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We developed and validated a high-performance liquid chromatography–ultraviolet (HPLC–UV) method for determining ev
oncentrations in human whole blood. Sample preparation involved a solid-phase extraction after protein precipitation. The se
verolimus from internal standard (IS) and endogenous components was achieved using an isocratic elution on an octyl column.
howed a linear relationship between peak height ratios and blood concentrations in the range of 1–200 ng/mL (r2 = 0.9997). The observe

ntra- and inter-day assay imprecision had a coefficient of variation (CV) = 12.8%, and inaccuracy was 11.4%. The method was f
recise, accurate, and sensible making it useful for routine therapeutic monitoring of everolimus.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Everolimus (Certican®, Novartis Pharmaceuticals, Basel,
witzerland) is a macrolide bearing a stable 2-hydroxyethyl
hain substitution at position 40 on the rapamycin structure,
ationally developed to improve the pharmacokinetic char-
cteristics of rapamycin and enhance its bioavailability[1].
xperimental studies[2,3] and phase II–III clinical trials

4,5] have shown that everolimus is a potent immunosup-
ressive agent, and strong correlation between drug trough
oncentration and clinical outcome has been reported[4,6,7].
verolimus is metabolized by the intestinal and hepatic cy-

ochrome P450 3A4[8], a system involved in the metabolism
f several other agents commonly used to manage trans-
lant recipients[9], underlying the possibility of many drug-
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to-drug pharmacokinetic interactions. Moreover, everoli
blood levels may be affected by hepatic insufficiency[10]
and/or ethnicity[9]. Together, these factors may contrib
to the daily exposure of patients to everolimus, ultimately
quiring proper drug dose adjustments. Therefore, therap
drug monitoring of everolimus concentrations may be cru
to select the optimal dose of everolimus allowing adeq
immunosuppression and minimizing potential drug-rel
toxicity. Different high-performance liquid chromatograp
(HPLC) assays have been reported so far for the measur
of everolimus concentrations in the whole blood[11–16]. Al-
though these methods meet the criteria for validated ana
of immunosuppressive drugs, they require mass spectr
ric detection, which is not always available in clinical la
ratories. Since everolimus is now entering in routine clin
practice medicine, we aimed to set up a simple HPLC me
with ultraviolet (UV) detection that was precise and accu
at low concentrations and capable at high throughput.

570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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study describes the chromatographic conditions as well as
sample extraction and complete validation of the proposed
method.

2. Experimental

2.1. Materials

Everolimus (purity 97%) was generously provided by No-
vartis Pharma (Basel, Switzerland) and the internal standard
(IS; 32-O-desmethoxyrapamycin)(purity 97%) by Wyeth-
Ayerst Research Laboratories (Princeton, NJ) (Fig. 1). Stock
solutions containing 50 and 100�g/mL for everolimus and
IS, respectively, were appropriately prepared in methanol.
Everolimus working solutions of 100, 500, and 2000 ng/mL
were prepared for dilution with methanol/water (50:50) and
for IS a working solution of 1000 ng/mL was prepared with
methanol. All the solutions were stored at−20◦C. Stock
solutions were stable for at least 12 months and working so-
lutions for at least 1 month. Acetonitrile, methanol, heptane
(BDH, Milan, Italy), acetone and hexane (Fluka, Milan, Italy)
were all HPLC grade. Zinc sulfate heptahydrate, analytical
grade, was purchased from Fluka and a 5% solution was pre-
pared in distilled water (2.8% in ZnSO4). All other chemi-
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set at 4◦C and an UV detector (model 166, Beckman) set
at 278 nm. The mobile phase consisted of 56% acetonitrile
in water and was delivered at a flow rate of 1 mL/min. Data
were collected and processed using a 32 Karat software for
HPLC system (Beckman).

2.3. Calibration curve and quality control samples

Calibrator samples were prepared mixing appropriate vol-
umes of everolimus from stock working solutions to EDTA
anticoagulated human whole blood from healthy volunteers
to achieve different concentrations from 1 to 80 ng/mL.

Quality control (QC) samples were prepared spiking
known volumes of everolimus from stocked working solu-
tions to drug-free human whole blood to obtain five con-
centrations at the lower limit of quantification (1 ng/mL),
within the linear range at low (1.3 ng/mL), medium (3 and
25 ng/mL), high levels (70 ng/mL) and at the upper limit of
quantification (200 ng/mL) for everolimus. The QC samples
were stored frozen at−20◦C until analysis.

2.4. Sample preparation

Blood samples were collected in EDTA tubes and stored
at −20◦C. One milliliter volume of whole-blood sample
w s and
a es
w ion
w pre-
c 60 s
a e.
T ylene
t onto
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als were analytical grade quality. Deionized water use
ll aqueous solutions was obtained from a Milli-Q water
ification system (Millipore, Milan, Italy).

.2. HPLC–UV apparatus and conditions

The HPLC system consisted of an analytical column
rasphere C8 with 3�m beads; 75 mm× 4.6 mm, Beckman
ullerton, CA) heated at 60◦C by a Croco-cil oven (Beck
an) equipped with an autosampler (model 508, Beckm

Fig. 1. Chemical structure of everolimus (40-O-(2-hydro
 l)rapamycin) (A) and of 32-O-desmethoxyrapamycin (B).

as pipetted into labeled disposable polypropylene tube
dded with 50�L of IS solution (1000 ng/mL). The tub
ere vortex-mixed for 40 s; 1.5 mL of zinc sulfate solut
as first added followed by 1.5 mL acetone for protein
ipitation. The tubes were vortex-mixed for further 50–
nd centrifuged at 3000×g for 10 min at room temperatur
he clear supernatant was poured into another polyprop

ube, added with 2 mL distilled water, mixed and loaded
preconditioned (3 mL acetonitrile and 1 mL distilled w

er) Bond-Elut cartridge (C18, 200 mg, 3 mL, Varian, Lèı,
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Italy), on a Vac Elut 20 Manifold (Varian). The Bond-Elut car-
tridges were washed with 3 mL of a solution methanol/water
(30:70). In each step, the solvent was allowed to drip out from
the cartridge. One milliliter of hexane was then added and the
column was allowed to go dry under vacuum. Everolimus and
IS were eluted in polypropylene tubes with 1 mL acetonitrile.
In all steps, the flow rate did not exceed 1 mL/min. The elu-
ate was taken to dryness either under a gentle nitrogen stream
in a water bath at 37◦C or in a model RC 10.09 centrifugal
evaporator (Jouan, Saint-Herblain, France), the residue was
dissolved in 150�L of the mobile phase, and then 1 mL of
heptane was added to each tube. The tubes were vortex-mixed
for 3 min, centrifuged at 3000×g for 10 min; the heptane
layer was removed from each sample and discarded. The ex-
tracts were transferred to polypropylene vials, capped and
placed on the HPLC autosampler, and 90�L were injected.

2.5. Method validation

Assay performance was determined in accordance with
the FDA Guidance for Bioanalytical Methods Validation for
Human Studies[17].

2.5.1. Specificity
The specificity of the method was evaluated as lack of
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sayed in five separate analytical runs. According to the guide-
lines for bioanalytical methods published by FDA[17], the
assay was considered acceptable if imprecision at each con-
centration was less than 15% for both within- and between-
day variability. The inaccuracy should be between±15%
[17].

2.5.4. Lower limit of quantification
The lowest identifiable discrete and reproducible concen-

tration that showed an imprecision of 20% and accuracy of
80–120%[17] was accepted as lower limit of quantitation
(LOQ).

2.5.5. Recovery
To determine the extraction efficiency, the peak height ra-

tios of spiked blood samples were compared to those obtained
from direct injections of the same amount of everolimus and
IS. The assay was accepted if recovery exceeded 60%[17].

2.5.6. Dilution integrity
To establish dilution stability, blood samples at concentra-

tions of 100 ng/mL were diluted two-fold (500 + 500�L) and
200 ng/mL were diluted two-fold (500 + 500�L) and five-
fold (200 + 800�L) using everolimus free blood. Deviation
from the nominal value was determined on three replicates.
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atrix interference by analysis of human drug-free wh
lood samples from different volunteers (n= 15). To investi
ate potential endogenous interference, blank samples
piked with high concentrations of the most common
unosuppressive agents (including cyclosporine, myco
olate mofetil, mycophenolate sodium, steroids, tacrolim
nd azathioprine) and analyzed.

In addition, to test potential concomitant medication
enobiotic interference, blood from different transplant
ients (n= 30) on immunosuppressive therapy and most c
on antifungal, antihypertensive and hypolipidemic ag
ere analyzed.

.5.2. Linearity
The linearity of the method was tested by constructi

tandard curve from 1 to 200 ng/mL of everolimus, plot
he peak height ratios of the drug to IS versus the nominal
oncentration, and applying a linear least squares regre
nalysis without weighing. The method was considered li

f the coefficient of regression (r2) calculated as mean of 1
urves was equal or better than 0.99[17].

The calibration curve for estimating everolimus conc
rations in unknown samples consisted of seven everol
oncentrations (1, 2.5, 5, 10, 20, 40, and 80 ng/mL), and
repared in every analysis.

.5.3. Inaccuracy and imprecision
The within- and between-day coefficient of variation (C

nd the inaccuracy of the method were assessed by ca
ng daily and overall CVs and bias values for QC (five re
ates at each concentration per analytical run) that wer
.5.7. Stability studies
Long-term stability of standard working solutions, resp

ively, at 500 and 2000 ng/mL was evaluated at two tem
tures (4 and−20◦C) and over 28 days.

Freeze–thaw, short-term and long-term and autosam
tability of everolimus in the matrix was evaluated at
oncentrations (3 and 70 ng/mL).

Analyte stability was determined after three freeze–t
ycles. Six aliquots each at two concentrations were prep
hree aliquots were analyzed promptly prepared, the

hree were stored at−20◦C thawed at room temperature a
efrozen under the same conditions. The cycle was rep
or two more times and analyzed on the third cycle. C
arison between mean results was performed calculatin
ercentage difference.

Short-term stability of the analyte, simulating work be
onditions, was evaluated on six aliquots, each at two
entrations stored at−20◦C. Three aliquots were thawed
oom temperature over a time period of 15 h. After 15 h
ther three aliquots were thawed and both sets were extr
nd processed. Means of the response were compare
ercentage difference calculated.

Long-term stability has been established storing
liquots of two concentrations at−20◦C and measuring th
oncentration over a period of 28 days. Mean concentra
btained have been compared to the mean of back-calcu
alues for the standards at the same concentrations fro
rst day of long-term stability.

Stability of everolimus and the internal standard in
utosampler was evaluated for 24 h. Ten sets of quality co
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were extract and placed in the autosampler at 4◦C. Five sets
of samples were analyzed immediately, the other five sets
24 h later.

3. Results

Under the given conditions, everolimus and IS eluted at
retention times of 9 and 10.4 min, respectively, and the total
analysis time required was 13 min per sample. Peaks were
well resolved, symmetrical and relatively sharp with compa-
rable profiles.

Representative chromatograms of extracts from human
drug-free whole-blood samples, a control human whole-
blood sample spiked with known amount of everolimus (1 and
2.5 ng/mL), and a sample from a patient receiving everolimus
as part of his immunosuppressive therapy (9.4 ng/mL) are
shown inFig. 2A–C, respectively. No detectable interfer-
ing peak was found with retention times close to those of
everolimus and IS due to the matrix in the extracts from hu-
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man drug-free whole-blood samples (Fig. 2A). Similarly, no
interferences were detected due to concomitant medications
in sample spiked with different amount of most common im-
munosuppressive agents (including cyclosporine, mycophe-
nolate mofetil, mycophenolate sodium, steroids, tacrolimus,
and azathioprine) or in blood samples from transplant pa-
tients on therapy with immunosuppressive agents and the
most common antifungal, antihypertensive and lipid lower-
ing medications.

A sharp peak at the retention time of 11 min occurred in all
chromatograms. By comparison of chromatograms obtained
from extracts with chromatograms of samples of IS at differ-
ent concentration, the peak was found to be the isomer of the
IS. This was confirmed by the fact that IS is commercialized
as an isomeric mixture of two isomers B and C[18]. The peak
was well separated and did not affect the performance of the
method.

A linear equation was judged to produce the best fit
for concentration/response relationship in the range of
everolimus concentrations of 1–200 ng/mL with an accept-
able coefficient of regression (r2 = 0.9997,n= 10). The lower
limit of quantitation was established at 1 ng/mL with a within-
day CV and inaccuracy of 10.7 and−10.6%, respectively, and
a between-day CV and inaccuracy of 14.5 and 10%.

The within- and between-day inaccuracy of quality con-
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ig. 2. HPLC chromatograms of extracts from control human whole blood
A), control human whole blood spiked with 1 and 2.5 ng/mL everolimus
B), and whole blood from a patient receiving everolimus (C, everolimus
oncentration, 9.4 ng/mL): (1) everolimus; (2) IS.
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a 24 h
rol samples were 0.3–11.4 and 0.8–7.6%, respectively
he within- and between-day imprecision CVs 3.9–12.8
.4–9.8%, respectively (Table 1).

Mean drug recoveries, calculated by comparing the
eight ratios of extracted blood samples with those

ained from unextracted calibrators with the same am
f everolimus were 76± 8% for everolimus and 65± 5% for

S.
Dilution stability of 100 ng/mL sample concentrati

ased on a two-fold dilution showed an inaccuracy
7.5± 4.5% (mean± S.D.), while those of 200 ng/mL co

entration based on a two- or five-fold dilution revealed
naccuracy of−6.8± 2.7 and−1.4± 8.3%, respectively.

Stock solution of everolimus in MeOH/H2O (1:1) can
ot be stored at a temperature of 4◦C. Indeed, after 7 day

he concentration of the 500 ng/mL everolimus solution
reased of 13.6% and the concentration of the 2000 n
olution increased of 13.3%. In contrast, a temperatu
20◦C was found to be more effective, as variation

oncentrations over 28 days was limited (+6.01% on
00 ng/mL solution and +4.0% on the 2000 ng/mL soluti

There was no significant loss in everolimus concen
ions (Table 2), as shown by percentage difference conce
ion values obtained during stability tests on blood sam
reeze–thaw stability after three cycles, short-term stab
fter 15 h at room temperature and long-term stability
1 days below−20◦C.

Stability of everolimus and internal standard in po
xtracted samples was tested using 10 sets of quality
rols (at 3 and 70 ng/mL) placed in the autosampler at◦C
nd analyzed immediately (first 5 sets of samples) or
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Table 1
Performance of the HPLC method for the determination of everolimus (RAD) concentration in whole blood

Spiked RAD concentration

1 ng/mL 1.5 ng/mL 3 ng/mL 25 ng/mL 70 ng/mL 200 ng/mL

Within-day assay
Mean± S.D. (ng/mL) 0.9± 0.1 1.6± 0.2 3.0± 0.1 25.2± 1.1 67.8± 2.7 219± 25
Imprecision (CV%) 10.7 12.8 5.0 4.5 3.9 11.6
Inaccuracy (%) −10.6 7.1 −0.3 0.9 −3.1 9.6

Between-day assay
Mean± S.D. (ng/mL) 1.1± 0.2 1.6± 0.1 2.9± 0.1 23.6± 2.3 69.5± 4.0 206± 14
Imprecision (CV%) 14.5 7.3 2.4 9.8 5.7 7.0
Inaccuracy (%) 10.0 3.5 −2.8 −5.7 −0.8 3.0

Table 2
Stability data of everolimus (RAD) concentrations in whole blood during
validation

Parameter Results (%)

3 ng/mL 70 ng/mL

Long-term stock solution (28 days at−20◦C) +4.0 +6.1
Freeze–thaw (three cycles) −3.1 +3.1
Short-term blood samples

(15 h at room temperature)
+9.8 +3.9

Long-term blood sample (28 days at−20◦C) +3.4 +4.6

after sample extraction (last 5 sets of samples). The mean
observed difference between the samples was below 5% for
both concentrations (2.2% at 3 ng/mL and 1.8% at 70 ng/mL).

Moreover, the suitability of the proposed HPLC method
was tested by measuring everolimus pharmacokinetic pro-
files in whole-blood samples from heart transplant recipients
given everolimus as a part of their triple immunosuppressive
therapy, including cyclosporine and steroids[19]. A represen-
tative blood concentration versus time profile obtained fol-
lowing oral administration of everolimus (1.5 mg) is shown
in Fig. 3.

F llow-
i tient.

4. Discussion

The assay described herein is a modification of a previ-
ous HPLC method with ultraviolet detection we developed
for the measurement of whole blood rapamycin levels[20].
The method is currently used in our laboratory for routine
drug analysis and its ongoing proficiency is tested by a ref-
erence laboratory in UK every month[21]. In that case, the
lower limit of quantification was 2.5 ng/mL, a suitable value
to detect accurately the expected rapamycin concentration in
transplant patients[22].

Because of close structural formula, the rapamycin ana-
logue everolimus and the parent compound present similar
chemical and physical properties and consequently a com-
parable ultraviolet (UV) spectrum (with an absorption maxi-
mum at a wavelength of 278 nm due to the triene group in the
molecule), high distribution in red blood cells, as well as sim-
ilar biological activity and metabolism. For these reasons, the
above-mentioned method was firstly applied for everolimus
too. The new drug showed retention time and peak heights
close to those previously observed with the parent compound.
Recently, however, it has been shown that everolimus is ef-
fective as immunosuppressant at lower blood concentrations
than rapamycin[1], with a proposed therapeutic range of
3–15 ng/mL, instead of 5–15 ng/mL recommended for ra-
p on-
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ig. 3. Representative blood concentration vs. time profile obtained fo
ng oral administration of everolimus (1.5 mg) in a heart transplant pa
amycin. This implies that the minimum therapeutic c
entration suggested for everolimus (3 ng/mL), is too c
o the lower limit of quantification (2.5 ng/mL) we achiev
ith the previous HPLC method suitable for rapamycin m

toring, therefore the procedure set up for rapamycin a
annot be directly transferred to everolimus measureme

To get round this shortcoming, some steps of our o
nally described HPLC method were modified conside
he polarity introduced with the new functional group[20].
n particular, the volume used for elution of the interfere
oubled and a final additional step of purification was in
uced with the aim to increase the sensitivity of the me
nd make it suitable to adequately measure everolimus

evels. Also the chromatographic conditions were revie
n order to improve peak shape and to obtain chromatog
n which everolimus peak could be unequivocally detect
nd quantifiable.
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Moreover, the temperature was increased for shorten-
ing the retention time of everolimus, thus reducing time
analysis and facilitate obtaining narrow and Gaussian-
shaped peaks. A temperature of 60◦C was found to be
the most efficient without lowering the column perfor-
mance. In addition, different mobile phases were studied
in order to achieve adequate separation of peaks and the
best results were obtained with a binary mobile phase.
In these conditions, heights of the peaks were increased,
allowing for a limit of quantitation of everolimus of
1 ng/mL, about three times lower than that achieved with
rapamycin.

Although lower LOQ have been reported using
HPLC–MS[11–16], these methods are limited by expenses
and often required technical expertise, eventually restrict-
ing their use to very few clinical laboratories. The simple
HPLC method with UV detection we described, is suitable
to assess quantitative determination of everolimus levels in
whole blood even at very low concentrations. At the upper
limit of quantification, set at 200 ng/mL, we observed a slight
decrease in the within-day performance of the method. It
should be mentioned, however, that this value greatly ex-
ceeds everolimus concentrations found in different pharma-
cokinetic studies[9,23].

Furthermore, this assay complies with proposed FDA
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immunosuppressant, even in particularly not well-equipped
institutions.
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