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5-Azacytidine (5AC), a nucleoside analogue and hypomethylating agent, has anticancer properties and has been utilized in the
arious malignancies. 5AC is unstable and rapidly hydrolyzed to several by-products, including 5-azacytosine and 5-azauracil. A
eliable method was developed to quantitate 5AC using LC/MS/MS to perform pharmacokinetic and pharmacodynamic studie
ombination therapy trials. Blood samples were collected in a heparinized tube and immediately processed for storage. To in
tability of 5AC in plasma, 25 ng/mL tetrahydrouridine was added to the plasma and snap frozen. Plasma samples were extr
cetonitrile then cleaned up by Oasis MCX ion exchange solid-phase extraction cartridges. 5AC was separated on an YMC JsphrTM C18

olumn with gradient elution of ammonium acetate (2 mM) with 0.1% formic acid and methanol mobile phase. 5AC elutes at 5.0± 0.2 min
ith a total run time of 30 min. Identification was through positive-ion mode and multiple reaction monitoring mode atm/z+ 244.9→ 113.0

or 5AC andm/z+ 242.0→ 126.0 for 5-methyl-2′-deoxycytidine, the internal standard. The lower limit of quantitation of 5AC was 5 n
n human plasma, and linearity was observed from 5 to 500 ng/mL fitted by linear regression with 1/x weight. This method is 50 times mo
ensitive than previously published assays and successfully allows studies to characterize the pharmacokinetics and pharmaco
AC.
2004 Elsevier B.V. All rights reserved.
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. Introduction

5-Azacytidine (5AC) is a nucleoside analogue and hy-
omethylating agent that has anticancer properties. As of
ay 2004, the United States FDA has approved 5AC in

he treatment of all five myelodysplastic syndromes (MDS)
1]. Potential combinations include use of a hypomethylating
gent with histone deacetylase inhibitors, such as phenylbu-

yrate[2,3]. 5AC at doses of 10–75 mg/m2/day is being ad-
inistered subcutaneously for 7–21 days every 28 or 35 days

∗ Corresponding author. Tel.: +1 410 502 7149; fax: +1 410 614 9006.
E-mail address:sdbaker@jhmi.edu (S.D. Baker).

in combination with phenylbutyrate for either solid tum
or hematologic malignancies at our institution[4].

5AC is unstable and rapidly hydrolyzed to several
products, including 5-azacytosine and 5-azauracil in a
ous solutions[5,6]. Quantitation of 5AC in plasma was or
inally performed using a microbiological assay that utili
the agent’s cytostatic properties but was not specific s
the degradation products had residual cytostatic prope
[7]. Early HPLC assays were developed to quantitate 5A
aqueous media but not plasma[5,8,9]. An ion pairing HPLC
method was developed to quantitate 5AC in plasma with
lower limit of quantitation of 250 ng/mL[10]. 5AC is un-
stable in plasma with a 20% loss by 4.5 days when st
at −60◦C and with a 10% loss within 0.5 h when at ro
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temperature[10]. To characterize the clinical pharmacology
utilizing low-dose subcutaneous injections of 5AC, a reliable
method for the quantitation was necessary. The method dis-
cussed in this paper utilizes reverse-phase liquid chromatog-
raphy with electrospray tandem mass spectrometry detec-
tion (LC/MS/MS) to achieve a sensitive and specific assay
method.

2. Experimental

2.1. Chemical and reagents

5AC and 5-methyl-2′-deoxycytidine, the internal stan-
dard, were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). Tetrahydrouridine (THU) was purchased from
Calbiochem (La Jolla, CA, USA). Methanol and acetonitrile
were HPLC grade and obtained from EMD Chemicals (Gibb-
stown, NJ, USA). Ammonium acetate and formic acid (88%,
v/v, in water) were purchased from J.T. Baker (Philipsburg,
NJ, USA), and ammonium hydroxide and hydrochloric acid
from Fisher Scientific (Fair Lawn, NJ, USA). Waters Oasis®

MCX LP extraction cartridges were obtained from Waters
Corporation (Milford, MA, USA). Distilled water was deion-
ized from a Milli-Q Plus filtration system (Marlborough,
MA, USA). Drug-free (blank) human plasma originated from
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2.3. Sample preparation

Plasma samples (200�L) were initially deproteinized
with 1 mL of acetonitrile containing 5 ng/mL IS in a borosili-
cate glass tube. The mixture was then centrifuged at 2000× g
for 10 min at ambient temperature. The supernatant was dried
with gentle nitrogen stream at 30◦C. The residue was dis-
solved in 0.5 mL of 0.1N HCl and transferred to an activated
Oasis MCX 1cc (30 mg) ion exchange solid-phase extraction
(SPE) cartridge. The SPE was conditioned and equilibrated
by washing with 1 mL of methanol and then 1 mL of Milli-Q
water. The samples were cleaned using two wash steps: first
by 1 mL twice of 0.1N HCl and then with 1 mL of methanol.
5AC was eluted with 2 mL total (1 mL twice) of ammonium
hydroxide in acetonitrile (5:95, v/v). The samples were evap-
orated to dryness under nitrogen at 30◦C. The residue was
reconstituted in 100�L of methanol:water (1:9, v/v) by vor-
tex mixing (30 s). The sample was transferred to a 250�L
polypropylene autosampler vial, and a volume of 20�L was
injected onto LC/MS/MS instrument using a temperature-
controlled autosampler device operating at 5◦C. Due to the
instability of 5AC in plasma, all processing and handling of
5AC samples was performed on ice until the samples were
dried and reconstituted.
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ittsburgh Blood Plasma Inc. (Pittsburgh, PA, USA).

.2. Preparation of stock solutions, calibration
tandards, and quality controls

Stock solutions of 5AC were prepared in duplic
y dissolving 10 mg accurately weighed in 10 mL
ethanol:water (1:1, v/v) to a final concentration of 1 mg/
he area counts for each of the duplicated aliquots
hecked in quintuplicate, and if the mean value for area co
as within 5%, the stock solutions were then stored in a g
ial at−20◦C for a week. The stock solution was serially
uted in methanol:water (1:9, v/v) on each day of anal
o prepare working standards of 100, 10, 1, and 0.1�g/mL.
icroliter amounts of 5AC stock solution were added i
ooled human plasma containing 100�M THU to prepare a
alibration curve and quality controls (QC). The stand
ere prepared at 5, 10, 20, 50, 100, 200, and 500 ng
nd the QCs at 15, 75, and 400 ng/mL. An additiona

utional QC was prepared at 4000 ng/mL. The dilutional
as diluted 1:10 with blank pooled human plasma contai
00�M THU prior to sample preparation to ensure pat
amples could be diluted. All standards and quality con
ere prepared fresh daily. For long-term and freeze–
tability, quality controls were stored at−80◦C.

A stock solution of 5-methyl-2′-deoxycytidine was pre
ared by dissolving 10 mg, accurately weighed, in 100
f methanol:water (1:1, v/v), and stored in a glass via
20◦C. A 50�L aliquot of the internal standard stock so

ion was added into 1 L of acetonitrile for a final concentra
f 5 ng/mL at the time of analysis.
.4. Equipment

Analyses were performed utilizing a high performa
iquid chromatograph (Agilent 1100 series, Agilent Te
ologies, Palo Alto, CA, USA) interfaced to a tand
ass spectrometer (API 3000, Applied Systems, F
ity, CA, USA). The chromatographic separation was

ormed on a 250 mm× 2.0 mm i.d., 4.0�m, C18 column
YMC J’sphere M80TM, YMC Co. Ltd., Kyoto, Japan) an
20 mm× 2.1 mm i.d., 3.5�m, C18 guard column (Water
terra RP18, Waters Corporation, Milford, MA, USA) ke
t room temperature. The mobile phase used for chrom
raphic separation was composed of 2 mM ammonium
tate containing 0.1% formic acid and methanol, and
elivered using a gradient flow (seeTable 1). The mass spe

rometer was equipped with an electrospray interface, w
as operated in a positive mode, and controlled by the
lyst version 1.2 software (Applied Biosystems). Identifi

ion was through selective reaction monitoring mode atm/z+

able 1
PLC gradient conditions

ime (min) A (%)a B (%)b Flow rate (mL/min)

85 15 0.15
85 15 0.15
10 90 0.25

0 10 90 0.25
1 85 15 0.25
5 85 15 0.25
0 85 15 0.15

a A: 2 mM ammonium acetate with 0.1% formic acid.
b B: MeOH.
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244.9→ 113.0 for 5AC andm/z+ 242.0→ 126.0 for the in-
ternal standard.

2.5. Validation procedures

5AC working standards were added to human plasma
containing 100�M THU, a cytidine deaminase inhibitor, to
prepare calibration samples over the range of 5–500 ng/mL
[11]. Calibration curves were computed using the ratio of the
peak area of 5AC and internal standard by using a weighted
(1/[nominal 5AC concentration]) linear regression analysis.
The assay lower limit of quantitation (LLOQ) was determined
to be 5 ng/mL for 5AC. The LLOQ was determined by meet-
ing the following two criterion: a signal to noise ratio of the
peak areas larger than 20 and the values for precision and
accuracy less than 20%.

Method validation runs were performed on eleven days.
Each analytical run consisted of a calibration curve using
single samples with duplicate samples at the LOQ and upper
limit of quantitation (ULQ) and QC samples in duplicate.
QC samples were prepared independently in blank plasma
at 5AC concentrations of 15, 75, 400, and 4000 ng/mL. The
4000 ng/mL dilutional QC was assayed once it was diluted
1:10 (v/v) with blank plasma containing 100�M THU prior
to sample preparation. The dilutional QC was used to deter-
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chromatograms of extracted human plasma samples from six
different donors for the presence of endogenous or exoge-
nous interfering peaks. The extraction efficiency of the assay
was measured by comparison of extracted plasma samples
and aqueous samples of 5AC in triplicate at concentrations
of 15, 75 and 400 ng/mL. The mean values of the triplicate
samples were compared. The short-term stabilities of 5AC in
plasma were also assessed in triplicate on the benchtop for
1, 2, 4 and 6 h on ice. The long-term stability test of 5AC
was assessed in triplicate at−80◦C. The mean values of the
triplicate samples were compared to the initial condition for
both short-term and long-term stability.

2.6. Pharmacokinetic analysis

The patients analyzed participated in one of two clin-
ical Phase I studies of 5AC. Patients were administered
25 mg/m2/day subcutaneously for 7–21 days every 28 or 35
days in combination with phenylbutyrate[9,10]. The pro-
tocols were approved by the Institutional Review Board of
The Sidney Kimmel Comprehensive Cancer Center at Johns
Hopkins (Baltimore, MD, USA), and the patients provided
written informed consent.

Blood samples were collected in heparin-containing tubes
before drug administration and at 15, 30 min and at 1, 2, 4, 8,
and 24 h after administration of the dose. Samples were pro-
c
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ine the accuracy and precision of diluted patient sam
nd was performed on seven days. The accuracy and
ion of the assay was assessed by the mean relative pe
ge deviation (DEV) from the nominal concentrations

he within-run and between-run precision, respectively.
ccuracy for each tested concentration was calculated

EV(5AC) = 100×
{

([5AC]mean− [5AC]nominal)

[5AC]nominal

}

Estimates of the between-run precision were obtaine
ne-way analysis of variance (ANOVA) using the run da

he classification variable. The between-groups mean s
MSbet), the within-groups mean square (MSwit), and the
rand mean (GM) of the observed concentrations across
ere calculated using the JMPTM statistical discovery sof
are version 4 (SAS Institute, Cary, NC, USA). The betwe

un precision (BRP), expressed as a percentage relative
ard deviation, was defined as:

RP= 100×
(√

(MSbet − MSwit)/n

GM

)

here n represents the number of replicate observat
ithin each run. For each concentration, the estimate o
ithin-run precision (WRP) was calculated as:

RP= 100×
(√

MSwit

GM

)

The mean and standard deviation were calculated o
lope and intercept of the linear regression line. The m
um and maximum correlation coefficient is reported.

pecificity of the method was tested by visual inspectio
-

-

essed immediately by centrifugation at 3000× g for 5 min in
refrigerated centrifuge. THU was added to the plasma s
atant at a final concentration of 100�M. Plasma (300�L)
as then aliquoted into two tubes with the remaining pla

n a third tube. Plasma that did not contain 100�M THU was
iscarded. The plasma was frozen at−80◦C until analysis.

. Results and discussion

.1. Chromatographic separation and detection

A LC/MS/MS method to determine 5AC concentration
uman plasma containing 100�M THU was developed, va

dated, and utilized to quantitate drug in plasma from pat
eceiving treatment with 5AC. Over the development of
ssay, the mobile phase changed several times to allo
etter separation of 5AC. Initially, an isocratic run of 5m
mmonium acetate and methanol (75:25, v/v) with a tota

ime of 7 min was utilized[12]. The ammonium acetate co
entration was decreased to 2 mM with the addition of 0
ormic acid when the gradient method was finalized.
o its hydrophilic nature (Fig. 1), 5AC was not retained o
ypical mass spectrum columns, which are 50 mm in len
nstead, the chromatographic separation was performed
onger, narrow bore (250 mm× 2.0 mm i.d., 4.0�m) C18 col-
mn using 85:15 (v/v), 2 mM ammonium acetate contai
.1% formic acid and methanol. This resulted in a reten

ime of approximately 5.4 min which was sufficient to se
ate 5AC from interfering peaks, including THU, that w
bserved with the shorter columns.
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Fig. 1. Chemical structure of 5AC.

The mass spectrum of 5AC showed a protonated molecular
ion ([MH+]) atm/z244.9 (Fig. 2A). The high collision energy
fragmented 5AC into several fragments. The major fragment
observed was atm/z113.0, which was selected for subsequent
monitoring in the third quadrupole (Fig. 2B).

Chromatograms of blank and spiked human plasma sam-
ples are shown inFig. 3 for 5AC andFig. 4 for the internal
standard. The selectivity for analyte is shown by the sharp and
symmetrical resolution of the peak, with no significant inter-
fering peaks for both 5AC and the internal standard in drug-
free specimens, obtained from six different individuals. The
retention times for 5AC and internal standard under current
HPLC conditions were 5.4± 0.2 min and 4.6± 0.2 min, re-
spectively. The overall chromatographic run time was 30 min.
After 5AC was eluted, multiple compounds were retained on
the column, which were removed using a higher organic sol-
vent and a higher flow rate. In order to re-equilibrate the
column to the original condition prior to another injection, a
run time of 30 min was necessary.

3.2. Standards, quality controls, and calibration curves

Calibration curves for 5AC standards were constructed
from the peak area ratio of 5AC to the internal standard. An
excellent linear relationship (r > 0.98, range 0.9870–0.9975)
w entire
r on-
c using
n es-
t tio
o cu-
r .4%,
1
(
i
w ated
e urve
a ac-
c 15%

of the nominal concentration or 20% at the LOQ, and greater
than 66% of the quality controls were within 15% of the
nominal concentration.

Accuracy and the within-run and between-run precision at
the LOQ and three different quality controls were calculated
during replicate assays (n= 2 per day, for 11 days) using one-
way ANOVA (seeTable 2). Accuracy and the within-run and
between-run precision at the dilutional quality control were
calculated during replicate assays (n= 2 per day, for 7 days)
using one-way ANOVA (seeTable 2). Both within-run and
between-run precision was less than 15% over a wide range
of 5AC concentrations [Table 2]. The accuracy of QC sam-
ples for 5AC was between 95.9% and 102.3%, which meet
the FDA requirement well. The good precision and accuracy
indicated that this assay is reproducible and accurate.

3.3. Extraction, recovery, and stability

Various methods of extracting 5AC were attempted over
a period of several years including protein precipitation,
liquid–liquid extraction, and SPE. The extraction of 5AC
from plasma was challenging alone since it is an unstable, hy-
drophilic compound. The addition of THU, which stabilizes
5AC for long-term freezer stability caused interferences at the
retention time for 5AC. Straight methanol or acetonitrile pro-
t table
5 e was
d MS
d ong
o very
(

t re-
t rove-
m the
O ge
t tion
o cid
t unds
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w rile,
w mo-
n jec-
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t rom
a eter-
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w gle
2 teps,
a The
fi de-
c bility
o sma
( 6%
a ique
a atro
as observed using a linear standard curve over the
ange of 5–500 ng/mL with a weight factor (1/[nominal c
entration]) to correct the heteroscedasticity observed
o weight factor. The lower limit of quantitation was

ablished at 5 ng/mL for 5AC with a signal to noise ra
f 20 or larger. At this concentration, the values for ac
acy and within-run and between-run precision were 100
7.6%, and 1.0%, respectively (seeTable 2). The slope
0.151± 0.120, mean± standard deviation;n= 11) andy-
ntercept (0.007± 0.006, mean± standard deviation;n= 11)
ere calculated for each calibration curve. Back-calcul
rrors were obtained for each point in the calibration c
nd the quality controls. Individual analytical runs were
epted if greater than 75% of the calibrators were within
ein precipitation of human plasma resulted in no detec
AC peaks, most likely because the resultant reconstitut
irty and caused ion suppression, which interferes with
etection. Drug extraction with 10% perchloric acid, a str
xidation agent, degraded 5AC and resulted in a low reco
20–30%).

Utilizing standard C-18 SPE cartridges, 5AC was no
ained on the SPE sorbent and therefore offered no imp
ent in separation from the plasma matrix. However,
asis® MCX SPE was utilized for the initial cation-exchan

o retain ionized 5AC. The interaction allowed for reten
f 5AC by first washing the SPE with 0.1N hydrochloric a

o remove residual proteins and water soluble compo
nd lock the 5AC ions to the sorbent. A second wash
olved methanol to remove lipid soluble components. 5
as eluted with 5% ammonium hydroxide in acetonit
hich replaced the ions from the sorbent with the am
ium hydroxide. The eluant was then concentrated for in

ion. Despite better selectivity with a 3 mL (60 mg) SPE
ridge, a smaller 1 mL (30 mg) cartridge was selected f
n economical standpoint. Several manipulations to d
ine the optimal extraction procedure included precipita
ith 10% perchloric acid, washing and eluting with a sin
mL step versus the separation into two separate 1 mL s
nd eluting with 5% ammonium hydroxide in methanol.
nal procedure resulted in maximal reproducibility and
reased interferences in the samples. Despite the varia
f 77–95% noted in the recovery of 5AC from human pla
Table 2), overall accuracy and precision were within 17.
nd 4.1%, respectively. Improving the extraction techn
nd changing the instrumentation from a Micromass Qu
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Fig. 2. Mass spectra of 5AC (a) and the internal standard (b).
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Fig. 3. Chromatograms of blank plasma spiked with 100�M THU (a), blank plasma spiked with 100�M THU and 5 ng/mL 5AC (b), and a patient sample (c).
The selective reaction monitoring mode atm/z+ 244.9→ 113 for 5AC was monitored.

Fig. 4. Chromatograms of blank plasma spiked with 100�M THU (a), blank plasma spiked with 100�M THU and 5 ng/mL 5AC (b), and a patient sample (c).
The selective reaction monitoring mode atm/z+ 242→ 126 for the internal standard was monitored.



M. Zhao et al. / J. Chromatogr. B 813 (2004) 81–88 87

Table 2
Validation characteristics of 5AC in plasma with 100�M THU

5 ng/mL
(LOQ)

15 ng/mL
(low QC)

75 ng/mL
(medium QC)

400 ng/mL
(high QC)

4000 ng/mL
(AULQ QC)

n 21 22 22 22 14
Accuracy (%) 100.4 98.5 102.3 98.8 95.9
Precision (%)
Within-day 17.6 16.0 11.0 11.7 10.7
Between-day 1.0 11.3 a 10.4 9.6
Extraction recovery (%) 96.0 79.6 77.1
Stability (% of initial)
1 h at 4◦C 61 57
2 weeks at –80◦C 100 102
Autosampler stability (21 h at 5◦C) 95 99

a No additional information was observed as a result of performing the assay in different runs.

MS/MS system to a PE Sciex 3000 MS/MS system, allowed
for a lower limit of quantitation of 5 ng/mL where initially,
the LLOQ was at 100 ng/mL for this assay[12].

5AC was reported to be unstable in plasma with a 20%
loss by 4.5 days when stored at−60◦C and a 10% loss
within 30 min when at room temperature[8]. However, we
found that 5AC is much more stable in plasma with 100�M
THU [11]. No significant degradation of 5AC was detected
in human plasma after the addition of 100�M THU and
storage at−80◦C for 2 weeks. There was no significant de-
composition observed after the reconstituted extracts of 5AC
were stored in the auto-injector at 5◦C for 21 h [Table 2].
However, 5AC was unstable in plasma with 100�M THU
at room temperature, by 1 h approximately only 60% 5AC
remained.

3.4. Plasma concentration–time profile

This LC/MS/MS method was applied to plasma samples
from patients who have received 5AC in combination with
phenylbutyrate[4]. At doses of 25 mg/m2 (n= 3) adminis-
tered subcutaneously, a maximum concentration (Cmax) of
374.3± 140.9 ng/mL occured between 0.25 and 1.0 h. The

F were
a

half-life was 1.82± 1.51 h with no detectable concentrations
after 8 h at any dosage level (seeFig. 5).

4. Conclusion

Over several years, we developed and validated a novel
assay for quantitation 5AC levels in human plasma. Several
modifications were necessary to maintain sensitivity, speci-
ficity, and reproducibility. However, our final modifications
resulted in a method that was rugged and stable for over 6
months. In addition, between analytical runs for the quanti-
tation of 5AC human plasma, the assay on the LC/MS/MS
was changed for the quantitation of another structurally un-
related compound on three separate occasions without a loss
in specificity or sensitivity when the assay was switched back
to 5AC. The method was shown to meet the current require-
ments as to validation of bioanalytical methodologies, pro-
viding good accuracy and precision. The described method
permits the analysis of patient samples and quantitation of
5AC at a concentration as low as 5 ng/mL, which is 50 times
more sensitive than previously published assays. The method
is currently being used to measure 5AC concentrations to
fully characterize the clinical pharmacology of this agent.
This method may be utilized in part or whole as a quantita-
tive method for decitabine, a structurally-related anticancer
a etics
h k of a
s

A

alth
g

R

Res.
ig. 5. Mean plasma concentration–time profile for three patients who
dministed 5AC subcutaneously at a dose of 25 mg/m2.
gent that is also unstable and which the pharmacokin
ave not been adequately characterized due to the lac
ensitive and reliable analytical method[13].
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