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Abstract

We developed and validated a high-performance liquid chromatography—ultraviolet (HPLC-UV) method for determining everolimus
concentrations in human whole blood. Sample preparation involved a solid-phase extraction after protein precipitation. The separation of
everolimus from internal standard (IS) and endogenous components was achieved using an isocratic elution on an octyl column. The method
showed a linear relationship between peak height ratios and blood concentrations in the range of 1-20 rgitBR47). The observed
intra- and inter-day assay imprecision had a coefficient of variation (CV) =12.8%, and inaccuracy was 11.4%. The method was found to be
precise, accurate, and sensible making it useful for routine therapeutic monitoring of everolimus.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to-drug pharmacokinetic interactions. Moreover, everolimus
blood levels may be affected by hepatic insufficiefit@]
Everolimus (Certicafi, Novartis Pharmaceuticals, Basel, and/or ethnicity{9]. Together, these factors may contribute
Switzerland) is a macrolide bearing a stable 2-hydroxyethyl to the daily exposure of patients to everolimus, ultimately re-
chain substitution at position 40 on the rapamycin structure, quiring proper drug dose adjustments. Therefore, therapeutic
rationally developed to improve the pharmacokinetic char- drug monitoring of everolimus concentrations may be crucial
acteristics of rapamycin and enhance its bioavailabjlify to select the optimal dose of everolimus allowing adequate
Experimental studie§2,3] and phase II-lll clinical trials immunosuppression and minimizing potential drug-related
[4,5] have shown that everolimus is a potent immunosup- toxicity. Different high-performance liquid chromatography
pressive agent, and strong correlation between drug trough(HPLC) assays have been reported so far for the measurement
concentration and clinical outcome has been repd4t&d7]. of everolimus concentrations in the whole bldad—16] Al-
Everolimus is metabolized by the intestinal and hepatic cy- though these methods meet the criteria for validated analysis
tochrome P450 3AB], a system involved in the metabolism  of immunosuppressive drugs, they require mass spectromet-
of several other agents commonly used to manage trans-ic detection, which is not always available in clinical labo-
plant recipient$9], underlying the possibility of many drug-  ratories. Since everolimus is now entering in routine clinical
practice medicine, we aimed to set up a simple HPLC method
with ultraviolet (UV) detection that was precise and accurate
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study describes the chromatographic conditions as well asset at #C and an UV detector (model 166, Beckman) set
sample extraction and complete validation of the proposed at 278 nm. The mobile phase consisted of 56% acetonitrile
method. 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. Experimental
2.3. Calibration curve and quality control samples
2.1. Materials
Calibrator samples were prepared mixing appropriate vol-
Everolimus (purity 97%) was generously provided by No- umes of everolimus from stock working solutions to EDTA
vartis Pharma (Basel, Switzerland) and the internal standardanticoagulated human whole blood from healthy volunteers
(IS; 32-O-desmethoxyrapamycin(purity 97%) by Wyeth- to achieve different concentrations from 1 to 80 ng/mL.
Ayerst Research Laboratories (Princeton, Nk (1). Stock Quality control (QC) samples were prepared spiking
solutions containing 50 and 1@@/mL for everolimus and  known volumes of everolimus from stocked working solu-
IS, respectively, were appropriately prepared in methanol. tions to drug-free human whole blood to obtain five con-
Everolimus working solutions of 100, 500, and 2000 ng/mL centrations at the lower limit of quantification (1 ng/mL),
were prepared for dilution with methanol/water (50:50) and within the linear range at low (1.3 ng/mL), medium (3 and
for IS a working solution of 1000 ng/mL was prepared with 25 ng/mL), high levels (70 ng/mL) and at the upper limit of
methanol. All the solutions were stored aR0°C. Stock guantification (200 ng/mL) for everolimus. The QC samples
solutions were stable for at least 12 months and working so- were stored frozen at20°C until analysis.
lutions for at least 1 month. Acetonitrile, methanol, heptane
(BDH, Milan, Italy), acetone and hexane (Fluka, Milan, ltaly) 2.4. Sample preparation
were all HPLC grade. Zinc sulfate heptahydrate, analytical
grade, was purchased from Fluka and a 5% solution was pre- Blood samples were collected in EDTA tubes and stored
pared in distilled water (2.8% in ZnSQ All other chemi- at —20°C. One milliliter volume of whole-blood sample
cals were analytical grade quality. Deionized water used in was pipetted into labeled disposable polypropylene tubes and
all agueous solutions was obtained from a Milli-Q water pu- added with 5Q.L of IS solution (1000 ng/mL). The tubes

rification system (Millipore, Milan, Italy). were vortex-mixed for 40s; 1.5mL of zinc sulfate solution
was first added followed by 1.5 mL acetone for protein pre-
2.2. HPLC-UV apparatus and conditions cipitation. The tubes were vortex-mixed for further 50-60 s

and centrifuged at 3000 g for 10 min at room temperature.
The HPLC system consisted of an analytical column (Ul- The clear supernatant was poured into another polypropylene
trasphere C8 with @m beads; 75 mmx 4.6 mm, Beckman, tube, added with 2 mL distilled water, mixed and loaded onto
Fullerton, CA) heated at 6@ by a Croco-cil oven (Beck- a preconditioned (3mL acetonitrile and 1 mL distilled wa-
man) equipped with an autosampler (model 508, Beckman)ter) Bond-Elut cartridge (C18, 200 mg, 3 mL, Varian, Ligin

(A) B)

Fig. 1. Chemical structure of everolimus (@¢2-hydroxyethyl)rapamycin) (A) and of 3@-desmethoxyrapamycin (B).
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Italy), on a Vac Elut 20 Manifold (Varian). The Bond-Elutcar- sayed in five separate analytical runs. According to the guide-
tridges were washed with 3 mL of a solution methanol/water lines for bioanalytical methods published by FIPE/], the
(30:70). In each step, the solvent was allowed to drip out from assay was considered acceptable if imprecision at each con-
the cartridge. One milliliter of hexane was then added and the centration was less than 15% for both within- and between-
columnwas allowed to go dry under vacuum. Everolimus and day variability. The inaccuracy should be betweeh5%

IS were eluted in polypropylene tubes with 1 mL acetonitrile. [17].

In all steps, the flow rate did not exceed 1 mL/min. The elu-

ate was taken to dryness either under a gentle nitrogen strean2.5.4. Lower limit of quantification

in a water bath at 37C or in a model RC 10.09 centrifugal The lowest identifiable discrete and reproducible concen-
evaporator (Jouan, Saint-Herblain, France), the residue wagration that showed an imprecision of 20% and accuracy of
dissolved in 15@.L of the mobile phase, and then 1 mL of 80-120%[17] was accepted as lower limit of quantitation
heptane was added to each tube. The tubes were vortex-mixedLOQ).

for 3min, centrifuged at 3008 g for 10 min; the heptane

layer was removed from each sample and discarded. The ex2.5.5. Recovery

tracts were transferred to polypropylene vials, capped and To determine the extraction efficiency, the peak height ra-

placed on the HPLC autosampler, andd0were injected. tios of spiked blood samples were compared to those obtained
from direct injections of the same amount of everolimus and
2.5. Method validation IS. The assay was accepted if recovery exceeded[&@%o

Assay performance was determined in accordance with2.5.6. Dilution integrity
the FDA Guidance for Bioanalytical Methods Validation for To establish dilution stability, blood samples at concentra-

Human Studie§l7]. tions of 100 ng/mL were diluted two-fold (500 + 5pQ.) and
200 ng/mL were diluted two-fold (500 +5QQ_) and five-
2.5.1. Specificity fold (200 +80QuL) using everolimus free blood. Deviation

The specificity of the method was evaluated as lack of from the nominal value was determined on three replicates.
matrix interference by analysis of human drug-free whole-
blood samples from different volunteers{15). To investi- 2.5.7. Stability studies
gate potential endogenous interference, blank samples were Long-term stability of standard working solutions, respec-
spiked with high concentrations of the most common im- tively, at 500 and 2000 ng/mL was evaluated at two temper-
munosuppressive agents (including cyclosporine, mycophe-atures (4 and-20°C) and over 28 days.
nolate mofetil, mycophenolate sodium, steroids, tacrolimus, Freeze—thaw, short-term and long-term and autosampler
and azathioprine) and analyzed. stability of everolimus in the matrix was evaluated at two
In addition, to test potential concomitant medication or concentrations (3 and 70 ng/mL).
xenobiotic interference, blood from different transplant pa-  Analyte stability was determined after three freeze—thaw
tients f1=30) on immunosuppressive therapy and most com- cycles. Six aliquots each attwo concentrations were prepared.
mon antifungal, antihypertensive and hypolipidemic agents Three aliquots were analyzed promptly prepared, the other

were analyzed. three were stored at20°C thawed at room temperature and
refrozen under the same conditions. The cycle was repeated
2.5.2. Linearity for two more times and analyzed on the third cycle. Com-

The linearity of the method was tested by constructing a parison between mean results was performed calculating the
standard curve from 1 to 200 ng/mL of everolimus, plotting percentage difference.
the peak heightratios ofthe drugto IS versus the nominaldrug  Short-term stability of the analyte, simulating work bench
concentration, and applying a linear least squares regressiorconditions, was evaluated on six aliquots, each at two con-
analysis without weighing. The method was considered linear centrations stored at20°C. Three aliquots were thawed at
if the coefficient of regressionq) calculated as mean of 10  room temperature over a time period of 15 h. After 15 h, the
curves was equal or better than 0[29]. other three aliquots were thawed and both sets were extracted
The calibration curve for estimating everolimus concen- and processed. Means of the response were compared and
trations in unknown samples consisted of seven everolimuspercentage difference calculated.
concentrations (1, 2.5, 5, 10, 20, 40, and 80 ng/mL), and was Long-term stability has been established storing 18

prepared in every analysis. aliquots of two concentrations at20°C and measuring the
concentration over a period of 28 days. Mean concentrations
2.5.3. Inaccuracy and imprecision obtained have been compared to the mean of back-calculated

The within- and between-day coefficient of variation (CV) values for the standards at the same concentrations from the
and the inaccuracy of the method were assessed by calculatfirst day of long-term stability.
ing daily and overall CVs and bias values for QC (five repli- Stability of everolimus and the internal standard in the
cates at each concentration per analytical run) that were as-autosamplerwas evaluated for 24 h. Ten sets of quality control
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were extract and placed in the autosampler& 4Five sets man drug-free whole-blood sampldsd. 2A). Similarly, no
of samples were analyzed immediately, the other five setsinterferences were detected due to concomitant medications

24 h later. in sample spiked with different amount of most common im-
munosuppressive agents (including cyclosporine, mycophe-
nolate mofetil, mycophenolate sodium, steroids, tacrolimus,

3. Results and azathioprine) or in blood samples from transplant pa-

tients on therapy with immunosuppressive agents and the

Under the given conditions, everolimus and IS eluted at most common antifungal, antihypertensive and lipid lower-
retention times of 9 and 10.4 min, respectively, and the total ing medications.
analysis time required was 13 min per sample. Peaks were Asharp peak at the retention time of 11 min occurred in all
well resolved, symmetrical and relatively sharp with compa- chromatograms. By comparison of chromatograms obtained
rable profiles. from extracts with chromatograms of samples of IS at differ-

Representative chromatograms of extracts from humanent concentration, the peak was found to be the isomer of the
drug-free whole-blood samples, a control human whole- IS. This was confirmed by the fact that IS is commercialized
blood sample spiked with known amount of everolimus (1 and as an isomeric mixture of two isomers B anfll8]. The peak
2.5 ng/mL), and a sample from a patient receiving everolimus was well separated and did not affect the performance of the
as part of his immunosuppressive therapy (9.4 ng/mL) are method.
shown inFig. 2A—C, respectively. No detectable interfer- A linear equation was judged to produce the best fit
ing peak was found with retention times close to those of for concentration/response relationship in the range of
everolimus and IS due to the matrix in the extracts from hu- everolimus concentrations of 1-200 ng/mL with an accept-
able coefficient of regressior?(= 0.9997 n = 10). The lower
limit of quantitation was established at 1 ng/mL with a within-
day CV andinaccuracy of 10.7 ard 0.6%, respectively, and
a between-day CV and inaccuracy of 14.5 and 10%.

The within- and between-day inaccuracy of quality con-
trol samples were 0.3-11.4 and 0.8-7.6%, respectively; and
the within- and between-day imprecision CVs 3.9-12.8 and
2.4-9.8%, respectivelyrable ).

7 Mean drug recoveries, calculated by comparing the peak
height ratios of extracted blood samples with those ob-
tained from unextracted calibrators with the same amount
of everolimus were 76 8% for everolimus and 6% 5% for

IS.

Dilution stability of 100ng/mL sample concentration
based on a two-fold dilution showed an inaccuracy of
—7.5+4.5% (meant S.D.), while those of 200 ng/mL con-
centration based on a two- or five-fold dilution revealed an
inaccuracy of-6.8+ 2.7 and—1.44+ 8.3%, respectively.

Stock solution of everolimus in MeOHA® (1:1) can-
not be stored at a temperature ofGl Indeed, after 7 days,
the concentration of the 500 ng/mL everolimus solution in-
creased of 13.6% and the concentration of the 2000 ng/mL
solution increased of 13.3%. In contrast, a temperature of
—20°C was found to be more effective, as variation in
concentrations over 28 days was limited (+6.01% on the
1 500 ng/mL solution and +4.0% on the 2000 ng/mL solution).
i There was no significant loss in everolimus concentra-

tions (Table 2, as shown by percentage difference concentra-
tion values obtained during stability tests on blood samples,
freeze—thaw stability after three cycles, short-term stability
after 15 h at room temperature and long-term stability after
31 days below-20°C.
Stability of everolimus and internal standard in post-
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Fig. 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
concentration, 9.4 ng/mL): (1) everolimus; (2) IS.

extracted samples was tested using 10 sets of quality con-
trols (at 3 and 70ng/mL) placed in the autosampler &t 4
and analyzed immediately (first 5 sets of samples) or 24 h
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Table 1
Performance of the HPLC method for the determination of everolimus (RAD) concentration in whole blood

Spiked RAD concentration

1ng/mL 1.5ng/mL 3ng/mL 25ng/mL 70ng/mL 200 ng/mL
Within-day assay
Meanz S.D. (ng/mL) 0.9+ 0.1 1.6+ 0.2 3.0+ 0.1 252+ 1.1 67.8+ 2.7 219+ 25
Imprecision (CV%) 107 128 5.0 45 39 116
Inaccuracy (%) -106 7.1 -0.3 0.9 -31 9.6
Between-day assay
Meanz S.D. (ng/mL) 1.1+ 0.2 1.6+ 0.1 29+ 0.1 23.6+ 2.3 69.5+ 4.0 206+ 14
Imprecision (CV%) 146 7.3 24 9.8 5.7 7.0
Inaccuracy (%) 10 35 —-2.8 -5.7 -0.8 30
Table 2 4. Discussion
Stability data of everolimus (RAD) concentrations in whole blood during
lidati . . I .
validation The assay described herein is a modification of a previ-
Parameter Results (%) ous HPLC method with ultraviolet detection we developed
3ng/mL  70ng/mL for the measurement of whole blood rapamycin ley26.
Long-term stock solution (28 days a20°C) +4.0 +6.1 The method is currently used in our laboratory for routine
Freeze-thaw (three cycles) -3.1 +31 drug analysis and its ongoing proficiency is tested by a ref-
Short-term blood samples +9.8 +39 erence laboratory in UK every monf1]. In that case, the

(15 h at room temperature)

Long term blood sample (28 days a20°C) 134 46 lower limit of quantification was 2.5 ng/mL, a suitable value

to detect accurately the expected rapamycin concentration in
transplant patient2].

Because of close structural formula, the rapamycin ana-
logue everolimus and the parent compound present similar

after sample extraction (last 5 sets of samples). The mean . X .
observed difference between the samples was below 5% forchemical and physical properties and consequently a com-

both concentrations (2.2% at 3 ng/mL and 1.8% at 70 ng/mL). parable ultraviolet (UV) spectrum (with an absorption maxi-
Moreover, the suitability of the proposed HPLC method mum at awa_velerjgth Of_278 hm due to the triene group m_the
was tested by measuring everolimus pharmacokinetic prO__mole_cule)_, high d_|s_tr|but|0n inred plood cells, as well as sim-
files in whole-blood samples from heart transplant recipients 1" biological activity and metabolism. For these reasons, the
given everolimus as a part of their triple immunosuppressive 220ve-mentioned method was firstly applied for everolimus
therapy, including cyclosporine and sterdfiti3]. A represen- too. The new drug_ showed retention time and peak heights
tative blood concentration versus time profile obtained fol- ¢/0S€ to those previously observed with the parent compound.

lowing oral administration of everolimus (1.5 mg) is shown Rec_ently, _however, it has been shown that everolimus IS ef-
in Fig. 3. fective as immunosuppressant at lower blood concentrations

than rapamycir[1], with a proposed therapeutic range of

3-15ng/mL, instead of 5-15ng/mL recommended for ra-
pamycin. This implies that the minimum therapeutic con-
centration suggested for everolimus (3 ng/mL), is too close

25 to the lower limit of quantification (2.5 ng/mL) we achieved

with the previous HPLC method suitable for rapamycin mon-

20 itoring, therefore the procedure set up for rapamycin assay

cannot be directly transferred to everolimus measurement.

13 To get round this shortcoming, some steps of our orig-
inally described HPLC method were modified considering
the polarity introduced with the new functional gro[gD].

In particular, the volume used for elution of the interference
doubled and a final additional step of purification was intro-
duced with the aim to increase the sensitivity of the method

. . w . w - and make it suitable to adequately measure everolimus blood

’ levels. Also the chromatographic conditions were reviewed
in order to improve peak shape and to obtain chromatograms

Fig. 3. Representative blood concentration vs. time profile obtained follow- IN Which everolimus peak could be unequivocally detectable

ing oral administration of everolimus (1.5 mg) in a heart transplant patient. and quantifiable.

Everolimus conc (ng/mL)

wn

Time (hour)
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Moreover, the temperature was increased for shorten-immunosuppressant, even in particularly not well-equipped
ing the retention time of everolimus, thus reducing time institutions.
analysis and facilitate obtaining narrow and Gaussian-
shaped peaks. A temperature of °@€D was found to be
the most efficient without lowering the column perfor-
mance. In addition, different mobile phases were studied Acknowledgments
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