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bstract

Uric acid is an important diagnostic marker of catabolism of the purine nucleosides, and accurate measurements of serum uric acid are necessary
or proper diagnosis of gout or renal disease appearance. A candidate reference method involving isotope dilution coupled with liquid chro-
atography/mass spectrometry (LC/MS) has been described. An isotopically labeled internal standard, [1,3-15N2] uric acid, was added to serum,

ollowed by equilibration and protein removal clean up to prepare samples for liquid chromatography/mass spectrometry electrospray ionization
LC/MS-ESI) analyses. (M−H)− ions at m/z 167 and 169 for uric acid and its labeled internal standard were monitored for LC/MS. The accuracy
f the measurement was evaluated by a comparison of results of this candidate reference method on lyophilized human serum reference materials
or uric acid (Standard Reference Materials SRM909b) with the certified values determined by gas chromatography/mass spectrometry reference
ethods and by a recovery study for the added uric acid. The method performed well against the established reference method of ion-exchange

ollowed by derivatization isotope dilution (ID) gas chromatography mass spectrometry (ID-GC/MS). The results of this method for uric acid
greed well with the certified values and were within 0.10%. The amounts of uric acid recovered and added were in good agreement for the three
oncentrations. This method was applied to determine uric acid in samples of frozen serum pools. Excellent precision was obtained with within-set
Vs of 0.08–0.18% and between-set CVs of 0.02–0.07% for LC/MS analyses. Liquid chromatography/tandem mass spectrometry electrospray

onization (LC/MS/MS-ESI) analysis was also performed. The LC/MS and LC/MS/MS results were in very good agreement (within 0.14%). This

C/MS method, which demonstrates good accuracy and precision, and is in the speed of analysis without the need for a derivatization stage,
ualifies as a candidate reference method. This method can be used as an alternative reference method to provide an accuracy base to which the
outine methods can be compared.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Uric acid (2,6,8-trihydroxypurine, UA) is the final product of
atabolization of the purine nucleosides [1]. Its determination in
erum is a powerful indicator of metabolic alterations or disease
ppearance [2]. Furthermore, one of the biggest problems about
he uric acid metabolism is gout [3], which can be caused by an

ncrease in uric acid production and a decrease in elimination
f uric acid by the kidneys. Uric acid, like creatinine, is also a
arker for renal failure, as well as toxicity. Therefore, serum
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E-mail addresses: xhdai 75@iccas.ac.cn, daixh@nim.ac.cn (X. Dai).

o
m
i
r
(
[
a

570-0232/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2007.07.035
ric acid concentration is one of the most frequently performed
linical measurements.

Many routine clinical methods for serum uric acid, primar-
ly based on the enzymatic conversion principle by uricase, are
onstantly biased as compared to mass spectrometric methods
4–9]. There is a need for a critically evaluated reference method
or uric acid to provide an accuracy base to which routine meth-
ds can be traceable. Some ID-GC/MS definitive and reference
ethods have been published for the determination of uric acid

n serum [10,11]. A lyophilized human serum is reference mate-

ial for uric acid [10]. Standard Reference Materials (SRM909b)
from National Institute of Standards and Technology (NIST))
10] was certified using the GC/MS reference methods for trace-
bility assessment.
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Recent developments of highly sensitive liquid chromatog-
aphy (LC)/MS instrumentation with robust interfaces such as
lectrospray ionization (ESI) or atmospheric pressure chem-
cal ionization (APCI) make it possible to develop highly
eproducible, selective, and sensitive LC/MS methods for
ow-concentration analytes [12,13]. LC/MS methods offer a
owerful tool for the determination of nonvolatile and thermally
abile compounds without the need for derivatization (in contrast
o the usual situation with GC/MS for many clinical analytes).

LC/MS method using ESI has been reported for the deter-
ination of uric acid in urine [14]. However, the CVs of this
ethod ranged from 0.9 to 3.0%, and the results deviated from

he target concentrations of external quality control materials
no labeled internal standard was used). This method is a good
outine clinical method due to its short chromatographic run
ime, high throughput, and higher specificity than the routine
nzymatic method, but does not have sufficient precision and
ccuracy to be used as a reference method. To the best of our
nowledge, no LC/MS or LC/MS/MS reference methods have
een published for serum uric acid with the precision and accu-
acy comparable to GC/MS reference methods. In this work,
e have developed a candidate reference method for uric acid

n serum involving ID coupled with LC/MS-ESI. The accuracy
f the measurement was evaluated by a comparison of results
f this candidate reference method on SRM909b with the cer-
ified values determined by GC/MS reference methods and by
recovery study for the added uric acid. This candidate refer-

nce method was found to be free from interferences by testing
he same serum sample using LC/MS/MS method. The results
f LC/MS and LC/MS/MS measurements for serum uric acid
ere compared. This LC/MS-based method was applied to the
etermination of uric acid in samples of frozen serum pools.

. Experimental

.1. Materials and instruments

All chemicals were of analytical-reagent grade. Natural uric
cid with a certified purity of 99.8 ± 0.3% was provided from
hina (GBW09202, NRCCRM). [1,3-15N2] uric acid with an

sotopic purity of >99 atom% was obtained from Cambridge Iso-
ope Laboratories, Co., USA. Acetonitrile was purchased from
isher Scientific Inc. (HPLC, USA). Lyophilized human serum
RM909b was purchased from NIST. Solutions were prepared
ith Milli-Q (18.2 M� cm) distilled deionized water and fil-

ered through 0.22 �m pore filters from Sugelabor S.A. (Madrid,
pain). Serum samples were kindly provided by National Cen-

er of Clinical Laboratory (Beijing, China), which were received
rozen and stored at −80 ◦C until required. These serum sam-
les were collected by some patients and volunteers. Because
he amount of serum of individual is limited and the concen-
rations of uric acid are not representative, we mixed several
eople’s serum to obtain the three sets of serum pools. We tried

o obtain an equal number of specimens approaching the high
nd the low limit of the reference interval of normal people. In
ddition, we selected a set of specimens where the uric acid val-
es went beyond the reference value. A balance: Mettler ME22

e
v
f
w
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Max = 2.1 g, d = 1.0 �g), made by Mettler Co. Another balance:
E 235S (capacity: 230 g; d = 0.01 mg), made by Sartorius Co.
Finnigan LTQ LC–MS (Linear Ion Trap) which equipped with

SI ion source, a Surveyor LC system, and Xcalibur data system
as used for LC–MS and LC–MS/MS analysis. An autosampler

Finnigan Surveyor) was used.

.2. “Stock” standard and working standard solution
reparation

Two independently weighed “stock” standard solution con-
aining 0.2 mg/g of natural uric acid (0.002 mol/L ammonium
ydroxide as the solvent) were prepared. Twenty milligrams
f uric acid reference compound for each stock solution was
ccurately weighed on an analytical balance (Mettler ME22),
nd dissolved in 0.002 mol/L ammonium hydroxide [15]. The
alance was calibrated and demonstrated to be accurate to 1 �g.
hese solutions were stored in a refrigerator at −20 ◦C in a well-
toppered brown all-glass container. And these stock standard
olutions are stable for at least 3 months. “Working” standards
ontaining specified concentration of uric acid may be prepared
y diluting specified amount of the stock standard solution with
mmonium hydroxide. The concentrations of each “working”
tandard solution approached the concentrations of uric acid
n serum samples. These “working” standard solutions should
e prepared daily. The labeled uric acid stock standard solu-
ion containing 0.2 mg/g of [1,3-15N2] uric acid (dissolved in
.002 mol/L ammonium hydroxide) was prepared as the unla-
eled uric acid.

.3. Sample preparation

.3.1. Preparation of lyophilized serum for the
onfirmatory measurement

Lyophilized samples were reconstituted by adding about 10 g
f deionized water (supplied by NIST) to each vial of the
reeze-dried material, using a calibrated Class A pipette. Indi-
idual vials were reconstituted on separate days. The mass of
dded water was determined by weight rather than by volume.
or example, the weight of water added to the levels I and II

yophilized serum are 10.05376 and 10.04988 g, respectively.
he serum was gently mixed at regular intervals for 2 h until

ully reconstituted. About 0.3 g of each serum sample was placed
n separate amber vials (5 mL). Each sample was spiked with a
nown amount of isotopically labeled uric acid (to give an ∼1:1
atio of analyte to internal standard for each spiked serum sam-
le). Each spiked sample was mixed by gently swirling with a
ortex mixer immediately after addition of the labeled uric acid.
he spiked samples were then allowed to equilibrate for 4 h at
◦C prior to extraction and analysis.

.3.2. Preparation of frozen serum pools
Samples of frozen serum pools were prepared in three differ-
nt sets (each set on different days). Each set consisted of three
ials each of the three concentrations of 22, 77 and 117 mg/kg
or concentrations 1, 2 and 3, respectively. These frozen samples
ere thawed and left to equilibrate to room temperature for half
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n hour prior to analysis. The same procedure was used to add
nternal standard and equilibrate for the frozen serum as for the
yophilized serum.

.3.3. Preparation of calibrators
At the same time that the serum sample was spiked with the

abeled internal standard solution, a work standard solution of
nown concentration of uric acid (GBW09202) was prepared.
nd the calibrators were spiked with the same labeled uric acid

olution used to spike the serum samples. The ratio of the natural
ric acid/labeled uric acid approached 1:1 in these calibrators.
he concentrations of the calibrators are almost equimolar to that
f the natural uric acid in each set of serum samples. For exam-
le, in Table 2 the standard solution concentration is 45.58 mg/kg
or level I and 118.86 mg/kg for level II sample. Each spiked
tandard solution was mixed by gently swirling with a vortex
ixer immediately after addition of the labeled uric acid. These

alibrators must be prepared daily and placed in a well-stoppered
rown all-glass container at 4 ◦C prior to analysis.

.3.4. Extraction methodology-protein precipitation
Different extraction and sample clean-up protocols were

nvestigated for the analysis of uric acid in human serum [16,17].
n these references, the authors had applied several methods to

emove serum protein. Two of these methods are found to be
uperior to the others for metabolites analysis. Protein removal
y ultrafiltration and precipitation using organic solvent worked
ell. In this paper, when we selected ultrafiltration to remove

s
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Fig. 1. Ion chromatograms by LC/MS for uric acid an
B 857 (2007) 287–295 289

rotein the HPLC column back pressure increased after several
njections and it was a costly method of extraction due to the
rice of the ultrafiltration tubes and the guard column. So we
se acetonitrile method for serum protein removal prior to anal-
sis by LC–MS because the efficient of precipitation is high
nd the prepared samples fit for the LC–MS analysis (as can
e seen in Figs. 1 and 2). The following procedures were used
o deproteinize serum samples: About 0.6 g of spiked sample
as added to the void created by gently vortex mixing acetoni-

rile (0.6 mL) in a 5 mL glass amber vial. The solutions were
llowed to stand for 5 min before being centrifuged at 4000 rpm
or 10 min. The supernatant liquid was transferred to an amber
ial (5 mL) taking care not to remove any particulate matter.
he extract was then evaporated at room temperature to dry-
ess under nitrogen before being reconstituted in ammonium
ydroxide (0.002 mol/L). Finally the reconstituted extract was
assed through a 0.22 �m membrane before being presented to
he LC–MS system for analysis.

.4. Analytical recovery of the spiked uric acid

Vials of frozen serum samples were combined, and eleven
mL sera were taken for a study of the accuracy of the method.
known amount of unlabeled uric acid was added to 9 of the 11
era at 3 concentrations, 3 each with 7.9, 32.9 and 59.0 mg/kg
ric acid. No uric acid was added to the other two sera. Different
mounts of [1,3-15N2] uric acid were added to each serum (the
atio of unlabeled/labeled about 1:1 in each serum sample), and

d [1,3-15N2] uric acid from a standard solution.
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Fig. 2. Ion chromatograms by LC/MS for uric

he sera were then processed as described above for extraction
nd analysis.

.5. Equilibration

To test for complete equilibration of labeled uric acid and
atural uric acid in serum, vials of frozen serum samples were
ombined, and five 2.0 mL sera were taken for the equilibration
tudy. A given amount of [1,3-15N2] uric acid was added to each
ample after mixing, and the samples were equilibrated at 4 ◦C
or various times (0.5, 1, 2, 3, 4 h). The samples were processed
s described above for LC/MS analysis.

.6. Standards cross-check

We prepared two independent sets of standards and test one
tandard by single-point calibration method [18] with standard
rom the other set. The weight ratio determined by the IDMS
easurements is then compared with the weighed-in weight

atio for that standard.

.7. Linearity

A group of work standard solutions of natural uric acid was

repared by diluting the stock solution using ammonium hydrox-
de. A special concentration solution of labeled uric acid was
repared by dilution of the stock labeled uric acid solution. Then
his labeled uric acid solution with the same amount were added

w
e
f

nd [1,3-15N2] uric acid from a serum sample.

o the above described serial work standard solutions. So a group
f spiked standard solutions was prepared which contained the
esigned different concentrations of natural uric acid and the
ame concentration of labeled uric acid.

.8. Chromatographic separation

Two microliters of calibrators or sample extracts was ana-
yzed by LC coupled with an electrospray ionization MS system
Finnigan, LTQ). Chromatographic separations were performed
t 25 ◦C on an Inertsil ODS-SP column (150 mm × 2.1 mm i.d.),
�m particle size (supplied by G&L Technologies, Japan). The
obile phase (100% ammonium acetate 10 mM at pH 4.5) was

elivered at a flow rate of 0.2 mL/min. Mass spectral identifica-
ion of uric acid was carried out with an electrospray ionization
nterface and an ion-trap mass analyzer. The mass spectrometer
as operated in the negative ion mode. (M−H)− ions at m/z
67.1 and 169.1 were monitored for uric acid and [1,3-15N2]
ric acid, respectively. The nitrogen drying gas temperature was
et at 350 ◦C. The sheath gas flow rate was 25 and auxiliary gas
ow rate was 10. Spray voltage was 3.5 kV.

.9. Calibration methods
To determine the concentration of a given serum, 2 mL serum
ere divided into three independent samples, and spiked and

xtracted, respectively. Three repeat injections were performed
or each sample extract. The results of the ID-MS determinations
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Table 1
Recovery of added uric acid

Added (mg/kg) Expected
(mg/kg)

Measured
(mg/kg)

CV (%) Recovery
(%)

0 34.23 0.15
7.89 42.12 42.34 0.10 100.52
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f uric acid are calculated from peak area ratios measured by the
xtracted ion monitoring technique. The single-point calibra-
ion method [18] is used to calculate the uric acid concentration
n mg/kg of serum. The order of measurements was done by
njecting the standard, followed by the sample and then by the
tandard and the sample and standard. Each sample injection
as bracketed by an injection of the spiked standard of almost

qual concentration and isotope ratio to that of the sample. Four
alibration injections are used for the calculation of a sample
esult.

.10. Interference testing

The LC/MS/MS method is used to test the interferences in
erum sample. LC/MS/MS-ESI analysis was performed on the
ame LC/MS instrument. Standards and sample extracts were
eparated by LC on the same column (ODS-SP) with the mobile
hase consisting of 10 mmol/L ammonium acetate at pH 4.5. The
ow rate was 0.20 mL/min. The column temperature was set at
5 ◦C. ESI in the negative ion and select reaction monitoring
SRM) modes were used for LC/MS/MS. The transitions at m/z
67 → 124 and 169 → 125 were monitored for uric acid and
abeled uric acid, respectively. The collision gas was argon, and
he collision energy was 40 eV. The dwell time was 0.2 s for
RM.

. Results and discussion

.1. Evaluation and verification of the LC/MS method

.1.1. Equilibration
Complete equilibration of uric acid in serum with the added

nternal standard is necessary for accurate measurement; there-
ore, we investigated the length of time required to achieve this.
nder our conditions, equilibration was complete in 2 h and the

atio of labeled to unlabeled uric acid was unchanged for at least
4 h at 4 ◦C. Four hours was chosen as the time allowed to reach
quilibrium.

.1.2. Standards cross-check
The accuracy of results obtained for serum samples depends

n the accuracy of the standard mixtures used for calibration.
e prepared two independent sets of standards and tested each

tandard by single-point calibration with a standard from the
ther set. The weight ratio determined by the IDMS measure-
ents was compared with the weighed-in weight ratio for that

tandard. The biases were 0.04 and −0.03% for the two stock
tandard solutions.

.1.3. Linearity and LOD
A linear regression line was generated for each set of cal-

brators. Excellent linearity was obtained with the correlation
oefficients (R) of all linear regression lines for the ratio of

eak area versus mass concentration ranging from 0.99982 to
.99994. Using this LC/MS method, the concentration of UA
s linear from 6.0 to 200 mg/kg. The limits of detection (LOD)
ere evaluated at a signal-to-noise ratio of 3. The LOD of uric

W
r
s
m

2.93 67.16 67.46 0.15 100.45
9.01 93.24 94.23 0.14 101.06

cid was 0.032 ng. Thus, taking into account the injected vol-
me (2 �L), the limit of detection was 16 �g/L, corresponding
o the injected solution. This low LOD permits sample dilution
o avoid matrix effects. The limit of quantification (calculated at
signal-to-noise ratio of 10) was 0.120 ng.

.1.4. Recovery of the spiked uric acid
The level of recovery by the proposed method was evalu-

ted by assaying serum samples spiked with a standard uric
cid solution. The observed value for the un-spiked sample was
ubtracted from that of the spiked sample. Table 1 shows the
ercentage recovery of uric acid from serum spiked with three
ifferent concentrations of standards. This method of protein
emoval had recovery levels of 100.52, 100.45 and 101.06% for
2, 67 and 93 mg/kg spiked samples, respectively. The serum
ools contained 34.23 mg/kg of uric acid.

.1.5. Confirmatory measurement using SRM909b
As another assessment of the accuracy of the candidate refer-

nce method, samples of SRM909b were analyzed as described
n Section 2 and the results were compared to the certified
alues determined using the GC/MS reference method [10].
he concentrations of uric acid in NIST SRM909b deter-
ined by LC–MS are given in Table 2. The values obtained

gree well with the certified value and are within 0.02% for
he low concentration samples (CV = 0.13%) and 0.10% for
he high-concentration samples (CV = 0.11%). The calculated
ncertainty for the GC–MS reference method and this LC–MS
ethod was almost equivalent, which is an important result:
onventionally, LC–MS has been considered less satisfactory

or quantitative analysis than GC–MS methods, due to the
nferior ion signal stability observed in LC–MS. Much of the
ncertainty for the GC–MS method comes from the sample
reparation steps (i.e. the separation of uric acid and deriva-
ization), which are not used in the LC–MS method.

.1.6. Measurement of frozen serum materials
The LC/MS method for the determination of uric acid was

pplied to samples of frozen serum pools containing uric acid at
2, 77 and 117 mg/kg. Samples were prepared and analyzed as
escribed in Section 2, and the results are given in Table 3. Excel-
ent reproducibility was obtained for all three concentrations:
ithin-set CV ranged from 0.08 to 0.18%, and between-set CV
anged from 0.02 to 0.07%. The data given in Tables 1 and 3
how the good repeatability and reproducibility of this LC/MS
ethod.
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Table 2
LC/MS measurements of uric acid in SRM909b (mg/kg)

Certified concentration Set Certified
uncertainty (%)

Measured mean
(mg/kg)

SD (mg/kg) CV (%) Overall mean
(mg/kg)

Overall SD
(mg/kg)

Overall
CV (%)

Relative error (%)
compared with the
certified value by
NIST

(a) Level I
SRM909b (I) 45.56 1 4.33 45.64 0.06 0.13 45.57 0.06 0.13 0.02
SRM909b (I) 45.56 2 4.33 45.53 0.04 0.09
SRM909b (I) 45.56 3 4.33 45.55 0.04 0.09
SRM909b (I) 45.56 4 4.33 45.51 0.08 0.17 45.55 0.04 0.09 0.02
SRM909b (I) 45.56 5 4.33 45.54 0.03 0.07
SRM909b (I) 45.56 6 4.33 45.59 0.07 0.15

Certified concentration Set Certified
uncertainty (%)

Measured mean
(mg/kg)

SD (mg/kg) RSD (%) Overall mean
(mg/kg)

Overall SD
(mg/kg)

Overall
CV (%)

Relative error (%)
compared with the
certified value by
NIST

(b) Level II
SRM909b (II) 118.83 1 3.14 118.69 0.22 0.19 118.79 0.13 0.11 0.03
SRM909b (II) 118.83 2 3.14 118.94 0.14 0.12
SRM909b (II) 118.83 3 3.14 118.75 0.17 0.14
SRM909b (II) 118.83 4 3.14 118.96 0.11 0.09 118.95 0.09 0.08 0.10
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1
1
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2
2
2

3
3
3

SRM909b (II) 118.83 5 3.14 118.85 0.04
SRM909b (II) 118.83 6 3.14 119.04 0.15

he two “overall means” represent the means of sets 1–3 and 4–6, respectively.

.1.7. Interferences
The same sample extracts were analyzed by LC/MS and

C/MS/MS. The chromatograms for unlabeled and labeled uric
cid are shown in Fig. 2 for LC/MS and in Fig. 3 for LC/MS/MS.
he transitions of uric acid m/z 167 → 124 and 169 → 125 were
onitored for unlabeled and labeled uric acid, respectively.

nterference is unlikely because of the high resolution of the new
ype of HPLC column (ODS-SP column, G&L Corp., Japan)
nd the selectivity of the MS determination. No co-elution peak
an be seen in the LC/MS/MS chromatogram (Fig. 3). The
esults obtained by LC/MS and LC/MS/MS are given in Table 4.
xcellent reproducibility was obtained for this concentration:
ithin-set CV ranged from 0.06 to 0.10% for LC/MS, and from

.12 to 0.15% for LC/MS/MS. Between-set CVs were 0.14% for

C/MS and 0.17% for LC/MS/MS. The LC/MS and LC/MS/MS

esults were in very good agreement (within 0.14%). In addition,
ormal and patient’s sera were tested and no interference peak
ppeared. The results are given in Table 3.

w
a
t
U

able 3
C/MS measurements of uric acid in sera (mg/kg)

oncentration Set Mean (mg/kg) SDa (mg/kg) CV (%)

1 22.27 0.04 0.18
2 22.28 0.03 0.13
3 22.25 0.02 0.09

1 77.03 0.10 0.13
2 76.98 0.11 0.14
3 77.05 0.06 0.08

1 117.41 0.14 0.12
2 117.44 0.12 0.10
3 117.39 0.16 0.14

a Standard deviation (SD) of a single measurement within a set.
b SD of the mean for that level.
0.03
0.13

.2. Uncertainty analysis

Uncertainty in the standards would contribute to uncertainties
n the determination of uric acid levels in serum. The cross-
hecking of standard sets ensured the absence of significant bias.
urthermore, the large numbers of measurements made on each
erum pool, using standards from different sets, would reduce
ny effect of random bias.

Although the uncertainty of the method is small and there is
o evidence of significant bias in the measurement process, an
nalysis of possible sources of uncertainty was made.

A variety of analytical steps can be a source of analytical
ncertainty. Pipetting uncertainties were eliminated by weigh-
ng all volumes. A balance (Mettler micro balance model ME22)

as used to weigh the uric acid (GBW09202) and the labeled uric

cid, and all amounts were adjusted to give masses ≥20 mg, so
hat weighing uncertainties before dilution were kept <0.005%.
ncertainty during weighing can arise from weights of sam-

Overall mean (mg/kg) Overall SDb (mg/kg) Overall CV (%)

22.27 0.01 0.07

77.02 0.04 0.05

117.41 0.03 0.02
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Fig. 3. Ion chromatograms by LC/MS/MS for uric acid and [1,3-15N2] uric acid from: (a) a standard solution and (b) a serum sample.
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Table 4
The comparison LC/MS with LC/MS/MS method in the same serum

Set Mean (mg/kg) SDa (mg/kg) CV (%) Overall mean
(mg/kg)

Overall SDb

(mg/kg)
Overall CV (%) The RSD of the

two methods (%)

LC/MS
1 1 40.75 0.04 0.10 40.82 0.06 0.14
1 2 40.84 0.04 0.09
1 3 40.86 0.02 0.06

LC/MS/MS 0.14
2 1 40.82 0.05 0.12 40.87 0.07 0.17
2 2 40.85 0.05 0.13
2 3 40.95 0.06 0.15

a Standard deviation (SD) of a single measurement within a set.
b SD of the mean for that level.

Table 5
Expanded uncertainties for serum uric acid by LC/MS measurements

Uncertainty table Concentration 1 Concentration 2 Concentration 3

Method precision# (%) 0.07 0.05 0.02
Calibration solution (%) 0.17 0.17 0.17
Weighings (%) 0.04 0.03 0.02
Combined uncertainty (%) 0.19 0.18 0.17
K factor 2 2 2
R a
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p
m
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k
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s
w
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t
w
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a
s
i
v

4

m
d
p
y
c
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c

c
s
w
t
m
a
m
m

A

T
F
g
D
w
D

R

elative expanded uncertainty (%) 0.38
xpanded uncertainty (mg/kg) 0.14

a Uncertainty of 95% confidence interval.

les and work standard solutions. Another balance (Sartorius
odel ME 235S) was used, and all amounts were adjusted to

ive masses ≥300 mg, so that the weighing uncertainties were
ept <0.017%. Uncertainty during weighing can arise from evap-
ration of liquid during pipetting the serum and the internal
tandards. The weighing time was as short as possible, the tem-
erature was always 22–24 ◦C, and the solvent was nonvolatile.
oncentration/deterioration effects of the primary standards or

amples can occur during storage and handling, but these effects
ere minimized because of the utmost care taken in those steps;

.g. all frozen solutions were discarded after analysis. The SRM
f GBW09202, which determines the theoretically achievable
ccuracy, is certified with an uncertainty of ±0.3%. In summary,
he uncertainty associated with the final measured concentration
as calculated by combining the relative standard uncertainty

or the precision of the method as a whole with the uncertainties
ssociated with weighing and the concentration of the natural
tandard solution. The total uncertainty of the described method
s estimated to be <0.5% within a typical 95% confidence inter-
al, as shown in Table 5.

. Conclusions

A high-accuracy LC–MS method has been developed that is
uch faster than the conventional GC–MS method used for the

etermination of uric acid in serum. A simple clean-up to remove
rotein was shown to provide a suitable sample for LC–MS anal-

sis. This compares favorably with the more involved selective
lean-up necessary when preparing samples for GC–MS, which
lso required a derivatization step. The combination of high pre-
ision and the lack of significant bias qualify this method as a [
0.36 0.34
0.19 0.27

andidate reference method for the measurement of uric acid in
erum. This method can be used to provide an accuracy base to
hich routine methods can be compared, and can be used to cer-

ify the concentration of uric acid in a new standard reference
aterial in frozen serum pools, which is intended to provide
means for clinical laboratories to test the accuracy of their
ethods and calibrators, and to demonstrate traceability of the
easurements.
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