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bstract

A simple and sensitive liquid chromatography/tandem mass spectrometry (LC–MS/MS) method using an atmospheric pressure chemical ioniza-
ion source (APCI) for the quantification of fenretinide (4-HPR) in mouse plasma was developed and validated. After a simple protein precipitation
f plasma sample by acetonitrile, 4-HPR was analyzed by LC–APCI–MS/MS. High-performance liquid chromatography (HPLC) separation was
onducted on a Hypurity C18 column (50 mm × 2.1 mm, 5 �m) with a flow rate 0.60 mL/min using a gradient mobile phase comprised of 0.05%
ormic acid in water (A) and methanol (B), and a run time of 4.5 min. The elimination of a tedious sample preparation process and a shorter run time
ubstantially reduced total analysis time. The method was linear over the range 0.5–100 ng/mL, with r > 0.998. The intra- and inter-assay precisions

ere 1.4–9.2% and 5.1–8.2%, respectively, and the intra- and inter-assay accuracies were 93.9–98.6% and 92.7–95.3%, respectively. The absolute

ecoveries were 90.3% (1.5 ng/mL), 97.0% (7.5 ng/mL) and 92.1% (75.0 ng/mL) for 4-HPR, and 99.1% for the internal standard (150 ng/mL). The
nalytical method had excellent sensitivity using a small sample volume (30 �L) with the lower limit of quantification (LLOQ) 0.5 ng/mL. This
ethod is robust and has been successfully employed in a pharmacokinetic study of 4-HPR in a mouse xenograft model of neuroblastoma.
 2007 Elsevier B.V. All rights reserved.

C–AP

I
i
v

H
b
T
r
o
t
4
4

eywords: Fenretinide (4-HPR); N-(4-Methoxyphenyl) retinamide (4-MPR); L

. Introduction

N-(4-Hydroxyphenyl) retinamide or fenretinide (4-HPR), a
ynthetic amide of all-trans-retinoic acid (ATRA), has emerged
s a promising chemopreventive and antiproliferative agent,
hich is used against various tumor types [1–4,11,13]. It con-

inues to be studied in cancer clinical trials for the treatment of
reast, bladder, renal, and neuroblastoma [4–10,12,14].

Since the introduction of 4-HPR in 1985, quantitative anal-
sis of 4-HPR has been performed using high-performance
iquid chromatography (HPLC) with ultraviolet (UV) detection
15–22]. Although this technique is well established, most of

he published methods require labor-intensive, time-consuming
iquid–liquid extraction steps for sample clean up and have long
nalysis times (retention times ranging between 3.7 and 9 min).

∗ Corresponding author. Tel.: +1 215 590 6359; fax: +1 215 590 7544.
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n addition, the lack sensitivity of UV detection method, rang-
ng from 20 to 500 ng/mL [15,20,22], requires the use of a large
olume (≥0.5 mL) of biological sample.

In recent years, the combination of the separation power of
PLC with the selective mass spectrometry (MS) detection has
ecome an important technique in bioanalytical research areas.
o our knowledge, LC with MS detection has not yet been
eported for the quantitative analysis of 4-HPR. The objective
f the investigation was to develop and validate a simple, selec-
ive and sensitive LC–MS/MS method for the quantification of
-HPR in mouse plasma to support a pharmacokinetic study of
-HPR in a xenograft model of neuroblastoma.

. Experimental
.1. Reagents and chemicals

N-(4-Hydroxyphenyl) retinamide or fenretinide (4-HPR) and
-(4-methoxyphenyl) retinamide (4-MPR) were provided by

mailto:adamsonp@mail.med.upenn.edu
dx.doi.org/10.1016/j.jchromb.2007.10.044
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he Developmental Therapeutics Program, Division of Cancer
reatment and Diagnosis, National Cancer Institute (Bethesda,
D, USA), and all-trans-retinoic acid (ATRA) was obtained

rom Spectrum Inc. (New Brunswick, NJ, USA). The dif-
erent lots of drug-free (blank) heparinized mouse plasma
ere obtained from Bioreclamation Inc. (Hicksville, NY,
SA). HPLC-grade methanol and acetonitrile were purchased

rom Fisher-Scientific (Pittsburgh, PA, USA) and reagent-
rade formic acid (∼96%) and ammonium acetate (98%) were
urchased from Sigma–Aldrich Co. (St. Louis, MO, USA). De-
onized water was prepared using a Milli-Q water purifying
ystem from Millipore Corp. (Bedford, MA, USA).

.2. Liquid chromatography (LC)

The Shimadzu HPLC system consisted of two LC-20AD
elivery pumps, a DGU-20A5 Shimadzu vacuum degasser, a
IL-20AC Shimadzu autosampler and a CBM-20A system con-

roller (Shimadzu Scientific Instruments; Columbia, MD, USA).
PLC separations were performed on a Hypurity C18 analyt-

cal column (50 mm × 2.1 mm, i.d., 5 �m) (Thermo Electron
orp., Waltham, MA, USA), protected by a C8 guard column

2.0 mm × 4.0 mm, i.d.) (Phenomenex Corp., Torrance, CA,
SA). Mobile phase A consisted of water with 0.05% formic

cid (A) and mobile phase B was 100% methanol. The gradient
as as follows: 0–3.00 min, solvent B linear gradient from 70

o 100% B; 3.01–3.50 min, maintain at 100% B; 3.51–4.50 min,
aintain at 70% B. The flow rate was 0.60 mL/min and 40 �L
as injected for each analysis. The column and autosampler
ere maintained at room temperature and 4 ◦C, respectively.
n electronic valve actuator with a Rheodyne selector valve
as used to divert LC flow to waste, at the first 1.5 min, when
o data acquisition was taking place.

.3. Mass spectrometry analysis

Samples were analyzed with an API 4000 tandem mass
pectrometer (MDS Sciex; Toronto, Canada) equipped with
n atmospheric pressure chemical ionization (APCI) interface.
oftware for controlling this equipment, acquiring and pro-
essing data was Analyst version 1.4.1 software (MDS Sciex;
oronto, Canada). APCI was performed in the positive ion
ode with nitrogen as the nebulizer, auxiliary, collision and

urtain gases. Analytes were detected by tandem mass spectrom-
try using multiple reaction monitoring (MRM) with a dwell
ime of 200 ms. For the determination of the precursor and
roduct ion spectra, a solution of 500 ng/mL 4-HPR or inter-
al standard in mobile phase was infused directly into the ion
ources with a Harvard Apparatus syringe pump at a flow rate
f 10 �L/min. The most intense precursor-to-fragment transi-
ions using positive APCI were: 4-HPR, m/z 392.4 → 283.3;
-MPR, m/z 406.3 → 283.3; ATRA, m/z 301.3 → 123.0. The
ositive APCI product ion spectra of 4-HPR, 4-MPR and ATRA

re shown in Fig. 1.

The conditions for ionization of 4-HPR, 4-MPR and internal
tandard were optimized using individual standard solutions,
ach at 500 ng/mL, which were infused by a syringe pump

s
d
i
d

ig. 1. Product ion mass spectra for (A) 4-HPR, (B) ATRA (internal standard)
nd (C) 4-MPR under the APCI–MS/MS conditions used in MRM mode.

hrough a Tee device at a flow rate of 10 �L/min into the stream
f mobile phase eluting from the LC column through a mixing
ee and then into the APCI source, to mimic the LC–MS/MS
onditions. The APCI temperature was optimized in the range of
00–500 ◦C using 25 ◦C intervals, a linear increase in intensity
ith increasing APCI temperature observed up to 375 ◦C, fol-

owed by a decrease in intensity with further increase in the APCI
emperature, suggesting that 4-HPR may start to decompose at
emperatures exceeding 400 ◦C. The main working parameters
f the mass spectrometer were: collision activate dissociation
CAD) gas 2; curtain gas, 30; Gas 1 (nebulizer gas) 24; Gas 2
heater gas) 40; needle current (NC) 5.00 �A; source tempera-
ure 350 ◦C. The optimized declustering potential (DP), entrance
otential (EP), collision energy (CE), collision cell exit potential
CXP) were set at 72, 8, 19, and 9 for 4-HPR; 70, 8, 18, and 4
or 4-MPR; 61, 8, 21 and 8 for ATRA.

.4. Preparation of standards and quality control (QC)
amples

Two stock solutions were prepared for each analyte from
ndependent preparations. Standard solutions were prepared
rom one stock solution, and QC samples were prepared from
he other. The primary stock solutions of 4-HPR were prepared
y dissolving 4-HPR in dimethyl sulfoxide producing a con-
entration of 1.0 mg/mL and were stored at −20 ◦C. Two stock

olutions of concentration 10 �g/mL were freshly prepared by
iluting each primary stock solution with acetonitrile. Work-
ng solutions of 4-HPR were freshly prepared by appropriately
iluting the respective stock solution with plasma at concen-
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rations of 25, 50 and 100 ng/mL. Eight standards containing
-HPR concentrations of 0.5, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0 and
00 ng/mL was prepared by adding the appropriate volumes of
orking solution into 2.0 mL microcentrifuge tubes containing
lasma. Three QC levels were prepared in the same manner by
dding appropriate volumes of working solution to obtain con-
entrations of three QC levels were prepared in the same manner
y diluting the QC stock solution of 1.5, 7.5 and 75.0 ng/mL,
epresenting low, medium, and high QCs, respectively. The inter-
al standard stock solution was prepared by dissolving 1 mg
TRA per mL of dimethyl sulfoxide and diluting into acetoni-

rile to a concentration of 10 �g/mL. Internal standard working
olution was prepared by diluting the internal standard stock
olutions with acetonitrile into a single working solution with a
nal concentration of 200 ng/mL. Amber glass vials for storing
tock solutions and amber plastic vials for processing sample
xtraction were used, with aluminum foil covering to minimize
xposure of the solutions to light to minimize photodegradation.

.5. Sample preparation

To 30 �L of mouse plasma sample, 90 �L of acetonitrile
ontaining 200 ng/mL of internal standard was added. The sam-
le was vortex-mixed for 1 min and centrifuged at 13,000 rpm
or 5 min in an amber plastic vial. A volume of 40 �L of the
upernatant was injected into the LC–MS/MS system.

.6. Method validation

Method validation and documentation were performed
ccording to guidelines set by the United States Food and Drug
dministration (FDA) for bioanalytical method validation [23].
his method was validated in terms of linearity, specificity,

owest limit of quantitation (LLOQ), recovery, intra- and inter-
ay accuracy and precision, and stability of analyte during the
ample storage and processing procedures. Each analytical run
ncluded a double blank sample (without internal standard), a
lank sample (with internal standard), eight standard concentra-
ions for calibration, and replicate sets (n = 6) of QC samples:
ow QC (LQC) 1.5 ng/mL, medium QC (MQC) 7.5 ng/mL, and
igh QC (HQC) 75.0 ng/mL.

.6.1. Linearity and sensitivity
For the evaluation of the linearity of the standard calibration

urve, the analyses of 4-HPR in plasma samples were performed
n three independent days using fresh preparations. The calibra-
ion curves were prepared over a linear range of 0.5–100 ng/mL
t eight concentrations: 0.5, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0 and
00 ng/mL. Each calibration curve consisted of a double blank
ample, a blank sample and eight calibrator concentrations.
nother double blank sample was analyzed immediately fol-

owing the highest concentration standard in each run to monitor
he carry-over of 4-HPR or the internal standard.
The calibration curve was developed using the following
riteria: (1) the mean value should be within ±15% of the the-
retical value, except at LLOQ, where it should not deviate
y more than ±20%; (2) the precision around the mean value

a
1
i
s

r. B  862 (2008) 64–71

hould not exceed a 15% coefficient of variation (CV), except
or LLOQ, where it should not exceed a 20% CV; (3) at least
5% of the non-zero standards of each nominal concentration
hould meet the above criteria; (4) the correlation coefficient (r)
hould be greater than or equal to 0.98.

Each calibration curve was constructed by plotting the analyte
o internal standard peak area ratio (y) against analyte concentra-
ions (x). The calibration curves were fitted using a least-square
inear regression model y = ax + b, weighted by 1/x2 using the
nalyst® software. The resulting a, b and c parameters were
sed to determine back-calculated concentrations, which were
hen statistically evaluated.

.6.2. Specificity
The specificity was defined as non-interference at retention

imes of 4-HPR from the endogenous plasma components and no
ross-interference between 4-HPR and internal standard using
he proposed extraction procedure and LC–MS/MS conditions.
ix different lots of blank (4-HPR-free plasma) were evaluated
ith and without internal standard to assess the specificity of the
ethod.

.6.3. Accuracy and precision
The intra- and inter-assay precisions were determined using

he CV (%), and the intra- and inter-assay accuracies were
xpressed as the percent difference between the measured con-
entration and the nominal concentration. The % accuracy of
he method was expressed by

measured concentration

nominal concentration

]
× 100

Intra-assay precision and accuracy were calculated using
eplicate (n = 6) determinations for each concentration of the
piked plasma sample during a single analytical run. Inter-assay
recision and accuracy were calculated using replicate (n = 6)
eterminations of each concentration made on three separate
ays.

.6.4. Recovery (extraction efficiency) and matrix effect
The extraction efficiency of 4-HPR was determined by ana-

yzing six replicates of 4-HPR plasma samples at three QC
oncentration levels of 1.5, 7.5 and 75.0 ng/mL, respectively.
ecovery was calculated by comparing the peak areas of 4-HPR
dded into blank plasma and extracted using the protein precipi-
ation procedure with those obtained from 4-HPR spiked directly
nto post-protein precipitation solvent at three QC concentration
evels (1.5, 7.5 and 75.0 ng/mL). The matrix effect was measured
y comparing the peak response of the post-extracted spiked
ample with those of the pure standards containing equivalent
mounts of the 4-HPR prepared in mobile phase.

.6.5. Stability study
The stability of 4-HPR in mouse plasma was assessed by
nalyzing replicates (n = 6) of QC samples at concentrations of
.5, 7.5 and 75.0 ng/mL, during the sample storage and process-
ng procedures. For all stability studies, freshly prepared and
tability testing QC samples were evaluated by using freshly
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Fig. 2. A representative calibration curve for 4-HPR.

Table 1
Specificity and limit of quantitation of 4-HPR in mouse plasma: lot-to-lot
variation

Nominal conc. LLOQ (0.50 ng/mL)

Lot# Measured S.D. %CV % Accuracy

Lot 1 (n = 3) 0.44 0.05 12.20 87.87
Lot 2 (n = 3) 0.46 0.06 13.09 91.40
Lot 3 (n = 3) 0.52 0.06 11.55 103.13
Lot 4 (n = 3) 0.58 0.02 3.34 115.67
Lot 5 (n = 3) 0.52 0.04 8.09 103.53
Lot 6 (n = 3) 0.52 0.03 5.48 103.27

n 18
Mean 0.50
S.D. 0.05
%
%

3

r
t
h
q
i
summarized in Table 3. The intra-day precision ranged from
1.4 to 9.2% with the accuracy ranging from 93.9 to 98.6%. The
inter-day precision ranged from 5.1 to 8.2% and the accuracy
ranged from 92.7 to 95.3%.

Table 2
Inter-day accuracy and precision of 4-HPR calibration standards (n = 3)

Nominal concentration (ng/mL) Mean S.D. %CV Accuracy (%)

0.5 0.50 0.02 3.90 100.73
1 0.99 0.09 8.73 99.03
2.5 2.49 0.06 2.21 99.47
5 4.91 0.08 1.71 98.13
J.I. Lee et al. / J. Chrom

repared standard curve for the measurement. The short-term
tability was assessed after exposure of the plasma samples to
oom temperature prevent from light for 8 h. The long-term sta-
ility was assessed after storage of the plasma samples at −20 ◦C
or 30 days. The freeze/thaw stability was determined after three
reeze/thaw cycles (room temperature to −20 ◦C). The sample
tability in the autosampler tray was evaluated by comparing
C samples at 0 and 8 h in the autosampler tray at 4 ◦C. This

ample stability evaluation mimics the residence time of the
amples in the autosampler for each analytic run. The concen-
rations obtained from all stability studies were compared with
he freshly prepared QC samples, and the percentage concen-
ration deviation was calculated. The analytes were considered
table in mouse plasma when the concentration difference was
ess than 15% between the freshly prepared samples and the
tability testing samples.

.7. Pharmacokinetic study

As component of ongoing studies of retinoids in neuroblas-
oma xenograft models, 10 female CB17-SCID mice (Taconic
orp., Germantown, NY, USA) received 10 mg/kg fenretinide

5 mg fenretinide dissolved in 0.25 mL ethanol and 8.25 mg
ovine serum albumin and made up to 5 mL with 0.9% NaCl) via
.p. administration. The i.p. route was selected for drug adminis-
ration, as the oral bioavailability of 4-HPR in mouse models is
ow and variable. One group of 5 mice had blood sampled at 0.5,
and 6 h post-dose, and the other group at 1, 4 and 8 h post-dose.
or each sample, 100 �L of blood was collected via a retro-
rbital bleed into lithium heparin tubes. After collection, blood
amples were seated for approximately 30 min and centrifuged
t 13,000 rpm for 20 min to separate the plasma supernatant.
pecimens were processed in the dark, covered with aluminum
oil, and plasma stored at −20 ◦C until analysis.

. Results

.1. Method validation

.1.1. Linearity and sensitivity
The method was validated using the above criteria and found

o be linear from the concentrations 0.5 to 100 ng/mL. A rep-
esentative calibration curve for 4-HPR is shown in Fig. 2. The
orrelation coefficient (r) from inter-day analysis was found to
e greater than 0.998 in all cases. The LLOQ was 0.5 ng/mL,
emonstrating a %CV of less than 20% (precision) and an accu-
acy greater than 80%, with a signal-to-noise (S/N) ratio of
reater than 10. As shown in Tables 1 and 2, the intra- and
nter-day precision values were 0.1 (n = 18) and 3.9% (n = 3),
espectively, and the intra- and inter-day accuracy values were
00.8 (n = 18) and 100.7% (n = 3), respectively. A representa-
ive chromatogram of double blank, blank, LLOQ and the upper
imit of quantification (ULOQ) samples are shown in Fig. 3.

he limit of detection (LOD) for the method was 0.07 ng/mL
ased on a signal-to-noise ratio of 3. No carry-over peaks were
bserved at the retention times and the ion channels of either
-HPR or internal standard.

1

CV 0.10
Accuracy 100.81

.1.2. Precision and accuracy
At the eight calibration standards, the inter-day precision

anged from 1.7 to 8.7% and the accuracy ranged from 98.0
o 102.0% (Table 2). These data confirm that the present method
as a satisfactory accuracy, precision and reproducibility for the
uantification of 4-HPR throughout a wide dynamic range. The
ntra- and inter-day precision and accuracy of QC samples is
10 10.15 0.28 2.80 101.47
25 25.13 0.85 3.38 100.53
50 49.00 1.51 3.09 98.00
00 102.00 1.73 1.70 102.00
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Fig. 3. Representative MRM chromatograms of 4-HPR in mouse plasma: (a) double
4-HPR (left panels, a–d) and its internal standard (right panels).

Table 3
Accuracy and precision of 4-HPR QC samples in mouse plasma

Nominal concentration (ng/mL) Mean S.D. %CV Accuracy (%)

Intra-day
1.5 1.48 0.14 9.17 98.56
7.5 7.04 0.10 1.42 93.91
75 70.55 2.58 3.65 94.07
n 6 6 6 6

Inter-day (3 days)
1.5 1.43 0.12 8.24 95.33
7.5 7.04 0.54 7.68 93.89

3

t
a
a
%
t

T
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p
d

l
e
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l
t
p
p
t
s
l
A
p
m
affected by any background signal of plasma after simple pro-
75 69.54 3.53 5.07 92.73
n 18 18 18 18

.1.3. Recovery and ionization suppression (matrix effect)
Recovery study of protein precipitation was performed on

hree concentration levels as shown in Table 4. At 1.5, 7.5

nd 75.0 ng/mL concentration levels, mean extraction recoveries
fter six replicates were 90.3, 97.0 and 92.1%, respectively. The

CV for all recoveries was less than 4.1%. Data indicated that
he extraction efficiency for 4-HPR and internal standard using

able 4
ecovery of 4-HPR in mouse plasma

Nominal conc. (ng/mL)

QC low 1.5 QC mid 7.5 QC high 75

Recovery 90.29 96.98 92.05
.D. 2.97 3.95 3.56
CV 3.30 4.05 3.87

6 6 6

t
p
w

T
M

%
S
%
n

blank plasma; (b) blank plasma; (c) LLOQ, 0.5 ng/mL; (d) ULOQ, 100 ng/mL.

rotein precipitation was sufficient and was not concentration-
ependent.

Matrix effect can affect on the reproducibility from the ana-
yte or the internal standard of the assay [24–27]. The matrix
ffect, i.e., the intensity of ion suppression or enhancement is
aused by co-eluting matrix components. The matrix effects of
-HPR and the internal standard were calculated using the fol-
owing formula: % matrix effect = (A/B) × 100%. A represents
he corresponding peak areas of the analytes in spiked plasma
ost-precipitation and B peak responses of the pure standards
repared in mobile phase. A value of >100% indicated ioniza-
ion enhancement, and a value of <100% indicated ionization
uppression. The matrix effect was tested on the three QCs
evels and six individual lots of blank plasma were evaluated.
s shown in Table 5, no difference was observed between the
ure standards and the post-extracted spiked samples, which
eans that the HPLC separation conditions had little or no
ein precipitation clean up step. Matrix effect from dilution of
lasma sample was also examined to demonstrate that plasma
ith concentration greater than the upper limit of the stan-

able 5
atrix effect of 4-HPR in mouse plasma

Nominal conc. (ng/mL)

QC low 1.5 QC mid 7.5 QC high 75

Matrix effect 108.67 103.54 100.84
.D. 5.05 2.52 2.03
CV 4.65 2.44 2.01

6 6 6
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Table 6
Stability data for 4-HPR under various conditions (n = 6)

Storage period and storage condition Nominal conc. (ng/mL) Mean S.D. %CV % Accuracy

Three freeze/thaw cycles (−20 ◦C) 1.5 1.61 0.09 5.65 107.33
7.5 7.64 0.35 4.62 101.84

75 74.68 2.85 3.81 99.58

Process sample stability (RT; 8 h) 1.5 1.46 0.12 8.54 97.44
7.5 7.29 0.52 7.15 97.18

75 68.0 2.26 3.32 90.67

Long term stability (−20 ◦C; 1 month) 1.5 1.37 0.05 3.37 91.44
7.5 6.92 0.46 6.58 92.22

75 65.80 4.44 6.74 87.73

Autosampler stability (4 ◦C; 8 h) 1.5 1.65 0.08 4.63 110.00
7.5 8.06 0.25 3.15 107.42
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3

the murine pharmacokinetic study, readily allowing for drug
quantitation up to 8 h following i.p. administration of 10 mg/kg
of 4-HPR (Fig. 4A). Fig. 4B shows the chromatogram of the
separation of 4-HPR, 4-MPR (metabolite) and ATRA (internal
75

ard curve could be analyzed with acceptable results (data not
hown).

.1.4. Assay specificity
The assay specificity of the method was assessed by the anal-

sis of double blank, blank and LLOQ samples prepared in six
ifferent batches of mouse plasma. As demonstrated in Fig. 3
nd Table 1, none of the control plasma samples in any of the
lasma lots evaluated had any interfering peak from endogenous
lasma components at the retention time corresponding to the
-HPR or its internal standard.

.1.5. Analyte stability
The stability of 4-HPR was investigated to cover expected

onditions during all of the sample storage and process periods,
hich included the stability data from freeze/thaw, bench-

op, autosampler and long-term stability tests. These data
re summarized in Table 6. The precision for freeze/thaw
amples ranged from 3.8 to 5.7% and the accuracy ranged
rom 99.6 to 107.3%. The results indicated that the ana-
yte was stable in plasma for three cycles when stored at

20 ◦C and thawed to room temperature. The precision for
ench-top stability ranged from 3.3 to 8.5% and the accuracy
anged from 90.7 to 97.4%. This indicates reliable stabil-
ty under the experimental conditions of the analytical runs.
he precision and accuracy for long-term stability samples

anged from 3.4 to 6.7% and 87.7 to 92.2%, respectively.
he results of long-term storage stability data indicated that

he plasma samples were stable at −20 ◦C over 1 month.
urther long-term stability study is in progress. The preci-
ion ranged from 3.2 to 8.4% and accuracy ranged from
07.4 to 110.0% for autosampler stability study. The result
uggested that 4-HPR could be analyzed over 8 h in the

utosampler tray at 4 ◦C with acceptable precision and accu-
acy. The results of stability experiments showed that no
tability-related problems occurred during sample storage,
xtraction and chromatography processes for 4-HPR in plasma
amples.

F
f
4
l

81.72 6.88 8.42 108.96

.2. Application to pharmacokinetic study

The method described above was successfully applied to
ig. 4. (A) The plasma concentration (mean ± S.D.) vs. time profile for 4-HPR
ollowing i.p. administration of 10 mg/kg 4-HPR in mice. (B) Chromatogram of
-HPR, 4-MPR (metabolite) and ATRA obtained 1 h post dosing. Analytes are
abeled.
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tandard) from a plasma sample obtained 1 h after completion
f the drug dose.

. Discussion

We developed a fenretinide assay that has a simple and
apid sample clean up step and a rapid, selective and sensitive
C–MS/MS method capable of analyzing a large numbers of

ight sensitive plasma samples. In addition, the microvolume of
ample required allowed for a mouse pharmacokinetic study.

protein precipitation procedure with methanol or acetonitrile
as initially evaluated for plasma sample clean up. Although the

xtraction efficiency for both methods was similar, the methanol
recipitation procedure ultimately resulted in high backpressure
f LC column. The problem was overcome by using acetonitrile
s the protein precipitant.

In this study, ATRA was selected as internal standard, as
reviously reported internal standards were no longer avail-
ble. In humans, the fasting plasma ATRA concentration is
n the range of 1.5–3.0 ng/mL [28]. In our study using mouse
lasma, a small peak eluting with a retention time close to
TRA was observed (Fig. 4A and B). The ratio of the peak
eight to that of internal standard used was less than 0.5%,
nd thus did not impact upon the quantitation of 4-HPR. For
harmacokinetic specimens in which pharmacologic doses of
TRA have been administered, this assay would require modi-
cation using an alternate internal standard (e.g. stable 4-HPR

sotope).
The organic modifier plays an important role in the

esolution of LC and in the ionization efficiency of MS. Var-
ous combinations of either methanol or acetonitrile as an
rganic solvent with and without addition of different con-
ent of ammonium acetate or formic acid were evaluated
nd compared to identify the optimal mobile phase that pro-
uced the best sensitivity and peak shape. Methanol was
elected based on the best chromatographic separation gen-
rated from LC and the highest signal-to-noise (S/N) ratio
roduced from APCI source. An acidic modifier (formic
cid) in the mobile phase enhanced sensitivity approximately
wofold as compared to solvent with no additive while main-
aining the separation pattern. A mobile phase consisting of

ethanol/water containing 0.05% formic acid and the elu-
ion gradient profile as described in experimental section were
elected.

After the optimal mobile phase was selected, the influence
f the LC flow rate (0.2–1.0 mL/min) on the intensity (peak
rea) of 4-HPR in APCI was investigated. There was little effect
n APCI ionization efficiency with larger amounts of eluent
prayed into the APCI source. However, the retention time of
-HPR was shortened significantly when the flow rate of the
obile phase was greater than 0.8 mL/min, which then caused

ndogenous substances to interfere with the detection of 4-HPR.
he flow rate 0.6 mL/min and the injection volume 40 �L were

elected for the optimal chromatographic separation of 4-HPR.
nder optimized LC and MS conditions, 4-HPR and ATRA
ere separated with retention times of 2.6 and 2.8 min, respec-

ively.

[

[

r. B  862 (2008) 64–71

. Conclusion

The LC–APCI–MS/MS method we developed overcomes
ample volume limitations encountered with previously
escribed HPLC methods. Our method is accurate, validated and
oes not require tedious and time-consuming liquid–liquid sam-
le extraction procedures. The method satisfied the requirements
f high sensitivity, specificity and rapid sample throughput.
lasma concentrations of 4-HPR can be quantified from 0.5

o 100 ng/mL, making it possible to analyze samples up to
h or longer following an i.p. dose of 10 mg/kg of 4-HPR

n mice. This simple and rapid method is suitable for the
nalysis of microvolume plasma samples for pharmacokinetic
tudies.
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