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Abstract

A novel method employing high-performance liquid chromatograph—mass spectrometry (LC—MS) has been developed and validated for
the quantitation of plasma-Bleoxyuridine (UdR). It involves a plasma clean-up step with strong anion-exchange solid-phase extraction
(SAX-SPE) followed by HPLC separation and atmospheric pressure chemical ionization mass spectrometry detection (APCI-MS) in a
selected-ion monitoring (SIM) mode. The ionization conditions were optimised in negative ion mode to give the best intensity of the dominant
formate adduct [M + HCOOQO]atm/z273. Retention times were 7.5 and 12.5 min fed2oxyuridine and 5-iodo“2leoxyuridine, an iodinated
analogue internal standard (IS), respectively. Peak area ratidsdebRyuridine to IS were used for regression analysis of the calibration
curve. The latter was linear from 5 to 400 nmol/l using 1 ml sample volume of plasma. The average recovery was 81.5% and 78.6% for
2'-deoxyuridine and 5-iodo-deoxyuridine, respectively. The method provides sufficient sensitivity, precision, accuracy and selectivity for
routine analysis of human plasmad®oxyuridine concentration with the lowest limit of quantitation (LLOQ) of 5 nmol/l. Clinical studies
in cancer patients treated with the new fluoropyrimidine analogue capecitatfipeitoxycarbonyl-55-fluorocytidine) have shown that
plasma 2deoxyuridine was significantly elevated after 1 week of treatment, consistent with inhibition of thymidylate synthase (TS). These
findings suggest that the mechanism of antiproliferative toxicity of capecitabine is at least partly due to TS inhibitory activity of its active
metabolite 5-fluoro-2deoxyuridine monophosphate (FAUMP). Monitoring of plasma UdR concentrations have the potential to help clinicians
to guide scheduling of capecitabine or other TS inhibitors in clinical trials. Marked differences of plasimaxguridine between human
and rodents have also been confirmed. In conclusion, the LC-MS method developed is simple, highly selective and sensitive and permits
pharmacodynamic studies of TS inhibitors in several species.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of 2-deoxyuridine 5monophosphate (dUMP) to’-2
deoxythymidine 5monophosphate (TMP), and this reaction
The synthesis of intracellular nucleotides occurs by both is the only de novo synthetic pathway for production 6f 2
de novo and salvage pathways. The enzyme thymidy- deoxythymidine Striphosphate (TTP). Hence, this pathway
late synthase (TS) catalyses the reductive methylationis crucial for DNA synthesis and a critical target for the flu-
oropyrimidine drugs which are widely used in the treatment
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Fig. 1. Negative ion APCI mass spectrum 6fdzoxyuridine.

anticancer drugs will selectively inhibit the rapid growth of problem encountered in these HPLC-UV analyses is not only
cancer cells by blocking DNA replication and redaif. Sub- the specificity and selectivity of detection methods but also
sequent to TS inhibition, it is expected that accumulation of the complexity of sample workup procedures. The validation
dUMP occur as a consequence of reduced formation of TMP. of sample extraction procedure in these assays was not always
dUMP is then catabolized intracellularly to UdR which ef- possible by the internal standard method due to the complex
fluxes from cells and can be measured in plasma. The ob-plasma matrix. Even with HPLC coupled with photodiode
served rise in UdR in clinical studies of TS inhibitors is taken array (PDA) detection, the validity of the characterization is
as evidence that TS inhibition also occurs in normal tissue difficult to justify especially when the UdR concentration is
along with the tumour. The novel TS inhibitor, capecitabine, low.
on the other hand, is thought to be selectively activated to  The availability of highly selective and sensitive LC—MS
5-FU in the tumour. Hence, TS inhibition should occur pre- chromatographic techniques permit accurate determination
dominantly in the tumour and monitoring of plasma levels of of low levels of various compounds. Given the uncertainty
UdR could provide an important surrogate marker of estimat- in the specificity of HPLC-UV for UdR discussed above, we
ing drug response and to provide rational dose adjustment insought to extend our previous work to the detection of nucle-
each patient for optimal therapeutic outcome with a minimum osides[10]. In this report, we describe the development of
of untoward side effectt,5]. a new simple solid-phase sample extraction procedure and a
UdR (Fig. 1) is an oxypyrimidine, which is very polarand  novel LC-MS method for quantitation of plasma UdR. The
weakly acidic (iKa ~ 9.3) in nature. The conjugated double- described technique offers simpler sample preparation steps
bond system of pyrimidine absorbs light in the UV region, and better selectivity in detection compared to conventional
and most HPLC assays of UdR have used spectrophotometriddPLC-UV. The application of this method is exemplified
detection. Only a few of these methods have been intended forfrom a clinical trial of capecitabine in colorectal cancer pa-
the measurement of plasma UdR concentrations in humanstients. Plasma levels of UdR in human volunteers and rodents
which have been reported to range from 20 to 100 nmol/l are also reported.
[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 detectior{7,8]. In contrast, an earlier study us- 2. Experimental
ing radioimmunoassay (RIA) found the mean human plasma
UdR level to be 620 nmol[B]. Therefore, there is significant  2.1. Chemicals and reagents
discrepancy in reporting plasma UdR levels and an accu-
rate reference concentration range in humans has not been All aqueous solutions were prepared in Milli-Q wa-
established. All the previously reported HPLC-UV methods ter (Millipore, Milford, MA, USA). UdR and 5-iodo-2
involved tedious sample extraction procedures and extensivedeoxyuridine (internal standard (IS)) were obtained from
chromatographic run time, 60 to 110 min for each sample, to Sigma (St. Louis, MO, USA). HPLC-grade acetonitrile and
overcome the difficulties of separation of UdR from interfer- methanol were purchased from Mallinckrodt Baker (Sellby-
ing endogenous polar materials in plasma matrix. The major biolab, Sydney, Australia). Formic acid, acetic acid and
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sodium hydroxide (NaOH) were supplied by BDH (Poole, UdR and 5-iodo-2deoxyuridine, respectively. The MS data
UK). Extract-Clean anion-exchange (SAX) solid-phase ex- were analysed using LC—MS Workstation Classs-80€fft-
traction (SPE) cartridges (200 mg bed weight, 3 ml tube size) ware (Shimadzu Scientific Instruments, Kyoto, Japan). The
were obtained from Alltech (Deerfield, IL, USA). Each SPE peak area ratios of the standards were used to obtain a non-
cartridge had ion exchange capacity of 0.15 meqg/100 mg bedweighting scheme regression equation and concentrations in
weight. quality controls and study samples were then calculated using

measure peak area ratios and the regression equation.
2.2. Instrumentation and chromatographic conditions

2.3. Preparation of standards and control samples

The HPLC-MS system used in the validation and ap-

plication of the method consisted of a Shimadzu LC-MS A stock standard solution of 2mmol/l UdR was pre-
QP800@ module (Shimadzu Scientific Instruments, Kyoto, pared in water. This solution was further diluted with wa-
Japan) equipped with a SIL-10 autoinjector with sample ter to give a series spiking standard solutions with con-
cooler and LC-10 in-line vacuum degassing solvent delivery centrations of 0.125, 0.25, 0.5, 1.25, 2.5, 5 anquf@®l/!.
units. Chromatographic control, data collection and process-A 2 mmol/l stock standard solution of the internal stan-
ing were carried out using Shimadzu Class 8000 data soft-dard 5-iodo-deoxyuridine was prepared in water and diluted
ware. HPLC separation of analytes was performed on a Wa-with water to 1Qumol/l to give a working standard solu-
ters Atlantis dGg 3pum, 150 mmx 2.1 mm reversed-phase  tion. Stock solutions, prepared monthly, were subdivided into
analytical column (Waters, Sydney, Australia) coupled with 1 m| aliquots and stored in 1.5 ml Eppendorf sample tubes
a 1 mm Opti-GUARD pre-column (Optimize Technologies, at 4°C until use. Working standard solutions were freshly
Oregon City, USA). The eluant was a gradient mixture of prepared for each run. Blank human plasma for calibration,
10 mM formic acid with 2% acetonitrile (mobile phase A) stored at—80°C, were prepared in pooled normal human
and acetonitrile:water (90:10) (mobile phase B) delivered at plasma from heparinized whole blood which had been dia-
0.25 ml/min and at ambient temperature. After equilibration |yzed with cellulose membrane tubing (molecular cut-off size
of the column with 100% A, the gradient profile was carried of 1000) overnight to remove endogenous UdR as previously
out as shown ifable 1 The volume of the reconstituted ex- described by Longo et &al11]. Authentic QC samples were

tract injected into the HPLC was 20. The eluate from the  prepared from pooled patients plasma of day 0 (low) and day
HPLC column was directed in series via a Shimadzu SPD- g (high) to mimic the authentic study samples.

1-AV UV-vis detector operated in dual wavelength mode
(254 and 280 nm) into the ionization region of the mass spec-
trometer (Shimadzu QP80@Y without flow splitting. The
eluant outflow to detector was re-directed automatically to
waste from 0 to 6 min and at 14 min by means of a solvent
switching valve. The optimal mass spectrometric conditions
for UdR detection was achieved in negative ion mode, with
a curved desolvation line (CDL) temperature of 280 a
CDL voltage of 45V, deflector voltages ef35V (use for

2.4. Calibration and sample preparation

Calibration curves ranging from 5 to 400 nmol/l of UdR
in plasma were constructed by spiking UdR into blank dia-
lyzed human plasma (1 ml) with 40 of spiking standard
solutions. For the unknown samples, fresh whole blood was
collected in a pre-chilled heparinized blood tube kept on-ice,
. oL ) o and plasma was rapidly separated from cells by centrifuging
|n—f,ourceffgl:l.:,;o%:nd%ced. d|T_sog|at|9n) anda coroga prok?e at 3300x gat 4°C for 15 min. Plasma samples were stored at
voltage o - The chemicalionization source probe tem —80°C and thawed just prior to analysis. Plasma calibration

perature was set at 358G and a nitrogen flow rate of 2 I/min : X
was used for the nebulization. Mass spectra of both analytesStandardS’ plasma and QC samples were spiked wiftl 20

) . . of internal standards to give a final plasma concentration of
were acquired over the scan ramgé& 100-500 in approxi- 9 P

mately 1 s. Ouantitative data were carried out usin selected—200 nmol/l. After brief mixing, 1 ml of acetonitrile was added
. y-s. Q : : 9 -~ to each sample and these were kept on-ice for another 10 min
ion monitoring (SIM) analysis. The ions selected to monitor

. before centrifuging at 4C, 16,000x g for 10 min. The clear
were 'z 273.2 andm'z 399.1 for formate adduct ions of supernatants were then carefully removed and adjusted to pH

12 with 40l of 2 mol/l NaOH solution.

Table 1

Gradient elution profile for LC programme
Time (min) Mobile phase A (%) Mobile phase B (%)  2-9- Solid-phase extraction

0 100 0 o . .

8 92 8 Selective isolation and extraction of UdR from plasma
13 40 60 matrix is a crucial step prior to LC-MS sample analysis
14 10 90 to achieve better sensitivity and to evade unnecessary foul-
19 10 0 ing of the chromatographic column. Blank human plasma
22 igg 8 spiked with 50 nmol/l UdR was used for the initial screen-

ing study for recovery using different SPE strategies. The
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spiked plasma was subjected to various protein precipita- value)/nominal value 100). To study the effect of co-
tion methods (10% trichloroacetic acid, 70% perchloric acid extracted blank plasma matrix, recovery was conducted by
and acetonitrile) and extracted with a range of SPE resin comparing responses of replicates of spiked plasma samples
chemistries such as non-polandC(Waters), mixed-mode (10 and 200 nmol/l) with those of blank extraction eluants
(Waters QMA, Bond-Elut Certify Il and Strata Screen-A), to which the same amounts of analytes had been added to
SAX (Alltech and Bond-Elut). The highestrecovery and most post-extraction. Similar recovery study was also conducted
reproducible extraction procedure for UdR were achieved on authentic pooled patient plasma on day 0. The analytical
with the use of polystyrene divinylbenzene (PS-DVB) based limits of assay were determined by analysis of five replicates
strong anion-exchange resins. The optimum SPE procedureof different concentrations of spiked UdR from a single pool
was as follows: using a Supelco Visiprep SPE vacuum man- of plasma blank matrix. The lower limit of quantification
ifolds (Sigma-Aldrich, Sydney, Australia), Alltech Extract- (LLOQ) was defined as the concentration, which produced
Clean SAX-SPE (3ml, 200 mg) cartridges were precondi- assay results withif:20% of the nominal concentration, with
tioned with 2ml acetonitrile followed by 2ml 0.01 mol/l  a coefficient of variation less than 20%.

NaOH. Alkalised sample supernatants were then loaded on

the SAX-SPE cartridge with flow rate of not greater than 5 ¢ 5 Stability

1 ml/min and the latter was _rinsed with _2 ml acetonitrils. For assessment of stability of UdR in whole blood and
The analytes were eluted with two fractions of 1ml 10% 39ma; fresh whole blood and plasma samples spiked with
glacial acetic acid in water at flow rate of not greater than UdR to a final concentration of approximately 50 and

1 ml/min. The eluant was dried under vacuum in a Speed- 150 nmol/| were used for short-term stability study are3
Vac vacuum evaporator (Savant Instruments, Farmingdale, 5 on-ice before extraction. These stability blood samples
NY, USA) and the dried residue was re-dissolved in50f were separated and assayed at 0, 0.5, 1 and 2 hinterval. These
10 mmol/l formic acid with 2% acetonitrile (mobile phase A).  agh plasma samples were also used to assess the long-term
The mixtureT was centrif_uged, the supernatant.was then trans—Storage effect. They were assayed in duplicate on the day of
ferred to micro insert vials and 20 of reconstituted solu-  yrenaration and the remainder of each control was divided
tion in duplicate was automatically injected into the LC-MS ;o multiple tubes and stored aB0°C. These control sam-
system. ples were removed and assayed periodically up to 3 months.
Triplicate of each stability control samples (low and high con-
2.6. Assay validation centrations) were also subjected to three freeze/tha\g)4

_ _ o cycles to assess stability over a 3-day period.
2.6.1. Linearity, precision, accuracy, recovery and

sensitivity 7. Clinical studies
Peak area ratios of UdR to the internal standard measuredz' )
at each nominal concentration were used to construct non- . . . .
The clinical studies were carried out in Sydney Cancer

weighted least-square linear regression curves. The inter- an . )
intra-run precision and accuracy of the method were evalu—dcer.]tre’ Royal Prince Alfred Hospital. PIa_sma UdR concer-
trations were measured in 26 cancer patients enrolled in an

ated on three separate days by triplicate analyses of blank hu- : e X . .
man plasma containing UdR at concentration ranging from 5 on going clinical study evaluatlng the relationship bet\_/vee_n
to 400 nmol/l. An estimate of the inter-run precision for UdR predictive factors and therapeutic response to capecitabine
was obtainea by one-way analysis of variance (ANOVA) for in advanced colorectal cancer patients. The patients received
each test concentration using “run day” as the classification 2g capecitabine twice daily orally for 2 weeks of a 3-week

variable[12]. The day mean square (DayMS), error mean cycle. Heparinized blood samples (10 ml) were collected on

square (ErrMS) and the grand mean (GM) of the observed day 0, day 8, day 15 and day 22 of each cycle for plas_ma
: : . UdR assay. The blood collection procedures were described
concentration across analytical run days were obtained. The.

inter-run precision was calculated for each calibrated stan- in Section2.4. The plasma layer was removed and stored at

. ; - —80°C until analysis. Plasma samples from normal volun-
dard as follows, whem is the number of replicates within teers and rodent>s/ were also coIIeé)ted and stored similarl
each analytical run: Y.

These studies were approved by the ethics committees of

. DayMS — ErrMS]/n]%° the Central Area Health Service and University of Sydney,
Inter-run precision= [Day GM Vnl x 100% respectively. y yaney
The intra-run precision was calculated for each calibration
standard as follows: 2.8. Statistical method

. [ErrMS]°® - .
Intra-run precision= ———— x 100% The values shown are me#&5.E. Statistical analysis of

data was achieved by ANOVA, paired and unpaired Student’s
The accuracy was assessed for each calibration standard antdtests (GraphPad Prism programme). The minimum signifi-
expressed as a percentage of bias ((mean vah@minal cance level for all statistical tests was sePat0.05.
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Fig. 2. Negative ion APCI mass spectrum of 5-ioded2oxyuridine.

3. Results endogenous peaks in the blank plasma precluded the use of
UV-vis detection for measurement of UdR.
3.1. LC-MS analysis
) ) 3.2. Validation
Typical mass spectral features of UdR and internal
standard 5-iodo‘2deoxyuridine under the atmospheric 3.2.1. Linearity,
pressure chemical ionization—-mass spectrometry deteCtionsensitivity

(APCI-MS) negative ion condition are showriigs. 1 and 2 The assay validated for linearity and reproducibility of the
respectively. Both analytes produced predominant ions con-cajipration curves by running five separated duplicate freshly
sistent with their formate adducts, [M+HGD atm/z273 prepared plasma standard of 5, 10, 20, 50, 100, 200 and

and 399. The high adduct formation (nucleophilic addition) 440 nmol/l. The typical equation obtained by least squared
in the gas-phase maximised MS sensitivity for quantitation regression wag= 0.002X+0.025 for UdR. Regression co-

of UdR in the sample. The analytes could also be monitored ficients ¢2) were>0.989 for all calibration curvegéble 2.

in positive mode, however, the peak intensity and the signal- ta intra- and inter-run accuracy (expressed as % bias) and
to-noise ratios were much less than those achieved using NeGprecision (expressed as %R.S.D.) for UdR based on peak area
ative mode. The cleavage of glycosidic bonds with the 10Ss (4105 are presented ifable 3 The assay bias ranged from

of deoxyribose suganvz 116, also yield the corresponding  _5 o 1o 15 6% over the concentration range 5-400 nmol/l.
fragment ions uracil [M-H — 116]" of mz111 and depro-  rpe jnter-run precision for all concentrations was less than

topated mqlecular ion [M-H]™ with mz 227 in U‘_’R1 and 13.4% and overall intra-run precision for UdR was less than
5-iodouracil formate adduct [M+HCO- 116] with m/z 12.9%.

283 and 5-iodouracil ion [M-H — 116]" of m/z 237 in in- The analytical recoveries of plasma UdR in dialyzed blank
ternal standard 5-iodo=-2leoxyuridine. The described losses plasma was calculated from pre-spiked and post-spiked of

and resulting fragment ions are consistent with the chemicgl extracted plasma concentrations of 10 and 200 nmol/l. The
structures of both compounds. The general mass spectra, INgpiked plasma was then analysed by the described method.

cluding _fragme_ntation_s, are similar to those observed from na.qveries from 10 separated batch assays over a 2-month
nucleosides with capillary fast atom bombardment (FAB) period were 79.% 1.39% and 83.21.53% for 10 and

[13] and electrospray LC-M-MB4]. The SIM mass chro- 540 nmolyl, respectively. The average recovery for 5-iodo-
matograms of a representative plasma sample of blank, spiked

UdR, 5-iodo-2-deoxyuridine (IS), patient on day 0, 8 and hu-
man volunteer, Wistar rat, C-57 mouse are depicted in Bigs.
and4A-D, respectively. The retention time for UdR (7.5 min)
was identified by comparing with those of an authentic stan-
dard. No interfering endogenous peaks were observed in bothIS'tOPei ”;_ea” (CV?\)/O/ g-ggél ig-?

the plasma blank and unknown samples usmg LC-MS analy- gof:ggi(.);ngjgff(icien::)mean (range) 6.989< (0:9238—1.0)
sis. However, the presence of considerable interference from

precision, accuracy, recovery and

Table 2
Validation data of linear regression analysis()

Parameter
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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 UdRYJ)
Nominal concentration (nmol/l) Measured concentration (nmol/l) Intra-run precision (%) Inter-run precision (%) Accuracy (% bias)
5 578 129 134 156
10 109 7.26 658 90
20 215 5.02 508 75
50 531 379 306 62
100 106 209 263 6.0
200 194 234 288 -3.0

400 392 208 292 —-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 (3.2mol/l, 1/10 dilution) and (D) 1/5 dilution.

2'-deoxyuridine (IS) was 784 1.35% (77.6+1.69% and stored at-80°C, repeated analysis of the control plasma UdR
79.74+1.55% at UdR concentrations of 10 and 200 nmol/l, samples (50 and 150 nmol/l) showed no apparent changed
respectively). Similar recovery results were obtained from in concentration over 3 months. In addition, no significant
pooled authentic patient plasma. It is consistent with recov- change in plasma UdR concentration was also observed after
eries from dialyzed plasma samples and no matrix differencesthree freeze/thaw (4C) cycles over a 3-day period (one-way
were observed. The lowest limit of quantitation (LLOQ) was ANOVA). The stock 2 mmol/l UdR agueous solutions were
determined by analysis of five replicates of different concen- stable for at least 4 weeks when store refrigerated.

trations of plasma UdR. Using 1 ml of plasma sample, the
LLOQ for plasma UdR was 5nmol/l for which the R.S.D. 104

was less than 20%.
04

3.2.2. Stability -104
The short-term stability of 50 nmol/l UdR in plasma and
whole blood kept on-ice and 2& 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

204

=304
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—e—on-ice
spiking with UdR at both concentrations of 50 and 150 nmo/l. £ | —0—23°C
However, the plasma UdR of 50 nmol/l concentration was
significantly reducedR <0.05) when the incubations were -50
carried out at 23C for 2 h for plasma samples. UdR con- r " i s T

centrations were significantly decreased to 8P4 0.01),
72% (P<0.001) and 70%HK < 0.001) when the whole blood
sz_im_ples mcupated at 2@ after 0‘5’ land2h, respectlvely. Fig. 5. Effect of temperature on stability of UdR in human plasma sample
Similar reduction was observed with plasma UdR concentra- (= 4). zero time UdR concentration = 5162.35. Data are meah S.E.:
tion of 150 nmol/l. For long-term stability of plasma samples *P<0.05 when compared with baseline value (patrégst).
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Fig. 6. Effect of temperature on stability of UdR in human whole blood
samples 1§=4). Zero time UdR concentration=5242.19. Data are
meant 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 (unpairetest).

3.3. Clinical studies

The plasma UdR concentrations in patients treated with
one cycle of capecitabine are shownFig. 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?<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 (528 3.17 nmol/l,n=6) and cancer pa-
tients (48.2t 4.04 nmol/l,n=26) were 9- and 76-fold less
than Wistar rats (444 24.3 nmol/l,n=6) and C-57 mice

(3810+ 60 nmol/l, n=6), respectively. Specifically, there

200

—O— Cancer patients

++

- @— Normal volunteers

1501

1004

Plasma UdR (nmol/l)

w
(=}
1

Capecitabine treatment for cancer patients
0-

1 1
01 8

Days

Fig. 7. PlasmaUdR levelsin cancer patients following capecitabine 2 g twice

daily for 14 days and normal volunteers over the same period time. Data are

meant S.E.;*P <0.05 and*P < 0.001 when compared with baseline value
(pairedt-test).
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was no significant difference in plasma UdR levels between
normal volunteers and cancer patients.

4. Discussion

Theremoval 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 solventg €artridges) 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 detectiof15,16] These two-stage
assay procedures are complex, time-consuming and difficult
for batch processing for routine quantitative analysis. Slight
variations in analytical conditions (temperature in particu-
lar), can lead to incorrect or incomplete recovery of the an-
alyte in the first run. Analytical methods using organic sol-
vent acetonitrile for protein precipitation have also been ap-
plied for the quantitation of plasma UdR in mide’]. Again,
the use of two-stage chromatographic runs (separated by
peak collection, lyophilization and chromatographic quan-
titation) to overcome the background interference precludes
these from being effectively used as a routine analytical meth-
ods. Recently, SPE resins (Isolute ENV+) with hydroxylated
highly cross-linked polystyrene-based polymers have been
used to enhance the selectivity and specificity for the extrac-
tion of UdR in human plasmgb,6]. Even so, the problem
of lipophilic contaminants means that such methods require
inordinately long run times to ensure that a stable baseline
can be re-established after each sample. Otherwise, chro-
matograms may be corrupted by the elution of peaks, which
originated from previous injections. For example, run times
used in the above methods have been as long as 110 min for
each sample.

In addition, human UdR concentrations at well below
50 nmol/l are beyond the limit of sensitivity of HPLC-UV de-
tection have recently been repor{&cB]. Marti et al. verified
the specificity of the UV absorption of UdR peak by treating
each sample with purified thymidine phosphorylase (TP) and
concluded that an endogenous peak, co-eluting at the same
retention time as UdR, could account for falsely high con-
centrations in HPLC-UV analysis. Furthermore, endogenous
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substances such as hippuric acid, aromatic acids and drug€ig stationary phases can exhibit a sudden loss of retention
such as 6-mercaptopurine (6-MP) and methotrexate (MTX) with the collapse of gg chains. In this study, we have tested
may interfere with the nucleosides analysis as has been reseveral HPLC columns (EPS, Prevail, Aqua and Atlantis)
ported[18]. The major problems encountered in these pre- specifically for analysing polar compounds. The difunctional
vious HPLC-UV assays are the selectivity of the sample ex- non-polar (dGg) bonding chemistry of the Waters Atlantis
traction techniques and quantitative analysis methods. Evencolumn demonstrated a better retention for polar compounds
with UV-vis photodiode array (PDA) assays for the detection and was compatible with the very low organic mobile phase
and quantitation of UdR, separation and identification may (2%) used in the chromatographic runs. There was no appar-
be complicated by endogenous interferences in the sampleent shift of retention time of the HPLC runs observed in the
matrices. In our study, we confirmed that the chromatograms course of study.
acquired from UV detection at the usual wavelength of 254  The choice of sample matrix for preparation of calibra-
and 280 nm could not be used to measure UdR in humantion standards and QC samples is particularly challenging for
subjects. With previously published methods, the extraction analysing endogenous compounds. It is problematic to sim-
efficiency could not be established because of interferencesply prepare calibration samples by adding increasing amount
in the detection of internal standards and in sample matrix. of UdR to pooled human plasma as unknown samples with
The new sample clean-up procedure presented here inlow UdR concentration will be out of the lowest calibration
volves a novel approach to the extraction of the UdR using range. More importantly, the absolute total mass of the an-
polymeric-based (PS-DVB) SAX-SPE, which provides bet- alyte, at some point, needs to be known for analytical ac-
ter and more selective recovery than other resin chemistries.curacy validation. In order to eliminate endogenous analyte
This cleanliness is due to the fact that most of the interfer- and preserve as much of the characteristics of the matrix
ences are removed during the column rinsing steps using theas possible, dialyzed plasma has been used for the method
organic solvent acetonitrile, while the analytes present in the validation[11,19] This approach is superior to the use of
plasma are retained on the column. Being a weak acid, UdReither aqueous or “artificial plasma” solutiof§. The val-
is present almost entirely as monoanionic species at pH 12, sddation experiments in our study have shown that the assay
that retention on the column is mainly from anion-exchange has very good accuracy and precision. The reproducibility
mechanisms. The acetonitrile in the washing step served toand sensitivity of the new method is appropriate for the mea-
promote the ionic interaction whilst disrupting hydrophobic surement of plasma UdR in both normal subjects and cancer
interactions and hydrogen bonding to remove non-polar ma- patients. The lower limit of quantitation of 5 nmol/l and linear
terials such as fatty acids, lipid and other hydrophilic com- dynamic calibration range of 5-400 nmol/l of the assay are
pounds in the plasma samples. The low pH eluent of aceticadequate for the analysis of plasma UdR in patients receiv-
acid then reversed the anion-exchange component of retening TS inhibitors of both pre- and post-treatment concentra-
tion as UdR molecules become unionized. Indeed, SAX ex- tions without dilution of samples. The total chromatographic
traction bed chemistry achieved improved analytical recov- run time of 25 min is also a significant improvement of sam-
ery for UdR (79.7%) as compared to a previously reported ple turnaround time (2.5- to 4.4-fold increased) compared to
non-polar (70%) bonded phase SPE chemi&}yThe other previous HPLC-UV methods. Our experiments showed that
feature of the described plasma clean-up step was the use obJdR stability in whole blood was very temperature sensitive
acetonitrile, as both the protein precipitant and rinsing solu- (Figs. 5 and $and is consistent with the presence of high TP
tion, which produces a very clean and enriched UdR plasmaactivity in platelets and peripheral blood lymphocytg20].
extract for subsequent MS measurement. In theory, the de-A significant loss of UdR concentration in plasma samples
scribed SAX extraction method can also be applied for mea- at 23°C also suggests that residual TP activity is present in
suring other oxypyrimidines in different biological matrices plasmg10].

with slightly alternation of the pH and/or the organic sol- As shown inFigs. 3 and 4no interfering endogenous
vents, which can be manipulated very predictably, in sample peaks were observed in the plasma samples using LC-MS
loading and washing steps. analysis. The described optimal MS condition for UdR de-

Conventional reverse-phasagHPLC columns used in  tection were achieved in negative ion mode which added fur-
previous studies required the use of mobile phase that con-ther selectivity for detecting compounds as it required the
tain ion-pairing agents in order to retain and separate po- presence of acidic groups or electronegative elements in the
lar nucleoside$b,6]. Although ion-pairing agents can turna molecules for the production of negative ion. In general, the
reversed-phase HPLC column into an ion exchange columnproduction of negative ion (deprotonation) contains less en-
to provide better retention, ion-pair chromatography requires ergy than positive ion (protonation) and therefore produces
very long column equilibration times, which are difficult for fewer fragments. The use of an internal standard 5-idelo-2
running reproducible gradient separation and most impor- deoxyuridine of virtually the same physical and chemical
tantly, are not compatible with mass spectrometry analysis. properties as UdR in the described assay served to correct
Retention of these types of polar analytes also requires thefor the changes of extraction efficiency and in mass spec-
use of mobile phases that contain very low organic modi- trometer response during quantitative analysis. The recov-
fier. Therefore, under these aqueous conditions, conventionakery of IS (average 78.6%) was consistent at both low and
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high UdR concentrations. Quantitation using an internal stan- [3] J.L. Grem, in: B.A. Chabner, J.M. Collins (Eds.), Cancer Chemother-

dard method was not possible in previous HPLC-UV tech- apy, Principles and Practice, Lippincott, Philadelphia, 1990,

niques. Our results provide the first reliable reference plasma __ P- 180- . .

UdR concentration (range 30-86 nmoI/I) in humans using [4] F. Mitchell, D. Farrugia, C. Rees, D. Cunningham, I. Judson, A.L.
. / Jackman, Br. J. Cancer 75 (1997) 25.

LC-MS method. Pharmacodynamic studies have shown that (5 H.g.Rr. Ford, F. Mitchell, D. Cunningham, D.C. Farrugia, M.E. Hill,

oral capecitabine produced significant elevation of plasma  C. Rees, AH. Calvert, I.R. Judson, A.L. Jackman, Clin. Cancer Res.

UdR after 1 week and over the first cycle of treatment, con- 8 (2002) 103.

sistent with TS inhibition. These marked increases in plasma [6] F- Mitchell, S. Lynn, A.L. Jackman, J. Chromatogr. B Biomed. Sci.

UdR trati ble to th . | Appl. 744 (2000) 351.
concentrations are comparable 10 those previously re- [7] R. Marti, Y. Nishigaki, M. Hirano, Biochem. Bioph. Res. Co. 303

ported in rodentfl 7] and patient§6]. These findings further (2003) 14.
suggest that the mechanism of the antiproliferative toxicity of [8] R. Marti, A. Spinazzola, S. Tadesse, I. Nishino, Y. Nishigaki, M.
capecitabine is at least partly due to TS inhibitory activity of Hirano, Clin. Chem. 50 (2004) 120.

its active metabolite FAUMP. The data described indicate that [®! '1"12'3'19%“1‘)1322' W.B. Deveski, M.-H.N. Tattersall, Anal. Biochem.

plasma UdR monitoring h_as the potential to assist _clml'uans 10] KM. Li, S.J. Clarke, L.P. Rivory, Anal. Chim. Acta 486 (2003)
in the development of optimal schedules for capecitabine or " 57,

other TS inhibitors in clinical trials. Using the dialyzed hu- [11] A. Longo, G. Bruno, S. Curti, A. Mancinelli, G. Miotto, J. Chro-
man plasma calibration preparation, we have also confirmed = matogr. B Biomed. Sci. Appl. 686 (1996) 129.

large differences in plasma UdR levels between human sub-112] H- Rosing, V. Lustig, F.P. Koopman, W.W. ten Bokkel Huinink, J.H.
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jects and rodents. _ [13] N. Takeda, H. Yoshizumi, T. Niwa, J. Chromatogr. B 746 (2000) 51.
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