587; fax: +61 2 9767 7603.
E-mail address:sclarke@med.usyd.edu.au (S.J. Clarke).

of 2′-deoxyuridine 5′-monophosphate (dUMP) to 2′-
deoxythymidine 5′-monophosphate (TMP), and this react
is the only de novo synthetic pathway for production of′-
deoxythymidine 5′-triphosphate (TTP). Hence, this pathw
is crucial for DNA synthesis and a critical target for the
oropyrimidine drugs which are widely used in the treatm
of breast, gastrointestinal, and head and neck cancers[1,2].
Inhibition of TS both directly and indirectly by cytotox
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Fig. 1. Negative ion APCI mass spectrum of 2′-deoxyuridine.

anticancer drugs will selectively inhibit the rapid growth of
cancer cells by blocking DNA replication and repair[3]. Sub-
sequent to TS inhibition, it is expected that accumulation of
dUMP occur as a consequence of reduced formation of TMP.
dUMP is then catabolized intracellularly to UdR which ef-
fluxes from cells and can be measured in plasma. The ob-
served rise in UdR in clinical studies of TS inhibitors is taken
as evidence that TS inhibition also occurs in normal tissue
along with the tumour. The novel TS inhibitor, capecitabine,
on the other hand, is thought to be selectively activated to
5-FU in the tumour. Hence, TS inhibition should occur pre-
dominantly in the tumour and monitoring of plasma levels of
UdR could provide an important surrogate marker of estimat-
ing drug response and to provide rational dose adjustment in
each patient for optimal therapeutic outcome with a minimum
of untoward side effects[4,5].

UdR (Fig. 1) is an oxypyrimidine, which is very polar and
weakly acidic (pKa∼ 9.3) in nature. The conjugated double-
bond system of pyrimidine absorbs light in the UV region,
and most HPLC assays of UdR have used spectrophotometric
detection. Only a few of these methods have been intended for
the measurement of plasma UdR concentrations in humans,
which have been reported to range from 20 to 100 nmol/l
[5,6]. More recently, it has been argued that plasma UdR lev-
els are well below 50 nmol/l and beyond the sensitivity limit
of HPLC-UV detection[7,8]. In contrast, an earlier study us-
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problem encountered in these HPLC-UV analyses is not only
the specificity and selectivity of detection methods but also
the complexity of sample workup procedures. The validation
of sample extraction procedure in these assays was not always
possible by the internal standard method due to the complex
plasma matrix. Even with HPLC coupled with photodiode
array (PDA) detection, the validity of the characterization is
difficult to justify especially when the UdR concentration is
low.

The availability of highly selective and sensitive LC–MS
chromatographic techniques permit accurate determination
of low levels of various compounds. Given the uncertainty
in the specificity of HPLC-UV for UdR discussed above, we
sought to extend our previous work to the detection of nucle-
osides[10]. In this report, we describe the development of
a new simple solid-phase sample extraction procedure and a
novel LC–MS method for quantitation of plasma UdR. The
described technique offers simpler sample preparation steps
and better selectivity in detection compared to conventional
HPLC-UV. The application of this method is exemplified
from a clinical trial of capecitabine in colorectal cancer pa-
tients. Plasma levels of UdR in human volunteers and rodents
are also reported.

2. Experimental
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ng radioimmunoassay (RIA) found the mean human pla
dR level to be 620 nmol/l[9]. Therefore, there is significa
iscrepancy in reporting plasma UdR levels and an a
ate reference concentration range in humans has not
stablished. All the previously reported HPLC-UV meth

nvolved tedious sample extraction procedures and exte
hromatographic run time, 60 to 110 min for each samp
vercome the difficulties of separation of UdR from inter

ng endogenous polar materials in plasma matrix. The m
.1. Chemicals and reagents

All aqueous solutions were prepared in Milli-Q w
er (Millipore, Milford, MA, USA). UdR and 5-iodo-2′-
eoxyuridine (internal standard (IS)) were obtained f
igma (St. Louis, MO, USA). HPLC-grade acetonitrile a
ethanol were purchased from Mallinckrodt Baker (Sel
iolab, Sydney, Australia). Formic acid, acetic acid
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sodium hydroxide (NaOH) were supplied by BDH (Poole,
UK). Extract-Clean anion-exchange (SAX) solid-phase ex-
traction (SPE) cartridges (200 mg bed weight, 3 ml tube size)
were obtained from Alltech (Deerfield, IL, USA). Each SPE
cartridge had ion exchange capacity of 0.15 meq/100 mg bed
weight.

2.2. Instrumentation and chromatographic conditions

The HPLC–MS system used in the validation and ap-
plication of the method consisted of a Shimadzu LC–MS
QP8000� module (Shimadzu Scientific Instruments, Kyoto,
Japan) equipped with a SIL-10 autoinjector with sample
cooler and LC-10 in-line vacuum degassing solvent delivery
units. Chromatographic control, data collection and process-
ing were carried out using Shimadzu Class 8000 data soft-
ware. HPLC separation of analytes was performed on a Wa-
ters Atlantis dC18 3�m, 150 mm× 2.1 mm reversed-phase
analytical column (Waters, Sydney, Australia) coupled with
a 1 mm Opti-GUARD pre-column (Optimize Technologies,
Oregon City, USA). The eluant was a gradient mixture of
10 mM formic acid with 2% acetonitrile (mobile phase A)
and acetonitrile:water (90:10) (mobile phase B) delivered at
0.25 ml/min and at ambient temperature. After equilibration
of the column with 100% A, the gradient profile was carried
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UdR and 5-iodo-2′-deoxyuridine, respectively. The MS data
were analysed using LC–MS Workstation Classs-8000� soft-
ware (Shimadzu Scientific Instruments, Kyoto, Japan). The
peak area ratios of the standards were used to obtain a non-
weighting scheme regression equation and concentrations in
quality controls and study samples were then calculated using
measure peak area ratios and the regression equation.

2.3. Preparation of standards and control samples

A stock standard solution of 2 mmol/l UdR was pre-
pared in water. This solution was further diluted with wa-
ter to give a series spiking standard solutions with con-
centrations of 0.125, 0.25, 0.5, 1.25, 2.5, 5 and 10�mol/l.
A 2 mmol/l stock standard solution of the internal stan-
dard 5-iodo-deoxyuridine was prepared in water and diluted
with water to 10�mol/l to give a working standard solu-
tion. Stock solutions, prepared monthly, were subdivided into
1 ml aliquots and stored in 1.5 ml Eppendorf sample tubes
at 4◦C until use. Working standard solutions were freshly
prepared for each run. Blank human plasma for calibration,
stored at−80◦C, were prepared in pooled normal human
plasma from heparinized whole blood which had been dia-
lyzed with cellulose membrane tubing (molecular cut-off size
of 1000) overnight to remove endogenous UdR as previously
d re
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ut as shown inTable 1. The volume of the reconstituted e
ract injected into the HPLC was 20�l. The eluate from th
PLC column was directed in series via a Shimadzu S
-AV UV–vis detector operated in dual wavelength m
254 and 280 nm) into the ionization region of the mass s
rometer (Shimadzu QP8000�) without flow splitting. The
luant outflow to detector was re-directed automatical
aste from 0 to 6 min and at 14 min by means of a sol
witching valve. The optimal mass spectrometric condit
or UdR detection was achieved in negative ion mode,

curved desolvation line (CDL) temperature of 230◦C, a
DL voltage of 45 V, deflector voltages of−35 V (use for

n-source collision induced dissociation) and a corona p
oltage of−3 kV. The chemical ionization source probe te
erature was set at 350◦C and a nitrogen flow rate of 2 l/m
as used for the nebulization. Mass spectra of both ana
ere acquired over the scan rangem/z 100–500 in approx
ately 1 s. Quantitative data were carried out using sele

on monitoring (SIM) analysis. The ions selected to mon
erem/z 273.2 andm/z 399.1 for formate adduct ions

able 1
radient elution profile for LC programme

ime (min) Mobile phase A (%) Mobile phase B (%

0 100 0
8 92 8
3 40 60
4 10 90
9 10 90
0 100 0
5 100 0
escribed by Longo et al.[11]. Authentic QC samples we
repared from pooled patients plasma of day 0 (low) and
(high) to mimic the authentic study samples.

.4. Calibration and sample preparation

Calibration curves ranging from 5 to 400 nmol/l of U
n plasma were constructed by spiking UdR into blank
yzed human plasma (1 ml) with 40�l of spiking standar
olutions. For the unknown samples, fresh whole blood
ollected in a pre-chilled heparinized blood tube kept on
nd plasma was rapidly separated from cells by centrifu
t 3300×gat 4◦C for 15 min. Plasma samples were store
80◦C and thawed just prior to analysis. Plasma calibra

tandards, plasma and QC samples were spiked with�l
f internal standards to give a final plasma concentratio
00 nmol/l. After brief mixing, 1 ml of acetonitrile was add

o each sample and these were kept on-ice for another 1
efore centrifuging at 4◦C, 16,000×g for 10 min. The clea
upernatants were then carefully removed and adjusted
2 with 40�l of 2 mol/l NaOH solution.

.5. Solid-phase extraction

Selective isolation and extraction of UdR from plas
atrix is a crucial step prior to LC–MS sample analy

o achieve better sensitivity and to evade unnecessary
ng of the chromatographic column. Blank human pla
piked with 50 nmol/l UdR was used for the initial scre
ng study for recovery using different SPE strategies.
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spiked plasma was subjected to various protein precipita-
tion methods (10% trichloroacetic acid, 70% perchloric acid
and acetonitrile) and extracted with a range of SPE resin
chemistries such as non-polar C18 (Waters), mixed-mode
(Waters QMA, Bond-Elut Certify II and Strata Screen-A),
SAX (Alltech and Bond-Elut). The highest recovery and most
reproducible extraction procedure for UdR were achieved
with the use of polystyrene divinylbenzene (PS-DVB) based
strong anion-exchange resins. The optimum SPE procedure
was as follows: using a Supelco Visiprep SPE vacuum man-
ifolds (Sigma-Aldrich, Sydney, Australia), Alltech Extract-
Clean SAX-SPE (3 ml, 200 mg) cartridges were precondi-
tioned with 2 ml acetonitrile followed by 2 ml 0.01 mol/l
NaOH. Alkalised sample supernatants were then loaded on
the SAX-SPE cartridge with flow rate of not greater than
1 ml/min and the latter was rinsed with 2 ml acetonitrile.
The analytes were eluted with two fractions of 1 ml 10%
glacial acetic acid in water at flow rate of not greater than
1 ml/min. The eluant was dried under vacuum in a Speed-
Vac vacuum evaporator (Savant Instruments, Farmingdale,
NY, USA) and the dried residue was re-dissolved in 50�l of
10 mmol/l formic acid with 2% acetonitrile (mobile phase A).
The mixture was centrifuged, the supernatant was then trans-
ferred to micro insert vials and 20�l of reconstituted solu-
tion in duplicate was automatically injected into the LC–MS
system.
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value)/nominal value× 100). To study the effect of co-
extracted blank plasma matrix, recovery was conducted by
comparing responses of replicates of spiked plasma samples
(10 and 200 nmol/l) with those of blank extraction eluants
to which the same amounts of analytes had been added to
post-extraction. Similar recovery study was also conducted
on authentic pooled patient plasma on day 0. The analytical
limits of assay were determined by analysis of five replicates
of different concentrations of spiked UdR from a single pool
of plasma blank matrix. The lower limit of quantification
(LLOQ) was defined as the concentration, which produced
assay results within±20% of the nominal concentration, with
a coefficient of variation less than 20%.

2.6.2. Stability
For assessment of stability of UdR in whole blood and

plasma, fresh whole blood and plasma samples spiked with
UdR to a final concentration of approximately 50 and
150 nmol/l were used for short-term stability study at 23◦C
and on-ice before extraction. These stability blood samples
were separated and assayed at 0, 0.5, 1 and 2 h interval. These
fresh plasma samples were also used to assess the long-term
storage effect. They were assayed in duplicate on the day of
preparation and the remainder of each control was divided
into multiple tubes and stored at−80◦C. These control sam-
p nths.
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.6. Assay validation

.6.1. Linearity, precision, accuracy, recovery and
ensitivity

Peak area ratios of UdR to the internal standard mea
t each nominal concentration were used to construct
eighted least-square linear regression curves. The inte

ntra-run precision and accuracy of the method were e
ted on three separate days by triplicate analyses of blan
an plasma containing UdR at concentration ranging fro

o 400 nmol/l. An estimate of the inter-run precision for U
as obtained by one-way analysis of variance (ANOVA)
ach test concentration using “run day” as the classific
ariable[12]. The day mean square (DayMS), error m
quare (ErrMS) and the grand mean (GM) of the obse
oncentration across analytical run days were obtained
nter-run precision was calculated for each calibrated
ard as follows, whenn is the number of replicates with
ach analytical run:

nter-run precision= [DayMS− ErrMS]/n]0.5

GM
× 100%

he intra-run precision was calculated for each calibra
tandard as follows:

ntra-run precision= [ErrMS]0.5

GM
× 100%

he accuracy was assessed for each calibration standa
xpressed as a percentage of bias ((mean value− nominal
d

les were removed and assayed periodically up to 3 mo
riplicate of each stability control samples (low and high c
entrations) were also subjected to three freeze/thaw (◦C)
ycles to assess stability over a 3-day period.

.7. Clinical studies

The clinical studies were carried out in Sydney Ca
entre, Royal Prince Alfred Hospital. Plasma UdR con

rations were measured in 26 cancer patients enrolled
n going clinical study evaluating the relationship betw
redictive factors and therapeutic response to capecit

n advanced colorectal cancer patients. The patients rec
g capecitabine twice daily orally for 2 weeks of a 3-w
ycle. Heparinized blood samples (10 ml) were collecte
ay 0, day 8, day 15 and day 22 of each cycle for pla
dR assay. The blood collection procedures were desc

n Section2.4. The plasma layer was removed and store
80◦C until analysis. Plasma samples from normal vo

eers and rodents were also collected and stored sim
hese studies were approved by the ethics committe

he Central Area Health Service and University of Syd
espectively.

.8. Statistical method

The values shown are mean± S.E. Statistical analysis
ata was achieved by ANOVA, paired and unpaired Stud

-tests (GraphPad Prism programme). The minimum sig
ance level for all statistical tests was set atP< 0.05.
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Fig. 2. Negative ion APCI mass spectrum of 5-iodo-2′-deoxyuridine.

3. Results

3.1. LC–MS analysis

Typical mass spectral features of UdR and internal
standard 5-iodo-2′-deoxyuridine under the atmospheric
pressure chemical ionization–mass spectrometry detection
(APCI–MS) negative ion condition are shown inFigs. 1 and 2,
respectively. Both analytes produced predominant ions con-
sistent with their formate adducts, [M + HCO2]− atm/z273
and 399. The high adduct formation (nucleophilic addition)
in the gas-phase maximised MS sensitivity for quantitation
of UdR in the sample. The analytes could also be monitored
in positive mode, however, the peak intensity and the signal-
to-noise ratios were much less than those achieved using neg-
ative mode. The cleavage of glycosidic bonds with the loss
of deoxyribose sugar,m/z116, also yield the corresponding
fragment ions uracil [M− H − 116]− of m/z111 and depro-
tonated molecular ion [M− H]− with m/z 227 in UdR, and
5-iodouracil formate adduct [M + HCO2 − 116]− with m/z
283 and 5-iodouracil ion [M− H − 116]− of m/z 237 in in-
ternal standard 5-iodo-2′-deoxyuridine. The described losses
and resulting fragment ions are consistent with the chemical
structures of both compounds. The general mass spectra, in-
cluding fragmentations, are similar to those observed from
nucleosides with capillary fast atom bombardment (FAB)
[ -
m piked
U hu-
m gs.
a in)
w tan-
d both
t naly-
s from

endogenous peaks in the blank plasma precluded the use of
UV–vis detection for measurement of UdR.

3.2. Validation

3.2.1. Linearity, precision, accuracy, recovery and
sensitivity

The assay validated for linearity and reproducibility of the
calibration curves by running five separated duplicate freshly
prepared plasma standard of 5, 10, 20, 50, 100, 200 and
400 nmol/l. The typical equation obtained by least squared
regression wasy= 0.0021x+ 0.025 for UdR. Regression co-
efficients (r2) were≥0.989 for all calibration curves (Table 2).
The intra- and inter-run accuracy (expressed as % bias) and
precision (expressed as %R.S.D.) for UdR based on peak area
ratios are presented inTable 3. The assay bias ranged from
−2.0 to 15.6% over the concentration range 5–400 nmol/l.
The inter-run precision for all concentrations was less than
13.4% and overall intra-run precision for UdR was less than
12.9%.

The analytical recoveries of plasma UdR in dialyzed blank
plasma was calculated from pre-spiked and post-spiked of
extracted plasma concentrations of 10 and 200 nmol/l. The
spiked plasma was then analysed by the described method.
Recoveries from 10 separated batch assays over a 2-month
p d
2 do-

T
V

P

S
I
C 1.0)
13] and electrospray LC–M–MS[14]. The SIM mass chro
atograms of a representative plasma sample of blank, s
dR, 5-iodo-2′-deoxyuridine (IS), patient on day 0, 8 and
an volunteer, Wistar rat, C-57 mouse are depicted in Fi3
nd4A–D, respectively. The retention time for UdR (7.5 m
as identified by comparing with those of an authentic s
ard. No interfering endogenous peaks were observed in

he plasma blank and unknown samples using LC–MS a
is. However, the presence of considerable interference
eriod were 79.7± 1.39% and 83.2± 1.53% for 10 an
00 nmol/l, respectively. The average recovery for 5-io

able 2
alidation data of linear regression analysis (n= 5)

arameter

lope: mean (CV%) 0.0021 (9.7)
ntercept: mean (CV%) 0.025 (10.6)
orrelation coefficient: mean (range) 0.989 (0.988–
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Fig. 3. Single ion monitoring (SIM) chromatograms obtained by LC–APCI–MS analysis of (A) and (E) blank plasma; (B) spiked UdR 10 nmol/l; (C) patient
on day 0 (49 nmol/l); (D) day 8 (203 nmol/l) and (F) spiked IS 200 nmol/l.

Table 3
Validation data of precision and accuracy for plasma UdR (n= 3)

Nominal concentration (nmol/l) Measured concentration (nmol/l) Intra-run precision (%) Inter-run precision (%) Accuracy (% bias)

5 5.78 12.9 13.4 15.6
10 10.9 7.26 6.58 9.0
20 21.5 5.02 5.08 7.5
50 53.1 3.79 3.06 6.2

100 106 2.09 2.63 6.0
200 194 2.34 2.88 −3.0
400 392 2.08 2.92 −2.0
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Fig. 4. Single ion monitoring (SIM) chromatograms obtained by LC–APCI–MS analysis of (A) human volunteer (57 nmol/l); (B) Wistar rat (424 nmol/l, 1/2
dilution); (C) C-57 mouse (3.5�mol/l, 1/10 dilution) and (D) 1/5 dilution.

2′-deoxyuridine (IS) was 78.6± 1.35% (77.6± 1.69% and
79.7± 1.55% at UdR concentrations of 10 and 200 nmol/l,
respectively). Similar recovery results were obtained from
pooled authentic patient plasma. It is consistent with recov-
eries from dialyzed plasma samples and no matrix differences
were observed. The lowest limit of quantitation (LLOQ) was
determined by analysis of five replicates of different concen-
trations of plasma UdR. Using 1 ml of plasma sample, the
LLOQ for plasma UdR was 5 nmol/l for which the R.S.D.
was less than 20%.

3.2.2. Stability
The short-term stability of 50 nmol/l UdR in plasma and

whole blood kept on-ice and 23◦C is shown inFigs. 5 and 6,
respectively. There were no significant changes when fresh
plasma or whole blood sample were kept on-ice for 2 h after
spiking with UdR at both concentrations of 50 and 150 nmo/l.
However, the plasma UdR of 50 nmol/l concentration was
significantly reduced (P< 0.05) when the incubations were
carried out at 23◦C for 2 h for plasma samples. UdR con-
centrations were significantly decreased to 87% (P< 0.01),
72% (P< 0.001) and 70% (P< 0.001) when the whole blood
samples incubated at 23◦C after 0.5, 1 and 2 h, respectively.
Similar reduction was observed with plasma UdR concentra-
tion of 150 nmol/l. For long-term stability of plasma samples

stored at−80◦C, repeated analysis of the control plasma UdR
samples (50 and 150 nmol/l) showed no apparent changed
in concentration over 3 months. In addition, no significant
change in plasma UdR concentration was also observed after
three freeze/thaw (4◦C) cycles over a 3-day period (one-way
ANOVA). The stock 2 mmol/l UdR aqueous solutions were
stable for at least 4 weeks when store refrigerated.

Fig. 5. Effect of temperature on stability of UdR in human plasma sample
(n= 4). Zero time UdR concentration = 51.6± 2.35. Data are mean± S.E.;
+P< 0.05 when compared with baseline value (pairedt-test).
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Fig. 6. Effect of temperature on stability of UdR in human whole blood
samples (n= 4). Zero time UdR concentration = 52.4± 2.19. Data are
mean± S.E.;+P< 0.01 and++P< 0.001 when compared with baseline values
(pairedt-test).*P< 0.05 and** P< 0.001 when compared with corresponding
time on-ice value (unpairedt-test).

3.3. Clinical studies

The plasma UdR concentrations in patients treated with
one cycle of capecitabine are shown inFig. 7. The plasma
UdR concentrations of treated patients were significantly
increased on day 8 (∼3-fold, P< 0.001), day 15 (2-fold,
P< 0.001) and day 22 (1.3-fold,P< 0.05) compared to
basal levels. No significant change in UdR levels in blood
samples obtained from the three normal volunteers oc-
curred over the same period of time. There were large
significant differences in plasma UdR concentrations be-
tween humans and rodents. Plasma UdR concentrations in
healthy volunteers (52.9± 3.17 nmol/l,n= 6) and cancer pa-
tients (48.2± 4.04 nmol/l,n= 26) were 9- and 76-fold less
than Wistar rats (446± 24.3 nmol/l,n= 6) and C-57 mice
(3810± 60 nmol/l, n= 6), respectively. Specifically, there

F twice
d ta are
m lue
(

was no significant difference in plasma UdR levels between
normal volunteers and cancer patients.

4. Discussion

The removal of interference and the enrichment of analytes
for quantitation of pyrimidine nucleosides in plasma sample
has always been a challenging task for analytical chemists.
The difficulty is not only because of the very low concen-
tration of these compounds present in the sample matrix but
also due to their hydrophilic properties which render isola-
tion and separation from other polar endogenous compounds
extremely challenging. In particular, the use of hydrophobic
extraction phases (e.g. organic solvents, C18 cartridges) also
leads to the recovery of lipophilic endogenous compounds
from the matrix, which then accumulates on the analytic col-
umn. Also, the resolution of polar analytes using HPLC and
reverse-phase chromatography is always difficult. Inadequate
sample preparation procedures are often a contributing factor
to error in subsequent analysis.

HPLC-UV methods have been proposed and widely used
for the quantitative analysis of plasma nucleosides. Conven-
tional perchloric acid protein precipitation technique with
two-stage HPLC runs has been used to measure nucleosides
in plasma matrix by UV detection[15,16]. These two-stage
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ig. 7. Plasma UdR levels in cancer patients following capecitabine 2 g
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ean± S.E.;+P< 0.05 and++P< 0.001 when compared with baseline va

pairedt-test).
ssay procedures are complex, time-consuming and dif
or batch processing for routine quantitative analysis. S
ariations in analytical conditions (temperature in part
ar), can lead to incorrect or incomplete recovery of the
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substances such as hippuric acid, aromatic acids and drugs
such as 6-mercaptopurine (6-MP) and methotrexate (MTX)
may interfere with the nucleosides analysis as has been re-
ported[18]. The major problems encountered in these pre-
vious HPLC-UV assays are the selectivity of the sample ex-
traction techniques and quantitative analysis methods. Even
with UV–vis photodiode array (PDA) assays for the detection
and quantitation of UdR, separation and identification may
be complicated by endogenous interferences in the sample
matrices. In our study, we confirmed that the chromatograms
acquired from UV detection at the usual wavelength of 254
and 280 nm could not be used to measure UdR in human
subjects. With previously published methods, the extraction
efficiency could not be established because of interferences
in the detection of internal standards and in sample matrix.

The new sample clean-up procedure presented here in-
volves a novel approach to the extraction of the UdR using
polymeric-based (PS-DVB) SAX-SPE, which provides bet-
ter and more selective recovery than other resin chemistries.
This cleanliness is due to the fact that most of the interfer-
ences are removed during the column rinsing steps using the
organic solvent acetonitrile, while the analytes present in the
plasma are retained on the column. Being a weak acid, UdR
is present almost entirely as monoanionic species at pH 12, so
that retention on the column is mainly from anion-exchange
mechanisms. The acetonitrile in the washing step served to
p bic
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C18 stationary phases can exhibit a sudden loss of retention
with the collapse of C18 chains. In this study, we have tested
several HPLC columns (EPS, Prevail, Aqua and Atlantis)
specifically for analysing polar compounds. The difunctional
non-polar (dC18) bonding chemistry of the Waters Atlantis
column demonstrated a better retention for polar compounds
and was compatible with the very low organic mobile phase
(2%) used in the chromatographic runs. There was no appar-
ent shift of retention time of the HPLC runs observed in the
course of study.

The choice of sample matrix for preparation of calibra-
tion standards and QC samples is particularly challenging for
analysing endogenous compounds. It is problematic to sim-
ply prepare calibration samples by adding increasing amount
of UdR to pooled human plasma as unknown samples with
low UdR concentration will be out of the lowest calibration
range. More importantly, the absolute total mass of the an-
alyte, at some point, needs to be known for analytical ac-
curacy validation. In order to eliminate endogenous analyte
and preserve as much of the characteristics of the matrix
as possible, dialyzed plasma has been used for the method
validation [11,19]. This approach is superior to the use of
either aqueous or “artificial plasma” solutions[6]. The val-
idation experiments in our study have shown that the assay
has very good accuracy and precision. The reproducibility
and sensitivity of the new method is appropriate for the mea-
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raction bed chemistry achieved improved analytical re
ry for UdR (79.7%) as compared to a previously repo
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eature of the described plasma clean-up step was the
cetonitrile, as both the protein precipitant and rinsing s

ion, which produces a very clean and enriched UdR pla
xtract for subsequent MS measurement. In theory, th
cribed SAX extraction method can also be applied for m
uring other oxypyrimidines in different biological matric
ith slightly alternation of the pH and/or the organic s
ents, which can be manipulated very predictably, in sam
oading and washing steps.

Conventional reverse-phase C18 HPLC columns used i
revious studies required the use of mobile phase that

ain ion-pairing agents in order to retain and separate
ar nucleosides[5,6]. Although ion-pairing agents can turn
eversed-phase HPLC column into an ion exchange co
o provide better retention, ion-pair chromatography requ
ery long column equilibration times, which are difficult
unning reproducible gradient separation and most im
antly, are not compatible with mass spectrometry anal
etention of these types of polar analytes also require
se of mobile phases that contain very low organic m
er. Therefore, under these aqueous conditions, conven
f

urement of plasma UdR in both normal subjects and ca
atients. The lower limit of quantitation of 5 nmol/l and lin
ynamic calibration range of 5–400 nmol/l of the assay
dequate for the analysis of plasma UdR in patients re

ng TS inhibitors of both pre- and post-treatment concen
ions without dilution of samples. The total chromatograp
un time of 25 min is also a significant improvement of s
le turnaround time (2.5- to 4.4-fold increased) compare
revious HPLC-UV methods. Our experiments showed
dR stability in whole blood was very temperature sens

Figs. 5 and 6) and is consistent with the presence of high
ctivity in platelets and peripheral blood lymphocytes[7,20].
significant loss of UdR concentration in plasma sam

t 23◦C also suggests that residual TP activity is prese
lasma[10].

As shown inFigs. 3 and 4, no interfering endogeno
eaks were observed in the plasma samples using LC
nalysis. The described optimal MS condition for UdR

ection were achieved in negative ion mode which added
her selectivity for detecting compounds as it required
resence of acidic groups or electronegative elements
olecules for the production of negative ion. In general
roduction of negative ion (deprotonation) contains less
rgy than positive ion (protonation) and therefore prod

ewer fragments. The use of an internal standard 5-iod′-
eoxyuridine of virtually the same physical and chem
roperties as UdR in the described assay served to c

or the changes of extraction efficiency and in mass s
rometer response during quantitative analysis. The re
ry of IS (average 78.6%) was consistent at both low
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high UdR concentrations. Quantitation using an internal stan-
dard method was not possible in previous HPLC-UV tech-
niques. Our results provide the first reliable reference plasma
UdR concentration (range 30–86 nmol/l) in humans using
LC–MS method. Pharmacodynamic studies have shown that
oral capecitabine produced significant elevation of plasma
UdR after 1 week and over the first cycle of treatment, con-
sistent with TS inhibition. These marked increases in plasma
UdR concentrations are comparable to those previously re-
ported in rodents[17] and patients[6]. These findings further
suggest that the mechanism of the antiproliferative toxicity of
capecitabine is at least partly due to TS inhibitory activity of
its active metabolite FdUMP. The data described indicate that
plasma UdR monitoring has the potential to assist clinicians
in the development of optimal schedules for capecitabine or
other TS inhibitors in clinical trials. Using the dialyzed hu-
man plasma calibration preparation, we have also confirmed
large differences in plasma UdR levels between human sub-
jects and rodents.

In conclusion, the new LC–MS method described here
provides major advantages in terms of simplicity of sample
extraction, selectivity of detection and turnaround time as
compared with previous HPLC-UV methods. This method
has been successfully applied to analyse UdR concentrations
in patients receiving capecitabine treatment. The linear mass
spectrometer response over a wide dynamic range of concen-
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