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a b s t r a c t

A rapid, sensitive method of detecting sirolimus in blood was developed and applied in pharmacokinetic
studies employing deionized water for hemolysis and a weakly basic mobile phase to enhance chromato-
graphic peak intensity. Dog blood samples were processed via liquid–liquid extraction and the amounts
of sirolimus and tacrolimus, an internal standard, were quantified by LC–MS/MS. Specificity, the lower
vailable online 7 July 2010
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limit of quantification, linearity, accuracy, precision, dilution, recovery, matrix effects, robustness and
stability were within the acceptable range for assay validation. The concentration of sirolimus was quan-
tifiable in blood samples for up to 36 h after the dog had received a 3 mg/kg dose of sirolimus. These
observations suggest that sirolimus can be detected at low levels in dog blood using a basic mobile phase
and metal-free hemolysis. This method is therefore applicable to pharmacokinetic studies in dogs.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Sirolimus, or rapamycin, is an active lipophilic macrolide lactone
erived from the fungus Streptomyces hygroscopicus found in soil
amples. Sirolimus exhibits anticancer, antifungal, and immuno-
uppressive activities [1–4]. Its immunosuppressive properties
uggest that sirolimus may be useful as a drug to prevent rejection
n organ transplant recipients [5–7]. Many methods are available
o determine the concentration of sirolimus in whole blood [8–11].
he preparation of complex biological matrices, such as blood for
hromatographic assays, is typically labor intensive. As a result, the
omplicated processing protocol is frequently the limiting factor
etermining assay throughput. Critical steps must be implemented
o avoid drug degradation, to assure adequate recovery, and to elim-
nate cross-contamination and carryover. Accelerated processing

ot only enhances throughput but also shortens the amount of time
hat the analyte must remain stable.

Current techniques for determining sirolimus concentrations in
og blood are not well established. Drug release from Rapamune®

∗ Corresponding author. Tel.: +82 42 821 7317; fax: +82 42 823 3078.
E-mail address: sjhwang@cnu.ac.kr (S.-J. Hwang).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.06.030
tablets in dogs may differ significantly from that in other ani-
mals or humans. The current study addresses the development of
a bioanalytical method, validated according to guidelines set by
the FDA [12], involving liquid–liquid extraction for the quantifica-
tion of sirolimus in dog blood. This method boasts three primary
advantages. First, it requires no hemolytic, metal-containing com-
pounds to extract the drug from red blood cells or disturb mass
spectroscopic analyses [9,10,13–15]. Purified water was used as
the hemolytic agent. The optimal ratio of whole blood to water
was investigated visually, in a preliminary study to determine how
small a volume of water was required to hemolyze the red blood
cells well. We found that one or two parts water to the volume of
blood was insufficient for hemolysis and that three parts water to
one of blood (3:1) was the minimum and was the best choice of
ratios ranging from 1:1 to 5:1. Second, the use of a weakly basic
HPLC mobile phase enhanced the peak intensity approximately
five-fold over that of the more common formic acid-based tech-
niques [9–11]. Based on the result of an experiment conducted in

our laboratory, the peak intensity was approximately 1200 cps in
the acidic mobile phase containing 0.1% formic acid, while the peak
intensity in the basic mobile phase using ammonium bicarbonate
was approximately 6500 cps. Preliminary tests also showed no out-
standing differences in sensitivity at pH 7.8 or pH 10. Therefore, the

dx.doi.org/10.1016/j.jpba.2010.06.030
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:sjhwang@cnu.ac.kr
dx.doi.org/10.1016/j.jpba.2010.06.030
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obile phase was held at pH of 7.8 using an ammonium bicarbon-
te buffer to preserve analytical column life. Third, a short HPLC run
ime (1.4 min/sample) facilitates high-throughput bioanalyses.

. Experimental

.1. Chemicals and reagents

Sirolimus (purity ≥95.0%), tacrolimus [purity 99.0%, FK-506
onohydrate, an internal standard (IS)], and ammonium bicarbon-

te were purchased from Sigma–Aldrich Co. (St. Louis, MO, USA).
ethanol (HPLC grade) and MTBE (methyl-t-butyl ether; HPLC

rade) were obtained from J. T. Baker (Phillipsburg, NJ, USA). Dog
lood blanks containing EDTA (an anticoagulant) were obtained
rom the College of Veterinary Medicine, Chungnam National
niversity (Daejeon, Korea). Ultrapure water (18.2 M� cm) was
btained from a Milli-Q BioCel Water Purification System (Milli-
ore, Billerica, MA, USA).

.2. LC–MS/MS conditions

The LC–MS/MS system consisted of an Agilent 1100 HPLC system
binary pump, online degasser, autosampler; Agilent Technolo-
ies, Santa Clara, CA, USA) with an API 3000 triple quadrupole
ass spectrometer (Applied Biosystems-SCIEX, Concord, Canada),

quipped with a turbo ion spray interface in positive ion-
zation mode. In this study, chromatographic separation was
rchived on a Prodigy Phenyl-3 column (2.0 mm × 50 mm, 5 �m;
henomenex Inc., Torrance, CA, USA). The mobile phase was com-
osed of acetonitrile–methanol–ammonium bicarbonate (10 mM)
68:17:15, v/v/v) and eluted at a flow rate of 0.25 mL/min. The
H of 10 mM ammonium bicarbonate solution was experimentally
easured at pH 7.8; further pH adjustment was not attempted for

xperiments conducted at pH 7.8. Injection volume was set at 10 �L.
he analytical column and autosampler tray were maintained at
0 and 10 ◦C, respectively. The spray needle voltage was 5500 V
nd the source temperature was 400 ◦C. The curtain gas was 8 psi
nd entrance potential was 8 V. The collision energy was 21 eV for
irolimus and 29 eV for tacrolimus. For optimizing multiple reac-
ion monitoring (MRM) conditions of the analytes, a precursor ion
nd product ions were scanned at the range of m/z 100–1000. The
redominant precursor ions produced for the analytes employed
he ammonium adducts, [M+NH4]+. Transitions at 931.7 → 864.5
or sirolimus and 821.6 → 768.5 for tacrolimus were simultane-
usly monitored. Data acquisition and processing were performed
ith Analyst software (version 1.4.2; Applied Biosystems-SCIEX,
oncord, Canada).

.3. Preparation of standards and quality control (QC) samples

A stock solution of sirolimus was prepared in methanol at a
oncentration of 20 �g/mL and serially diluted to give working
olutions of 2, 5, 10, 20, 50, 100 and 200 ng/mL in methanol. A stock
olution of the IS solution in methanol was prepared at a concen-
ration of 1000 ng/mL and diluted to produce a working solution
f 50 ng/mL in methanol. All stock solutions and working solutions
ere stored at −20 ◦C. Seven nonzero calibration standards and QC

amples were prepared by spiking 30 �L aliquot of sirolimus work-
ng solutions into 270 �L of blank dog blood to give concentrations
f sirolimus at 0.2, 0.5, 1, 2, 5, 10, and 20 ng/mL. QC samples were
btained with concentrations of 0.6, 1.6, and 16 ng/mL.
.4. Sample preparation

Blood samples from beagles were stored at −20 ◦C freezer and
hawed at room temperature. The samples were vortexed ade-
iomedical Analysis 53 (2010) 1042–1047 1043

quately prior to pipetting. To a 300 �L aliquot of blood sample,
20 �L of IS working solution (50 ng/mL) and 600 �L of purified
water were added and vortexed for 2 min. Purified water instead of
metal-containing compounds was used as the hemolytic agent. The
mixed sample was then subjected to liquid–liquid extraction (LLE)
with 900 �L MTBE, by vortex-mixing for 1 min. After centrifuga-
tion at 13,200 rpm for 5 min, 0.8 mL of the upper organic layer was
transferred to a polypropylene tube and evaporated at 50 ◦C under
vacuum in a SpeedVac system (ThermoSavant, Holbrook, NY, USA).
The residue was reconstituted with 100 �L mobile phase and 10 �L
injected into the LC–MS/MS system.

2.5. Method validation

2.5.1. Selectivity
The selectivity of the analyses was evaluated using six lots of

blank matrices (samples without sirolimus and IS), of zero samples
(blank blood added with the IS), and of lower limit of quantifica-
tion (LLOQ) samples, for the presence of any interfering peak in the
chromatograms.

2.5.2. Linearity
Calibration curves of sirolimus in dog blood were plotted as

the peak area ratio of sirolimus to internal standard versus the
sirolimus nominal concentration. Linear regression analyses were
carried out with a weighting factor of 1/x2 with an intercept pro-
vided the best fit due to the smallest sums of square value for the
calibration curve. The best-fit model was used in all subsequent
experiments.

2.5.3. Precision, accuracy and dilution
Six replicated of QC samples at three levels were included in

each run to determine the intra-and inter-day precision of the
assay. The precision of the assay was estimated by the coefficient
of variation (CV). The accuracy was determined by the percentage
difference between the determined mean concentrations and the
nominal concentrations as relative error (RE). To investigate the
ability to dilute and analyze samples containing sirolimus at con-
centrations above the upper limit of quantification of the assay, a set
of blood samples were prepared containing 160 ng sirolimus/mL. In
the sample, a 30 �L aliquot was diluted with 270 �L of blank blood
to obtain an expected concentration at 16 ng/mL, and the diluted
samples were then processed and analyzed as described. The US
Federal Drug Administration (FDA) guidelines for industry require
an accuracy of 85–115% of the nominal values and a precision with
a CV smaller than 15% [12].

2.5.4. Matrix effect and recovery
The recovery and matrix effect were also determined in

this study. The absolute/relative matrix effect and recoveries of
sirolimus and tacrolimus were assessed by analyzing three sets of
standards at three concentrations (i.e., 0.6, 1.6, and 16 ng/mL). To
determine the absolute matrix effect for sirolimus and tacrolimus,
blank bloods obtained from six different dogs were extracted as
described previously, and sirolimus and tacrolimus were added to
the post-extraction sample to generate three concentration lev-
els (set 2). The mean peak areas of the analyte were compared
with the mean peak areas from the neat solutions of the analyte
in methanol (set 1). In the case of the relative matrix effect, the
variability, expressed as precision (CV, %), in the peak areas of
the analyte added to the post-extraction samples from the blank

blood of six different dogs (set 2) was determined and consid-
ered as the relative matrix effect [16]. Recoveries of sirolimus and
tacrolimus were determined by comparing mean peak areas of
analytes added before extraction to the same six different sources
(set 3) with those of the analytes added post-extraction samples
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rom different lots of dog blood at the same three concentrations
set 2).

.5.5. Robustness
The method used does not include a precipitation step and

llows the injection of protein-rich hemolysate into the LC–MS–MS.
his may cause severe contamination of the source after prolonged
se, with a resulting deterioration in sensitivity. Thus, the robust-
ess was assessed to determine whether it was valid to measure
ore samples in one run. QC samples at three concentrations were

dded before and after 160 samples, which was approximately
hree times more than the total number of experimental samples,
n one run in three different batches and all of the samples in each
atch were analyzed. Finally, the deviation of the QC concentrations
t the end in the run following the 160 samples from the initial QC
oncentration was examined.

.5.6. Stability
To evaluate the stability of the stock solution, a set of stock solu-

ions for sirolimus were freshly prepared, and the response from
he LC–MS/MS in fresh solutions was compared with that from the
tored stock solution at −20 ◦C for 1 week. Freeze–thaw stability
as assessed over three cycles. QC samples were thawed at room

emperature for at least of 2 h and refrozen at −20 ◦C for at least of
4 h over three cycles. The post-preparative stability of processed
amples stored in autosampler vials was assessed at 10 ◦C for 15 h to
etermine whether an occasional delay in injection or reinjection
f extraction samples could lead to instability of the analyte. Bench-
op stability was investigated to determine that analytes were not
egraded in blood samples at room temperature for a time period
o cover the sample preparation, and was assessed by allowing the
C samples to ambient laboratory conditions for 2 h. Long-term

tability of the analyte in dog blood under −80 ◦C was evaluated by
nalyzing QC samples at 7 weeks later.

.6. Application of the assay

To determine the applicability of the assay to pharmacoki-
etic studies involving Rapamune®, Rapamune tablets containing
mg/kg sirolimus were administered to dogs orally and the assay
as used to determine the sirolimus concentration in blood sam-
les.

Four healthy male beagles weighing 8–11 kg were used in this
tudy. Experimental protocols involving animals for this study
ere reviewed by the Institutional Animal Care and Use Commit-

ee (IACUC) of Chungnam National University, according to the
ational Institutes of Health guidelines (NIH publication number
5-23, revised 1985) “Principles of Laboratory Animal Care.” All
nimals used in this study were cared for in accordance with the
rinciples outlined in the NIH publication of “Guide for the Care and
se of Laboratory Animals.” Blood samples (1 mL) were collected

nto heparinized tubes via the cephalic vein at pre-dose (0), 0.33, 1,
, 3, 4, 5, 6, 8, 12, 24, and 36 h post-dose. Blood samples were stored
t −80 ◦C prior to analysis.

The plasma concentration versus time data for sirolimus was
nalyzed with a non-compartmental method using WinNonlin ver-
ion 4.1. software (Pharsight, Mountain View, CA, USA). The area
nder the sirolimus concentration in the blood-time curve from
ime zero to infinity (AUC0–∞), the area under the respective first

oment-time curve from time zero to infinity (AUMC0–∞), the

ean residence time (MRT) and terminal phase half-life (t1/2) were

alculated using the linear trapezoidal method and appropriate
rea extrapolation [17]. The maximum sirolimus concentration
Cmax) and the time to reach Cmax (Tmax) were read directly from
he temporal profile of sirolimus concentration in the blood.
Fig. 1. The structure and product-ion scan spectra of (A) sirolimus and (B) tacrolimus
(internal standard).

3. Results and discussion

3.1. Chromatography

Preliminary studies involving the adjustment of the collision
energy and cone voltage indicated that the transition of m/z
931.7 → 864.5 for sirolimus and m/z 821.6 → 768.5 for IS were ade-
quate for quantification (Fig. 1). As a result, the chromatographic
condition with a run time of 1.4 min per sample was optimized to
be adequate with symmetric peaks for sirolimus and IS (Fig. 2).

3.2. Specificity, lower limit of quantification and linearity of
calibration curve

Sirolimus and IS were clearly separated from endogenous peaks
originating from the blank matrix, and the assay conditions had
adequate specificity for sirolimus (Fig. 2). The lower limit of quan-
tification of sirolimus in dog plasma was 0.2 ng/mL (Table 1).
Furthermore, the signal to noise level was at least 23 at this concen-
tration. The calibration curves for sirolimus in dog blood appeared
to be linear over the concentration range of 0.2–20 ng/mL, with a
correlation coefficient of 0.9987 (y = 0.132x − 0.00411).
3.3. Accuracy, precision, and sample dilution

The intra- and inter-day precision and accuracy were analyzed
in six replicates of QC samples (Table 2). The data obtained were
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Fig. 2. Multiple reaction monitoring (MRM) chromatograms of (A) double blank dog blood, (B) blood containing sirolimus at LLOQ (0.2 ng/mL) and IS, and (C) dog blood
sample obtained at 4 h after oral administration of Rapamune® tablet.

Table 1
Specificity and LLOQ of sirolimus measurements in dog blood.

Batch Response (peak height) Concentration (ng/mL)

Double blanka Blankb LLOQ (0.2 ng/mL) LLOQ (0.2 ng/mL)

Mean ± S.D. 6.8 ± 3.5 9.7 ± 2.5 228 ± 27 0.21 ± 0.02
RE (%) N.A.a N.A. N.A. 6.3
CV (%) N.A. N.A. 11.7 9.0
vs. LLOQ (%) 3.0 4.3 N.A. 100.0

a Dog blood containing no analyte or IS was extracted and analyzed.
b Dog blood containing only IS was extracted and analyzed.
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Table 2
Quality control sample runs for the presence of sirolimus in dog blood (intra-day:
n = 6; inter-day: n = 18).

Batch Theoretical concentration (ng/mL)

LOQ MQC HQC UHQC
0.6 1.6 16 16a

(A) Intra-day accuracy and precision
Mean concentration 0.630 1.54 16.0 16.0
CV (%) 4.3 6.0 5.7 10.1
RE (%) 4.9 −4.1 −0.2 0.2

(B) Inter-day accuracy and precision
Mean concentration 0.602 1.50 16.5
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Table 4
Stability of sirolimus in stock solutions (n = 3).

Batch Response (peak area)a

0 h 1 weekb

Mean response 32,933.3 36,233.3
CV (%) 6.2 3.6
Relative concentration (%)c 100 110

a Stock solutions (20 �g/mL) were diluted to 10 ng/mL for analysis.
b Stock solutions were stored at −20 ◦C.
c Relative concentration (%) obtained from the measured value divided by the

initial value.

Table 5
Stability data of QC samples in dog plasma (n = 3).

Batch Theoretical concentration (ng/mL)

0.6 1.6 16

(A) Benchtop stability at room temperature for 2 h
Mean estimated concentration 0.616 1.51 14.4
CV (%) 1.8 9.6 7.4
RE (%) 2.7 −5.6 −10.2

(B) Post-preparative stability at 10 ◦C for 15 h
Mean estimated concentration 0.577 1.39 13.8
CV (%) 4.3 7.5 8.8
RE (%) −3.9 −13.1 −13.8

(C) Freeze–thaw stability (3 cycles)
Mean estimated concentration 0.630 1.61 16.0
CV (%) 9.2 4.1 2.3
RE (%) 4.9 0.6 0.0

(D) Long-term stability for 7 weeks
Mean estimated concentration 0.660 1.60 17.7
CV (%) 5.8 7.5 8.9
RE (%) 10.1 0.2 10.8

T
M

CV (%) 4.8 5.4 10.1
RE (%) 0.4 −6.4 3.4

a Analyzed after a 10-fold dilution with blank dog blood (i.e., 160 → 16 ng/mL).

ithin acceptable limits and met the guidelines for bioanalytical
ethod validation. Additionally, dilution study was conducted and

ound that the assay was reasonable to quantify sirolimus in sam-
les that exceeded the upper limit by an appropriate dilution.

.4. Matrix effect and recovery

The matrix effect and recovery were estimated in six different
og blood samples (Table 3). The relative matrix effect and preci-
ion were assessed in set 2, and confirmed the absence of a relative
atrix effect for sirolimus and tacrolimus. The overall recovery of

irolimus and recovery for tacrolimus (the IS) were determined and
ndicated that the current sample processing conditions supported
dequate recoveries for both the analyte and the IS.

.5. Robustness

The robustness examined whether it was valid to measure more
amples in one run. The variation in the concentration of the three
oncentrations of QC samples measured after 160 analytical sam-
les was −8.7%, −5.8%, and −3.7% of the initial low-, intermediate-,
nd high-concentration QC samples, respectively, indicating that
here was no significant reduction in the sensitivity or contam-
nation of the source after prolonged use during the analysis.
dditionally, when we observed the cone plate in the LC/MS/MS,

he surface was clean and was not obviously contaminated follow-
ng the analysis of 160 dog plasma samples.

.6. Stability

Sirolimus was stable under the handling and storage conditions
sed in the study (Tables 4 and 5). Typical processing and storage
onditions did not affect the estimation of sirolimus concentrations
n dog blood samples.
.7. Applicability to pharmacokinetic studies

The validated method was applied to the pharmacokinetic study
f sirolimus after the oral administration of Rapamune® at 3 mg/kg

Fig. 3. Temporal profile of blood concentration of sirolimus in dogs receiving an oral
administration of Rapamune® at dose of 3 mg/kg as sirolimus (mean ± S.D., n = 3).

able 3
atrix effect, recovery, and precision for sirolimus and tacrolimus (internal standard) in six different lots of dog blood (n = 3).

Nominal concentration (ng/mL) Absolute matrix effect (%) Recovery (%) Precision (CV, %)

Sirolimus IS Sirolimus IS Sirolimus IS Sirolimus/IS

Set 1 Set 2 Set 1 Set 2 Set 1 Set 2

0.6 136.0 94.4 57.8 74.3 8.8 2.9 14.5 4.0 9.1 5.7
1.6 112.9 97.7 71.0 94.2 8.9 3.4 5.5 6.3 8.4 5.3

16 116.3 97.8 48.8 57.6 9.5 9.5 5.1 4.0 5.0 9.4
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irolimus to four dogs. The temporal profile of the mean blood
oncentration of sirolimus is shown in Fig. 3. In all of the blood
amples collected up to 36 h post-dose, the sirolimus concentration
as readily measurable, indicating that our assay was adequate

or determining the pharmacokinetic characteristics of tablets con-
aining sirolimus. The Cmax, Tmax, t1/2, MRTlast, and AUC0–∞ were
6.7 ± 14.3 ng/mL, 1.8 ± 1.2 ng/mL, 21.2 ± 7.5 h, 30.8 ± 9.4 h, and
57.5 ± 309.7 ng h/mL, respectively.

. Conclusions

The method described herein for the quantification of sirolimus
n dog blood employed a slightly basic mobile phase to enhance
he peak intensity for LC–MS/MS analyses and deionized water as
he hemolytic agent. This technique was validated with regard to
electivity, linearity, accuracy, precision, dilution, recovery, matrix
ffect, robustness and the stability of the assay, and was applied
n a pharmacokinetic study in dogs. The method allows rapid and
ensitive analyses with simple sample preparation and can easily
uantify sirolimus at pharmacokinetically relevant levels. There-
ore, the present assay promises to be useful in bioequivalence
tudies that compared the efficacy of two competing or potentially
ompeting products.
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