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a b s t r a c t

A rapid and selective method for simultaneous determination of cyclophosphamide and its metabolite
carboxyethylphosphoramide mustard (CEPM) was developed using online sample preparation and sepa-
ration with tandem mass spectrometric detection. Diluted plasma was injected onto an extraction column
(Cyclone MAX 0.5 mm × 50 mm, >30 �m), the sample matrix was washed with an aqueous solution, and
eywords:
yclophosphamide
arboxyethylphosphoramide mustard
igh turbulence liquid chromatography and
lectrospray tandem mass spectrometry
HTLC–ESI-MS/MS)

retained analytes were transferred to an analytical column (Gemini 3 �m C18 110A, 100 mm × 2.0 mm)
using a gradient mobile phase prior to detection by MS/MS. Analytes were detected in an API-3000 LC-
MS/MS system using positive multiple-reaction monitoring mode (m/z 261/140 and 293/221 for CTX and
CEPM, respectively). Online extraction recoveries were 76% and 72% for cyclophosphamide and CEPM.
Within-day and between-day variabilities were <3.0%, and accuracies were between −6.9% and 5.2%. This
method has been used to measure plasma cyclophosphamide and CEPM concentrations in an ongoing

with
Phase II study in children

. Introduction

Cyclophosphamide, an oxazaphosphorine derivative, is one of
he most widely used cytotoxic drugs, and it is currently used
n the treatment of many adult and pediatric malignancies [1,2].
t is an inactive prodrug that requires enzymatic activation to
orm phosphoramide mustard, the active alkylating species [3].
he initial activation is catalyzed by hepatic cytochrome P-450
nzymes, which are the major pathway of elimination of the
arent drug [4]. Hydroxylation of the oxazaphosphorine ring
roduces 4-hydroxycyclophosphamide (4-OHCTX), which is in
ldo-keto equilibrium with the tautomer aldophosphamide. This
pontaneously degrades to phosphoramide mustard and acrolein.

ldophosphamide may also be oxidized to carboxyethylphospho-
amide (CEPM) by aldehyde dehydrogenase.

Cyclophosphamide has been in clinical use since the late 1950s,
ut very little has been published regarding the clinical pharma-
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el.: +1 901 595 3665; fax: +1 901 525 6869.
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newly diagnosed medulloblastoma.
© 2009 Elsevier B.V. All rights reserved.

cokinetics of this compound and its metabolites in children with
cancer [5]. This could in part be attributed to the difficulty in pro-
cessing and measuring cyclophosphamide and 4-OHCTX plasma
concentrations. 4-OHCTX is extremely unstable in biological fluids,
and requires immediate bedside processing to stabilize the com-
pound prior to analysis. Suitable internal standards are also very
difficult to obtain for the analytical methods. However, the results
of several studies have shown that systemic exposure to cyclophos-
phamide or its metabolites are related to pharmacologic effect.
Specifically, McDonald et al. showed that exposure to CEPM was sta-
tistically related to liver toxicity after high-dose cyclophosphamide
therapy, even after adjusting for age and radiation dosage, which are
known risk factors for liver disease [6]. Thus, these authors showed
that CEPM systemic exposure in this patient population was clini-
cally significant, and suggested that monitoring cyclophosphamide
pharmacokinetics may be clinically relevant [6].

Thus, to fully characterize the pharmacokinetics of cyclophos-
phamide and its metabolite CEPM in children with cancer will

require the availability of a reliable, sensitive, and selective chro-
matographic assay method. Liquid chromatography with tandem
mass spectrometry (LC–MS/MS) is currently the most widely used
chromatographic approach to analyze small molecules in biolog-
ical samples due to its high sensitivity, selectivity, and speed. To

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:clinton.stewart@stjude.org
dx.doi.org/10.1016/j.jchromb.2009.04.025
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chieve optimal performance with LC–MS/MS, separation of matrix
omponents from the analyte of interest requires sample prepara-
ion and processing. The routinely utilized approaches to sample
rocessing and preparation including liquid–liquid extraction and
olid phase extraction often become the rate- and cost-limiting fac-
or in method development. Recently, online extraction, specifically
urbulent flow chromatography, has been proposed as a method
o remove matrix interference resulting in a cleaner sample that
s introduced into the mass spectrometer. This has many advan-
ages, including reducing ion suppression, improving throughput,
nd decreasing overall cost. To date, no analytical method with
nline extraction (i.e., TurboFlow chromatography with mass spec-
rometry; HTLC–ESI-MS/MS) for the simultaneous quantitation of
yclophosphamide and CEPM in human plasma has been published
7–9]. Herein, we describe a sensitive and specific online extraction
TLC–ESI-MS/MS method for measurement of both cyclophos-
hamide and CEPM in human plasma.

. Experimental

.1. Chemicals

Cyclophosphamide monohydrate (>98% purity, C-0768, lot
3H0269) was purchased from Sigma (St. Louis, MO, USA).
6-cyclophosphamide (>99% purity, Cat D655, tot 202) was pur-
hased from Medical Isotopes Inc. (Pelham, NH 03076, USA).
arboxyethylphosphoramide mustard (CEPM) (>98% purity, D-
8849, CAS No. 22788-18-7) was purchased from IIT GmbH
DE-33615 Bielefeld, Germany). D8-carboxyethylphosphoramide

ustard (D8-CEPM) (>77% purity, lot 1) was supplied by the Depart-
ent of Chemical Biology and Therapeutics at St. Jude Children’s

esearch Hospital (Memphis, TN, USA). HPLC grade acetonitrile
ACN) and methanol (MeOH) were obtained from Burdick & Jackson
Muskegon, MI, USA), whereas acetone, 2-propanol, and ammo-
ium formate (Ultra ≥99%) were obtained from Fisher (Fairlawn,
J, USA). Formic acid (>95%), ammonium formate (HCOONH4;
inimum 97.6%) and ammonium hydroxide (28–30%) were pur-

hased from Sigma (St. Louis, MO, USA). Blank human plasma was
btained from Lifeblood (Memphis, TN, USA). All water was dis-
illed, deionized, and further purified via a Millipore Milli-Q UV plus
nd Ultra-Pure Water System (Tokyo, Japan). Other chemicals were
urchased from standard sources and were of the highest quality
vailable.

.2. Apparatus and conditions

.2.1. Online extraction and chromatography
The Turboflow TLX-1 online extraction system was interfaced to

computer workstation running Aria® OS software (ThermoFisher
cientific, Franklin, MA), which contains both loading and eluting
umps with a proprietary valve-switching module. After an online

njection of diluted plasma, a Cyclone MAX micro-bore large par-
icle size column (0.5 mm × 50 mm, >30 �m) was used to extract
he analytes from human plasma. The chromatography of the ana-
ytes was performed at 50 ◦C using a Gemini C18 (100 mm × 2.0 mm,
�m) column preceded by a KrudKatcher disposable pre-column
lter from Phenomenex (Torrance, CA, USA). The loading pump
as coupled with a Shimadzu FCV-10ALvp and carried four loading

olutions for the online extraction with the column: Loading Solu-
ion A (10 mM HCOONH4, pH 10), Loading Solution B (the mixture

f 40% IPA/40% ACN/20% acetone with 0.25% formic acid), Loading
olution C (the mixture of 35% ACN and 3 mM HCOONH4, pH 3.5),
nd Loading Solution D (100% acetonitrile). The eluting pump deliv-
red two eluting solutions for chromatographic separation on the
nalytical column with a gradient profile of (B% from 35 to 98):
877 (2009) 1709–1715

Eluting Solution A (3 mM HCOONH4, pH 3.5) and Eluting Solution
B (100% acetonitrile). A flow diagram and table of the focus mode
for the HTLC method are depicted in Fig. 1 (sample diagram of the
focus mode on TLX-1) and Table 1.

The plasma sample was diluted 3 times with 10% ACN water
and then directly injected onto the micro-bore online extraction
column. All the steps, times, flow rates, and % solutions used are
listed in detail in Table 1. Briefly, cyclophosphamide, CEPM, and
their internal standards (ISTDs) were retained on the extraction
column while the plasma matrix components were rapidly washed
out with 100% aqueous Loading Solution A for 20 s at a flow rate
of 3.0 mL/min. Analytes were eluted from the extraction column by
back-flushing with 100% organic Loading Solution B. They were then
transferred to the analytical column where baseline separation of
cyclophosphamide and CEPM as well as ISTDs was accomplished.
The analytes were eluted to the mass spectrometer using a lin-
ear two-step gradient (Eluting Solution B from 35% to 98% at flow
rate 0.36 mL/min for 115 s). The extraction column was washed
with a combination of Loading Solutions B, C, and D as specified
in Table 1, and equilibrated with 100% Loading Solution A for 90 s
at 2.0 mL/min prior to the next injection. The analytical column was
also re-equilibrated with a higher aqueous content Eluting Solution
(98%A/2%B) for 135 s at 0.38 mL/min prior to the next separation.
We observed back pressure values of approximately 25 and 120 bar
on the extraction and analytical column, respectively. Total run time
for each sample was about 6.5 min per cycle, which included extrac-
tion, separation, and MS detection.

2.2.2. Mass spectrometry
Detection was performed on an API-3000 LC-MS/MS System

(Toronto, Canada) equipped with a Turbo IonSpray® source (TIS;
thermally and pneumatically assisted electrospray). The optimized
conditions of MS/MS with electrospray and HTLC conditions were as
follows: ion spray source temperature at 450 ◦C, nebulizer (NEB) gas
at 12, curtain (CUR) gas at 8.0, turbo gas flow at 5.0 L/min, ionspray
voltage (IS) at 5500 V, and collision-activated dissociation (CAD)
at 8.0 units; declustering potential (DP) at 36 V, focusing potential
(FP) at 120 V, entrance potential (EP) at 10 V, collision energy (CE) at
25 V, and collision exit potential (CXP) at 24 V. The mass spectrom-
eter was interfaced to a computer workstation running Aria® OS
software and Analyst software (Version 1.4.1 Applied Biosystems,
Foster City, CA) for data acquisition and processing. Data acquisition
was performed via multiple-reaction monitoring (MRM). The ions
representing the [M+H]+ species for both the analyte and internal
standard were selected in MS1 and dissociated (collision-induced)
with nitrogen gas to form specific product ions, which were sub-
sequently monitored by MS2. The TIS interface and MS parameters
were optimized to obtain maximum sensitivity at unit resolution.
The precursor-to-product ion transitions monitored for cyclophos-
phamide, CEPM, D6-cyclophosphamide, and D8-CEPM were m/z
261 → 140, m/z 293 → 221, m/z, 267 → 126, and m/z 301 → 229,
respectively.

2.3. Sample preparation

2.3.1. Stock solutions
Stock solutions were prepared by dissolving cyclophosphamide,

CEPM, or the internal standards (ISTD) separately in a solution
consisting of methanol/water/formic acid (80/20/0.1, v/v/v) to
yield a concentration of 2.5 mg/mL for cyclophosphamide and D6-
cyclophosphamide and 1.0 mg/mL for CEPM and D8-CEPM. Stock

solutions were stored at −80 ◦C, and less than 5% of their nominal
values were lost over 6 months. The working solutions (cyclophos-
phamide at 25, 250 �g/mL; CEPM at 5.0, 25, and 250 �g/mL;
D8-CEPM at 25 �g/mL) were prepared at the time of assay from
their stock solutions in the same manner.
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Fig. 1. Flow diagram of the f

.3.2. Calibration curve and quality controls
The range of the calibration curves was made to reflect the

ange of expected plasma concentrations of cyclophosphamide and
EPM after administration of high-dose intravenous cyclophos-
hamide. Calibrators were made by adding working solutions of
yclophosphamide and CEPM to blank human plasma for final con-
entrations of cyclophosphamide 0.5, 1.0, 5.0, 10.0, 50.0, 100, and
50 �g/mL with 40 �g/mL D6-cyclophosphamide, and CEPM 0.05,
.10, 0.30, 0.5, 1.00, 6.00, and 10.0 �g/mL with 0.80 �g/mL D8-CEPM.
hree human plasma controls were prepared in triplicate using
he same methodology at cyclophosphamide/CEPM concentrations
f 0.70/0.06 �g/mL (Control 1), 15.0/0.60 �g/mL (Control 2), and
40/9.00 �g/mL (Control 3).

.3.3. Plasma sample pretreatment
A total of 250 �L of spiked human plasma or patient plasma sam-

le was spiked with 4.0 �L of 2.5 mg/mL D6-cyclophosphamide and
.0 �L of 25 �g/mL D8-CEPM in a 1.5 mL centrifuge tube containing
00 �L 10% ACN water and vortexed for 30 s, and then was cen-
rifuged at 14,000 rpm for 5 min. The supernatant was transferred
o an autosampler vial and 10 �L was injected onto the HTLC–ESI-

S/MS system.

.4. Assay validation
.4.1. Accuracy, precision, and linearity
The method developed for the measurement of cyclophos-

hamide and CEPM in human plasma was validated over 5 days
y analysis of plasma quality control samples, and the within-

able 1
C method for the focus mode HTLC online extraction method.

tepa Start Secb Loading pump

Flow (mL/min) Grad %A %B %C

0.00 20 3.00 Step 100 – –
0.33 120 0.07 Step 100 – –
2.33 60 2.00 Step – 100 –
3.33 45 2.00 Step – 100 –
4.08 20 2.00 Step – – 80
4.42 25 2.00 Step – – 80
4.83 25 2.00 Step – – 80
5.25 90 2.00 Step 100 – –

a At each step, the mobile phases for both loading and eluting pump were introduced b
b Time as second.
c The loop connected to analytical column.
d The transfer loop connected to HT column.
ode HTLC–MS/MS system.

day and between-day precision and accuracy for the method
was determined. Two calibration curves were analyzed dur-
ing the validation process. The linear regression of the ratio
of both cyclophosphamide/D6-cyclophosphamide and CEPM/D8-
CEPM peak areas were weighted by 1/x2. The coefficient of
determination (R2) was used to evaluate the linearity of a calibra-
tion curve.

2.4.2. Selectivity and carryover
Selectivity of the assay was assessed by monitoring all selected

ion transitions of CTX, CEPM, and their ISTDs after injection of blank
human plasma from six different sources. Carryover was assessed
by injecting cyclophosphamide/CEPM at 150/10 �g/mL and moni-
toring selected ion transitions of CTX, CEPM and their ISTDs through
four blank plasma samples.

2.4.3. Ion suppression
Ion suppression was evaluated by post-column infusion of

the analyte [10]. Briefly, a solution of neat cyclophosphamide
(5 �g/mL), D6-cyclophosphamide (20 �g/mL), CEPM (0.25 �g/mL),
and D8-CEPM (2 �g/mL) was infused, post-analytical column,
through a Valco zero dead volume tee using a Harvard Apparatus
syringe pump 11 (Harvard Apparatus, Holliston, MA, USA) at a con-
stant flow rate of 5.0 �L/min into the LC effluent (300 �L/min) prior

to entering the mass spectrometer. Mobile phase solution and blank
human plasma from six different sources were then injected onto
the online extraction column for sample cleanup and then trans-
ferred onto the analytical column. Effluent from the HTLC combined
with the infused compound, entered the electrospray interface and

Teec Loopd Eluting pump

%D Flow (mL/min) Grad %A %B

– – Out 0.37 Step 98 2.0
– T In 0.3 Step 98 2.0
– – In 0.36 Ramp 65 35
– – Out 0.37 Step 65 35
20 – In 0.38 Ramp 25 75
20 – Out 0.39 Step 2.0 98
20 – In 0.38 Step 98 2.0
– – Out 0.37 Step 98 2.0

y step gradient.
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as percentage error (%Error) in Table 2. The average recovery of
plasma cyclophosphamide (0.5, 10, and 150 �g/mL in triplicate)
and CEPM (0.05, 0.5, and 10 �g/mL in triplicate) in comparison
to their neat samples at the same concentrations were 76% for

Table 2
Validation parameters of CTX and CEPM in human plasma.

Plasma CTX/CEPM (�g/mL) Within-day (n = 10) Between-day (n = 5)
712 F. Bai et al. / J. Chromat

as analyzed under the operating conditions to evaluate the matrix
ffect, not only from one run, but also for late-eluting compounds
hat may not be detected until after several sequential analyses had
een performed.

.4.4. Stability
The stability of cyclophosphamide and CEPM at 4 ◦C and room

emperature (25 ◦C) in human plasma for up to 24 h and 50 h,
espectively, and at −80 ◦C for 135 days were evaluated at three con-
entrations (Controls 1, 2, and 3) for both analytes. The freeze–thaw
tability of cyclophosphamide and CEPM at −80 ◦C was evaluated
ver three freeze–thaw cycles at three concentrations (Controls 1,
, and 3) for both analytes.

.5. Application of method to patient samples

Serial blood samples (1–2 mL) were collected from a pediatric
atient after two 1.0 h intravenous infusions of cyclophosphamide
2.0 g/m2) given 24 h apart. Samples (1–2 mL) were collected in
2 EDTA Vacutainer tubes (Plymouth, UK) and immediately cen-
rifuged at 10,000 rpm for 3 min to separate the plasma. The plasma
as removed and stored at −80 ◦C until analysis. Samples were
iluted and then analyzed using the described method.

. Results and discussion

.1. Online sample extraction and chromatography

A widely used system to interface mass spectrometers with
igh turbulence liquid chromatography (HTLC) is the TLX-1 instru-
ent coupled with Aria operating system [11,12]. It is now possible

o develop online extraction and liquid chromatography–tandem
ass spectrometry methods all on one TLX-1 instrument. The focus
ode is commonly used for the online extraction of biological

amples as this mode provides quick sample cleanup, rapid elu-
ion, sharp peaks, and low noise level. To successfully develop an
nline extraction method in the focus mode, the composition of
he mobile phase, including the pH in both loading and eluting
teps and the flow rate of the transfer step, must be carefully eval-
ated. First, during the extraction we used a TurboFlow column
0.5 mm i.d. × 50 mm length) rather than the conventional 1.0 mm
.d. column, which allowed for a reduced the flow rate (2.0 mL/min)

ithout loss of extraction efficiency. Second, as the analytes were
eparated from the plasma matrix on the TurboFlow column, a
ash with 100% aqueous loading solution A at pH 10, and a 100%

ombination-organic loading solution B with 0.25% formic acid was
ncorporated during the transfer step. This reduced the time for
ransfer of analytes between the extraction and the analytical col-
mn, which allowed for an optimized flow rate of 0.07 mL/min. In
ddition, a lower organic mobile phase (Loading Solution C: 35%
cetonitrile in 3.0 mM HCOONH4 at pH 3.5) was optimized to fill the
ransfer loop and reduce the combination-organic solvent strength
ia the tee while permitting a low organic eluting mobile phase con-
aining 2% acetonitrile to focus the analytes prior to the analytical
olumn. The analytes were then eluted by a gradient of acetonitrile
rom 35% to 98%.

Finally, a Gemini C18 column with a smaller particle size and
nternal dimension (3 �m and 2.0 mm i.d. × 100 mm length) was
hosen for separation of cyclophosphamide and CEPM based upon
heir chemical structures and the column characteristics. The HPLC
onditions were optimized to increase mass signal strength for

oth compounds in terms of counts per second (cps). An opti-
al gradient to improve signal response and peak separation was

chieved by a gradient ACN from 2% to 35%, then to 75% and
nally to 98% within 270 s. Column temperatures of 25 ◦C, 30 ◦C,
0 ◦C, and 50 ◦C were evaluated and a column temperature of 50 ◦C
Fig. 2. MRM chromatogram of human plasma spiked with cyclophosphamide and
CEPM with ISTDs. (Note: cyclophosphamide with D6-cyclophosphamide and CEPM
with D8-CEPM elute simultaneously at 2.1 min and at 1.75 min, respectively.)

resulted in the best signal response and a baseline separation
within 5.0 min (data not shown). Under these conditions, the typ-
ical retention time was 1.75 min for CEPM/D8-CEPM and 2.10 min
for cyclophosphamide/D6-cyclophosphamide (Fig. 2).

3.2. Mass spectrometry

The full-scan MS1 positive-ion mass spectra, obtained by infu-
sion of analytes in mobile phase, showed the protonated molecules
[M+H]+ for cyclophosphamide at m/z 261 and CEPM at m/z 293
(Fig. 3A and B). The protonated molecules [M+H]+ for the ISTDs
D6-cyclophosphamide and D8-CEPM were seen at m/z 267 and
301, respectively (Fig. 4A and B). The protonated molecules were
selected as the precursor ions for MRM detection. The product ion
full-scan spectrum of the cyclophosphamide [M+H]+ ion showed
three major fragment ions at m/z 120, 140 and 142 (Fig. 3C), whereas
that of D6-cyclophosphamide showed four major fragment ions at
m/z 126, 140, 142 and 144 (Fig. 4C). The cyclophosphamide and
D6-cyclophosphamide fragment ions at m/z 140 and 126 were cho-
sen for MRM. The CEPM and D8-CEPM [M+H]+ ions each showed
one major fragment ion at m/z 221 (Fig. 3D) and m/z 229 (Fig. 4D),
respectively, which were used for MRM.

3.3. Assay validation

To assess within-day and between-day precision and accuracy,
we evaluated validation parameters for cyclophosphamide and
CEPM (Table 2). Ten injections of low, medium, and high concen-
tration cyclophosphamide and CEPM control samples were made
on days 1 and 2 to assess within-day variability and again on days
3–5 to evaluate between-day variability. Variability was reported as
relative standard deviation (%R.S.D.) and accuracy was expressed
%R.S.D. %Error %R.S.D. %Error

0.7/0.06 1.27/1.99 2.2/5.1 3.01/2.42 3.0/3.5
15.0/0.60 1.50/2.17 0.7/2.6 1.99/2.59 3.4/2.7
140/9.00 1.70/1.75 −6.9/−5.2 2.36/1.85 −5.2/−6.0
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ig. 3. Positive-ion MS1 spectra for (A) cyclophosphamide, and (B) CEPM, and fragm

yclophosphamide (n = 3, S.D. = 2.06, CV = 4.29%) and 72% for CEPM
n = 3, S.D. = 1.37, CV = 3.14%). The plasma calibration curves were
inear from 0.5 to 150 �g/mL for cyclophosphamide and from 0.05 to
0 �g/mL for CEPM, with correlation coefficients (R2) greater than
.985 and 0.990, respectively. The lowest calibrator concentration,
hich was considered as the lower limit of quantitation (LLOQ), had
signal/noise >5 and within-day accuracy and precision of <20%.
.4. Selectivity, carryover and ion suppression

Selectivity of the assay was assessed by monitoring all selected
on transitions using blank human plasma from six different
ources. No co-eluting peaks >10% of the cyclophosphamide and

ig. 4. Positive-ion MS1 spectra for the internal standards (A) D6-cyclophosphamide, a
6-cyclophosphamide, and (D) D8-CEPM.
on MS2 spectra of precursor [M+H]+ ions of (C) cyclophosphamide, and (D) CEPM.

CEPM peak areas at the LOQ level, and no co-eluting peaks >5% of the
peak area of the ISTDs were observed. After injection of cyclophos-
phamide/CEPM at 150/10 �g/mL, no carryover was seen through
four sequential blank plasma samples.

Ion suppression is an important factor affecting the quan-
titative performance of a mass detector, especially when using
an electrospray interface [13]. Ion suppression effects on both
cyclophosphamide and CEPM were evaluated in mobile phase and

TurboFlow Column extracted human blank plasma (n = 6). Shown
in Fig. 5 is the response obtained from a post-column infusion of
cyclophosphamide, CEPM, and ISTDs during injection of mobile
phase and blank human plasma from six sources. Elution times for
cyclophosphamide and CEPM were 1.75 and 2.10 min, respectively.

nd (B) D8-CEPM, and fragment ion MS2 spectra of precursor [M+H]+ ions of (C)



1714 F. Bai et al. / J. Chromatogr. B 877 (2009) 1709–1715

Table 3a
Stability of CTX and CEPM in human plasma at 25 ◦C and 4 ◦C.

Plasma CTX/CEPM (�g/mL) <1 h (PA × 105) 24 h at 25 ◦C (n = 3) in plasma 24 h at 4 ◦C (n = 3) in diluted plasma

0.70/0.06 1.950/0.097 95.6/95.8 106.2/91.5
15.0/0.60 32.97/1.013 103.8/101.7 96.5/95.6
140/9.00 170.3/13.83 102.3/98.5 101.2/94.0

The testing samples were separately stored (in triplicate) at 25 ◦C and 4 ◦C and analyzed up to 24 h. Stability was assessed by the peak area of each compound. Data are
expressed as mean percent of initial peak areas tested at 1 h.

Table 3b
Stability of CTX and CEPM in human plasma at −80 ◦C.

Pls CTX/CEPM (�g/mL) <1 day (�g/mL) 18 days (�g/mL) 80 days (�g/mL) 91 days (�g/mL) 135 days (�g/mL)

0.70/0.06 0.706/0.058 100.7/101.8 106.3/96.2 97.1/101.0 92.5/98.2
15.0/0.60 15.43/0.582 100.4/96.0 99.8/97.7 90.6/95.2 94.3/99.7
1 94.3/109.7 98.0/99.7 106.6/100.5

S icate and stored at −80 ◦C. Samples were then assayed over 4.5 months and stability was
a sented are mean % of initial peak ratio of three samples tested in duplicate.
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Table 3c
Stability of plasma CTX and CEPM in 3 freeze–thaw cycles.

Plasma CTX/CEPM (�g/mL) 1st cycle 2nd cycle 3rd cycle
40/9.00 134.7/8.430 98.0/101.1

piked samples (0.70/0.06, 15.0/0.60, and 140/9.00 �g/mL) were aliquotted in dupl
ssessed by the ratio of peak area (�CTX: D6-CTX and �CEPM: D8-CEPM). Data pre

he relative standard deviations of each analyte/ISTD signal inten-
ity ratio at the retention times of the analytes were <4.4%. These
esults demonstrate the absence of both relevant suppression or
nhancement of CEPM and cyclophosphamide ion intensity at the
nalyte retention times with this HTLC–ESI-MS/MS method.

.5. Stability
Spiked plasma samples with low, medium, and high cyclophos-
hamide and CEPM concentrations (0.70/0.06, 15/0.6, and
40/9.0 �g/mL) were aliquotted in triplicate. Samples were stored
eparately at 4 ◦C (less than 6.2% and 8.5% change in 24 h for
yclophosphamide and CEPM, respectively; see Table 3a), 25 ◦C (less

ig. 5. Infusion chromatograms for (A) cyclophosphamide, (B) D6-
yclophosphamide, (C) CEPM, and (D) D8-CEPM. A neat mixture of
yclophosphamide (5 �g/mL), D6-cyclophosphamide (20 �g/mL), CEPM
0.25 �g/mL), and D8-CEPM (2 �g/mL) was constantly infused, post-column,
t a flow rate of 5.0 �L/min into the LC effluent while mobile phase and 6 blank
lasma samples were injected into the column.
0.70/0.06 100.2/102.1 100.8/98.5 101.8/99.1
15.0/0.60 100.5/99.4 101.8/92.8 103.3/97.7
140/9.00 101.5/103.9 98.9/96.6 98.0/98.8

than 4.4% and 4.2% change for cyclophosphamide and CEPM in 24 h,
respectively; see Table 3a), and −80 ◦C (less than 7.5% and 1.8%
change in 135 days for cyclophosphamide and CEPM, respectively;
see Table 3b). Internal standard was added to samples prior to injec-
tion and the stability for each concentration was determined. Data
presented are the mean percent of initial concentration (<1 h) of
three samples tested.

To evaluate the freeze–thaw stability of cyclophosphamide
and CEPM in plasma at −80 ◦C, we evaluated three concen-
trations of cyclophosphamide and CEPM (0.70/0.06, 15/0.6, and
140/9.0 �g/mL) that were stored at −80 ◦C overnight. The next

day samples were thawed at room temperature for 15–20 min, an
aliquot from each of the samples was analyzed on the HTLC–ESI-
MS/MS in duplicate. The remaining unprocessed sample was
returned to −80 ◦C storage until subsequent freeze–thaw tests.

Fig. 6. Cyclophosphamide and CEPM plasma concentration–time profile in a pedi-
atric patient after two cyclophosphamide doses of 2 g/m2 given as 1 h intravenous
infusions. Plasma cyclophosphamide concentration–time points (�) are plotted and
the solid line represents the best-fit curve resulting from the pharmacokinetic anal-
ysis. Plasma CEPM concentration–time points (�) are plotted and the dashed line
represents the best-fit curve resulting from the pharmacokinetic analysis.
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his was done for a total of three freeze–thaw cycles. After three
reeze–thaw cycles, the cyclophosphamide controls had <3.3%
hange from baseline and the CEPM controls had 2.3% loss com-
ared with baseline (see Table 3c).

.6. Application of assay in patient blood sample

Plasma samples from a newly diagnosed patient with medul-
oblastoma receiving cyclophosphamide (2 g/m2 intravenously)

ere analyzed to demonstrate the clinical applicability of the
ethod. Serial samples were collected, processed, and analyzed

ccording to the methods described in this report. A representa-
ive plasma concentration–time profile for both cyclophosphamide
nd CEPM after intravenous cyclophosphamide administration is
epicted in Fig. 6.

. Conclusion

We report here an online extraction HTLC–ESI-MS/MS method
or the rapid and precise quantitation of cyclophosphamide and its

etabolite, CEPM in human plasma samples. This method is rapid
nd selective, which further enhances its utility as an analytical
ethod for use in clinical pharmacokinetic studies of cyclophos-

hamide and CEPM. Moreover, the use of turbulent flow online
ample extraction decreases sample preparation time, saves labor,
nd reduces consumable expense. The use of a narrow-bore short
olumn with a low flow rate reduces solvent costs and mini-
izes environmental impact of toxic solvents. This method was

eveloped to facilitate the quantitation of cyclophosphamide and
EPM in human plasma samples and performs with sufficient

recision (CV ≤ 3.0%) and accuracy (−6.9 ≤ %Error ≤ 5.1), for appli-
ation in clinical studies of cyclophosphamide pharmacokinetics in
oth pediatric and adult populations. Finally, we have successfully
pplied this online extraction HTLC–ESI-MS/MS method by measur-
ng cyclophosphamide and CEPM in relevant human plasma from a

[
[
[

[

877 (2009) 1709–1715 1715

clinical pharmacokinetic study in a child treated with intravenous
cyclophosphamide.
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