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A sensitive and accurate liquid chromatography–tandem mass spectrometric (LC–MS/MS) method for the intracellular determina
ntiretroviral drugs in human peripheral blood mononuclear cells (PBMCs) is proposed. PBMCs are isolated by density gradient cen
sing VacutainerTM CPT tubes and cell count is performed with a Coulter® instrument. Single-step extraction of drugs from PBMCs pe

s performed with MeOH 50% (with clozapine added as internal standard, I.S.) and the supernatant is injected onto a 2.1 mm× 30 mm
ymmetryShieldTM 3.5�m-RP18 column equipped with a 2.1× 10 mm guard column. Chromatographic separations are performed u
radient program with a mixture of 2 mM ammonium acetate containing 0.1% formic acid and acetonitrile with 0.1% formic acid.
uantification is performed by electro-spray ionisation–triple quadrupole mass spectrometry using the selected reaction monito
etection mode. The positive mode is used for the HIV protease inhibitors (PIs) indinavir, amprenavir, saquinavir, ritonavir, nelfinavir,r,
tazanavir and the non-nucleoside reverse transcriptase inhibitors (NNRTIs) nevirapine, and the negative mode is applied for efa
alibration curves are prepared using blank PBMCs spiked with antiretroviral drugs at concentrations ranging from 0.5 to 100 ng
xtracts and fitted to a quadratic regression model weighted by 1/(concentration)2. The lower limit of quantification is less than 0.5 ng/
he mean extraction recovery for all PIs/NNRTIs is always above 88%. The method is precise, with mean inter-day CV% within 0.
nd accurate (range of inter-day deviation from nominal values−7.2 to +8.3%). This analytical method can be conveniently used in cl
esearch for the assessment of intracellular levels of all PIs/NNRTIs commercially available at present using a simple one-step ce
f PBMCs followed by liquid chromatography coupled with tandem triple quadripole mass detection.
2005 Elsevier B.V. All rights reserved.
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1. Introduction

Major advances have been accomplished in recent

for the treatment of human immunodeficiency virus type 1
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(HIV-1) infected patients. However, many patients exp
ence treatment failure within one year after initiation of a
tiretroviral therapy[1]. Drug resistance due to mutations
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the viral genome accounts for a large proportion of treat-
ment failures[2–4]. The emergence of genetic changes in the
genome of HIV-1 is fostered by ongoing viral replication in
the presence of sub-inhibitory concentrations of antiretroviral
drugs. Poor penetration of drugs into various profound com-
partments of the body (sanctuary sites), inadequate treatment
adherence, and variability in drug pharmacokinetics may con-
tribute to the occurrence of sub-therapeutic drug level in vivo.

Therapeutic drug monitoring (TDM) of HIV protease in-
hibitors (PIs) and non-nucleoside reverse transcriptase in-
hibitors (NNRTIs) considers the adjustment of total plasma
concentrations as a mean to optimise response to antiretro-
viral therapy[5]. However, only the fraction reaching the
intracellular compartment is reasonably expected to ex-
ert an antiviral action[6,7]. Whereas PIs and NNRTIs
(Figs. 1 and 2) are two therapeutic class of drugs showing dis-
tinct physicochemical properties, both are mostly lipophilic
in nature and are assumed to enter cells by passive diffu-
sion through the cellular phospholipidic bilayer membrane.
However, the intimate mechanisms by which antiretroviral
drugs accumulate within cells remains generally unknown.
Previous in vitro[7] and in vivo[8] studies have shown strik-
ing differences in the intracellular kinetics of PIs. Similarly,
a marked variability has been observed in their accumula-
tion in lymphoblastoid cell lines in vitro, and in peripheral
blood mononuclear cells (PBMCs) in vivo[9–11]. Moreover,
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to now only in excerpt form, as part ofMaterials and meth-
odssection[31–33], with limited information on method val-
idation procedures. An enzyme immunoassay for nevirapine
plasma and intracellular levels measurement has been pub-
lished recently[34].

In this report, we describe the development and validation
of an analytical method for the quantification in PBMCs of
nine antiretroviral drugs (indinavir, amprenavir, saquinavir,
ritonavir, nelfinavir, lopinavir, atazanavir, efavirenz, nevi-
rapine), by liquid chromatography coupled with tandem
triple quadrupoles mass spectrometry detection. This method
is characterized by a very low limit of quantification
(≤0.5 ng/ml), well below the clinically relevant range of con-
centration encountered in patients PBMCs contained in a
8 ml-blood cell preparation tube (CPT, Vacutainer®). The
stringent workup for PBMCs isolation and careful washing
is counterbalanced by a simplified extraction step. Since ex-
perience in handling PBMCs samples for intracellular drug
measurements are rather limited, special attention has been
given to describe in detail the methodology we used.

2. Experimental

2.1. Chemicals and reagents

Ritonavir (RTV), lopinavir (LPV), saquinavir (SQV),
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ated ABC (ATP binding cassette) transporters are know
ctively expel drugs out of cells, and were shown to pla

mportant role in the intracellular antiviral drugs concen
ion [12–17]. The genes coding for these transport prot
re polymorphic in humans, with consequences in ter
xpression and function, potentially influencing the intra

ular levels of antiretroviral drugs.
Thus, as intracellular concentrations of antiretrov

rugs are influenced by both their physico-chemical pro
ies and host genetic factors, an assay enabling the moni
f PIs and NNRTIs levels at the site of their pharmaco

cal action appears to be an essential tool for the ong
nvestigations aimed at preventing antiretroviral therapy
re or toxicity. Owing to its sensitivity and selectivity, li
id chromatography coupled with tandem mass spectrom
LC–MS/MS) is particularly attractive for the measurem
f intracellular analytes[18]. LC–MS/MS technology ha
een applied for measuring the active triphosphate anab
f several nucleosidic reverse transcriptase inhibitors
Is) in PBMCs[19–22]. PIs and NNRTIs are directly actin
harmacological species requiring no bioactivation but

hough several LC–MS/MS assays have been publishe
he quantitative determination of PIs in plasma[23–28], vali-
ated methods for their determination in PBMCs have ra
een described. Except two reports recently publishe
tazanavir[29] and for four PIs simultaneously measu
ith efavirenz[30], the analytical methods for the intracel

ar measurements of PIs and NNRTIs have been publish
elfinavir (NFV), amprenavir (APV), indinavir (IDV
tazanavir (ATV), efavirenz (EFV) and nevirapine (NV
Figs. 1 and 2) were kindly provided by Abbott (Baa
witzerland), Roche discovery Welwyn (Welwyn Gar
ity, UK), Agouron (La Jolla, CA, USA), Glaxo Wellcom
&D (Stevenhage, UK), Bristol Myers Squibb (Ba
witzerland), Merck Sharp Dohme Chibret (Glattbu
witzerland) and Boehringer Ingelheim (Ridgefield,
SA), respectively. Clozapine (internal standard, I.S.) s
olution (250�g/ml) in MeOH was obtained by extracti
ith MeOH of Leponex® (Novartis, Basel, Switzerlan

ablet. Solvent used for chromatography such as aceton
MeCN) and methanol (MeOH), both of LiChrosolv® grade
nd 100% formic acid were purchased from Fluka (Bu
witzerland). All other chemicals were of analytical gr
nd used as received. Ultrapure water was obtained fr
illi-Q ® UF-Plus apparatus (Millipore Corp., Burlingto
A, USA). The phosphate buffered saline (PBS) solu
sed for the preparation of PBMCs matrix was obta

rom Sigma-Aldrich (St. Louis, MO, USA) and the he
nactivated foetal bovine serum (FBS) from Invitrog
Basel, Switzerland).

Blank PBMCs used for the assessment of matrix effec
or the preparation of calibration and control samples w
solated from leucocytes collected in filters (ASAHI S
cell RZ 2000, Baxter, La Châtre, France) routinely employ

or the leukapheresis of blood donation units in the Ho
al Blood Transfusion Centre (CHUV, Lausanne, Swit
and). Isolation of PBMCs from leucocytes was carried
sing a Ficoll-Hypaque density gradient centrifugation s
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Fig. 1. Chemical structures of protease inhibitors.

tion (Biocoll Separating Solution, Seromed, Biochrom KG,
Berlin, Germany). Patient’s PBMCs were isolated using
VacutainerTM CPT tubes (Becton Dickinson VacutainerTM

System, Franklin Lakes, NJ, USA).

2.2. Equipment

The HPLC system consisted of an Agilent HP1100
binary pump equipped with an online degasser and a
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Fig. 2. Chemical structures of nonnucleoside reverse transcriptase inhi-
bitors.

100-vials autosampler (Agilent Technologies, Palo Alto,
CA, USA). Separations were done on a 2.1 mm× 30 mm
SymmetryShieldTM 3.5�m-RP18 (Waters, Milford, MA,
USA) analytical column equipped with a 2.1 mm× 10 mm
guard column containing the same packing material, and
placed in a thermostated column oven CH5-A100 (Bon Tech-
nologies SA, Lausanne, Switzerland) maintained at 30◦C.
The chromatographic system was coupled to a triple stage
quadrupole mass spectrometer (TSQ Quantum) from Thermo
Electron Corporation (San Jose, CA, USA), equipped with
an electrospray ionisation (ESI) interface and operated with
the Xcalibur 1.0.0.1 software (Thermo Electron Corporation,
San Jose, CA, USA).

Cell count was performed using a Cell-dyn® appara-
tus (Cell-dyn® 3500R, Abbott AG, Baar, Switzerland). For
the drug extraction procedure, a HS 250 control horizon-
tal shaker (IKA-Works Inc., Staufen, Germany) was set at
a rate of 300 cycles per minute. PBMCs samples were soni-
cated using an ultrasonic bath (Kleiner AG, Wohlen, Switzer-
land). An Hettich® benchtop centrifuge (Benchtop Universal
16R centrifuge, B̈ach, Switzerland) was used for centrifuga-
tion.

2.3. Solutions
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An aliquot (0.500 ml) of each stock solutions of IDV, APV,
SQV, RTV, NFV, LPV, ATV, EFV and NVP at 1 mg/ml (cal-
culated as base) in MeOH was further diluted with the CLZ
working solution in a volumetric flask (50.0 ml) for the prepa-
ration of a solution for each analyte at a concentration of
0.01 mg/ml. This solution was further diluted with the same
CLZ working solution to prepare seven different calibration
concentrations (0.5, 1.0, 5.0, 10.0, 50.0, 75.0, 100.0 ng/ml),
and three QC concentrations (2.0, 20.0, 80.0 ng/ml). The cal-
ibration standard and control solutions were stored at 4◦C in
glass flasks, with caps tightly wrapped with Parafilm®, for
no more than one month. Duplicate calibration and qual-
ity control samples were prepared prior to each series of
analyses.

2.4. LC–MS/MS conditions

The mobile phase was delivered using the following step-
wise gradient elution program: 2% of B at 0 min, 25% of B at
2 min, 100% of B at 10 min with a flow rate of 0.3 ml/min. The
second part of the run includes an intensive rinsing (100% B at
10.10 with 0.5 ml/min) and a re-equilibration step to the initial
solvent composition up to 20 min (at 15.10 with 0.4 ml/min
and at 18 min with 0.3 ml/min). The thermostated column
oven was set at 30◦C and the autosampler was maintained
at 20◦C. The mass spectometer was operated with the elec-
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.3.1. Mobile phase solutions
Solution A consisted of 2 mM ammonium acetate in bi

illated water containing 0.1% formic acid (pH 2.85). So
ion B consisted of 0.1% formic acid in MeCN. Solvents w
egularly prepared for each series of analysis and stor
he dark at +4◦C prior use.

.3.2. Internal standard, calibration standards and
uality controls (QCs) solutions

A stock solution of clozapine (CLZ) at 250�g/ml was di-
uted with MeOH/H2O 50/50 (vol/vol) to obtain a workin
olution at 2 ng/ml. This solution was used as extracting
ent (internal standard already present) as well as solve
he preparation of calibration and quality control solution
rder to have an identical amount of internal standard in
ample.
rospray ionisation source in the positive and negative m
or PIs/NVP and EFV, respectively. Samples were anal
ia selected reaction monitoring (SRM) detection mode,
loying the transition of the (M + H)+ and (M− H)− precur-
or ions to product ions, for PIs/NVP and EFV, respectiv
he selectedm/z transitions and the collision energy for ea
nalyte are reported in theTable 1. The determination of op

imal potential settings and MS/MS transitions were cho
y direct infusion into the MS/MS detector of a MeOH:H2O
0:50 solution of each drug at a concentration of 1�g/ml.
he first (Q1) and third (Q3) quadrupoles were set at 1
ass resolution (full-width half-maximum = 0.7). Scan t
nd scan width were 1 s and 0.5m/z, respectively, and eac
hromatographic peak was the result of at least 15 scans
istinct segments of data acquisition were programmed i
ositive mode: a first acquisition segment from 0 to 8.55
nd a second segment from 8.55 to 15.25 min, for the an
f NFV, IDV, SQV, NVP, CLZ, and LPV, APV, RTV, ATV
espectively.

The ionisation conditions were as follows: the ca
ary temperature was set at 350◦C. The ESI spray vol
ge was set at 4 kV, the source collision induced diss

ion (CID in source) was set at 10 V. The sheath and
liary gas (nitrogen) flow-rate was set at 60 psi and 5 (a
rary units), respectively. The tubes lens voltages range
20 to 178 V and the Q2 collision gas (argon) pressure
mTorr.
Chromatographic data acquisition, peak integration

uantification were performed using the Xcalibur LC-Q
oftware package.
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Table 1
Instrument method for the LC–MS/MS analysis for PIs and NNRTIs with clozapine as internal standard

Drug Parent (m/z) Product (m/z) CE (eV) Tube lens (V) Mean RT Segment

Clozapine (IS) 327.10 269.90 29 120 6.2 1
Indinavir 614.50 420.95 40 164 7.0
Nevirapine 267.25 226.05 35 123 7.2
Saquinavir 671.50 569.90 38 178 8.0
Nelfinavir 568.50 329.75 38 164 8.1
Atazanavir 705.30 168.10 48 146 9.1 2
Amprenavir 506.40 245.00 24 98 9.2
Ritonavir 721.40 295.95 26 123 9.7
Lopinavir 629.40 447.00 20 122 9.8
Efavirenz 314.00 243.85 18 43 9.4

CE, collision energy; mean RT, retention time; MS acquire time (min), 15.25; first segment time, 8.55 min; second segment time, 6.7 min; Q2 collision gas
pressure, 1.00 mTorr.

2.5. PBMCs isolation

2.5.1. Preparation of blank control PBMCs from healthy
blood donor

Filters containing leucocytes removed from blood dona-
tion were provided to our Laboratory shortly (within 60 min)
after blood filtration by the Hospital Blood Transfusion
Centre.

The leucocyte suspension was obtained by washing these
filters with a syringe filled with 60 ml of PBS solution con-
taining 2% FBS. In two 50 ml-Falcon® tubes containing each
15 ml of Ficoll solution equilibrated at room temperature
(RT), a 30 ml-aliquot of leucocyte suspension was added be-
ing careful not to mix the two solutions. The biphasic solution
was centrifuged 30 min at 300×g (RT), without brake. The
monocytes/lymphocytes, separated as a distinct layer at the
interface, were collected with a thin polypropylene pipette,
and pooled in a 50 ml Falcon tube. The volume was completed
to 50 ml with PBS solution and inverted gently several times,
for washing. After centrifugation (650×g, RT, 10 min) the
supernatant was discarded and the washing step was repeated
twice. The pellet was suspended and carefully homogenised
in approximately 30 ml PBS. This suspension was distributed
as 1 ml-aliquots in 1.5 ml polypropylene Eppendorf vials
(n∼ 30 vials). One aliquot was used for cell counting and
the remaining samples were centrifuged (350×g, RT, 5 min)
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dyn® instrument provides also graphical information on the
identity and percentage of respective blood cells present in
the pellet, enabling the correct separation of PBMCs to be
confirmed.

2.5.2. Collection for intracellular drug determination
Blood samples were obtained from HIV-1 infected pa-

tients from Lausanne and Berne University Hospital Centers,
during their regular medical visit, as part of a Swiss HIV
Cohort Study protocol (SHCS #383,http://www.shcs.ch) ap-
proved by the Institutional Ethics Committee. Written in-
formed consent was obtained from all patients. Samples were
immediately (within 5 min) taken to the laboratory and pro-
cessed under a Class II Biohazard Protection Hood wearing
nitrile gloves and long-sleeve lab coats. PBMCs were isolated
using VacutainerTM CPT tubes according to the manufacturer
recommended procedures[35]. The CPT tube contains cit-
rate as anticoagulant, a polyester gel layer, and a Ficoll solu-
tion enabling the direct separation of mononuclear cells from
other blood components. One tube per patient (approximately
8 ml of blood) was collected, gently inverted 8–10 times for
the careful homogenisation with the anticoagulant, and cen-
trifuged within 5 min at 1650×g for 20 min at RT, without
brake. The thin mononuclear cell layer was collected at the
interface with a pipette and transferred into a polypropylene
tube (15 ml) pre-chilled at 4◦C on an ice bath. The entire cell
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nd the supernatant discarded. The number of PBMCs in
ellet was typically between 4 and 10× 106 cells per Eppen
orf vial. The PBMCs pellets were immediately frozen
olypropylene Eppendorf vials and stored at−20◦C until

he day of analyses. For each series of cells, a PBMCs
liquot was analysed (i.e. extraction and LC–MS/MS a
sis, see below) for ascertaining the absence of interf
eaks at the time of retention of antiviral drugs. These b
BMCs were used for the assessment of PBMCs matr

ect (see below) and for the preparation of calibration and
amples.

Cell counting of PBMCs aliquots by Coulter® was done to
nsure that simultaneously prepared series of blank ali
ontain a cell number similar to those generally obtained
atient in a 8 ml-blood Vacutainer tube collection. The C
ashing procedure was performed using pre-chilled PB
utions kept at +4◦C and the centrifuge was maintained
4◦C to inhibit enzymatic activity and to prevent active d
fflux out of cells.

The collected cells were washed with 10 ml of cold P
olution containing 2% FBS, and, after careful cell
ogenisation, the tube was centrifuged for 10 min at 650×g

+4◦C) and the supernatant discarded. The washing
edure was repeated twice. The third (final) supern
ash solution was completely aspirated off and an e
olume of 1.0 ml of PBS was added to the cell pe
ells were carefully homogenised and put in suspen

rom which an aliquot (20�l) was taken out and dilute
:10 with 180�l of PBS in a 0.5 ml Eppendorf tube. Th
liquot was homogenised for cell counting within 10 m
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enabling the total number of PBMCs contained in each pa-
tient’s pellet sample to be calculated, and used for nor-
malizing the intracellular drug concentration determined by
LC–MS/MS.

The remaining 980�l cell suspension was centrifuged
at 650×g for 10 min at 4◦C. The supernatant was aspi-
rated off, leaving the PBMCs pellet at the bottom of the vial
which was immediately frozen and stored at−20◦C up to
the day of the analysis. At the initial stage of the method
validation, each PBS solution wash was retained and sub-
sequently checked by LC–MS/MS for the presence of an-
tiretroviral drugs. These analyses confirmed that no drug
was detectable in the third wash, indicating not only that the
washing procedure was efficient in removing any extracellu-
lar medium possibly associated with the cells, but also that
the washing procedure at 4◦C prevented drug efflux from the
cell.

2.5.3. Selection of the extraction/lysing solvent
During the initial development of the method, the follow-

ing solvents were evaluated for the extraction of antiretroviral
drugs spiked at a concentration of 10, 100 and 1000 ng/ml into
blank PBMCs: MeOH 100%; MeOH 75% (i.e. MeOH/H2O
75/25); MeOH 50%; MeOH 50% + diethylamine (DEA)
0.1%; MeOH 75% + DEA 0.1%; MeOH 100% + DEA
0 N;
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2.6. Quantification

2.6.1. Calibration curves
Quantitative analysis of PIs and NNRTIs in PBMCs was

performed using the internal standard method. Each level of
the calibration curve was measured with two sets of cali-
brators: one at the beginning and the second at the end of
the run. Calibration curves were established with calibration
standards prepared with PBMCs pellets isolated from differ-
ent batches of cell collection.

A seven-point calibration standard curves has been cal-
culated and fitted by quadratic least-square regression of the
peak area ratios (drug peak area/IS peak area) versus con-
centrations, using 1/concentration2 (1/x2) as weighting factor
for PIs and NNRTIs. To determine the best weighting factor,
concentrations were back-calculated and the residual plot ex-
amined. The model with the lowest bias and the most constant
variance across the concentration range was considered the
best suited. The calibration was established over the range
0.5–100 ng/ml for all the drugs so as to cover the range of
concentrations expected in patients.

2.6.2. Drug quantification in PBMCs
Calibration curves yield drug concentrations expressed in

ng/ml of extracting solvent (i.e. 50% MeOH cell extract su-
pernatants). However, absolute, not relative, amount of drug
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eOH 75% + HCl 0.01 N. As a first approximation, t

xtraction recovery of the solvent mixture, assessed by p
rea values of antiretroviral drugs, were determined. Am

he solvent mixtures tested, MeOH 50% provides the
ecovery overall for the nine antiretroviral drugs, at each
entration, and was consequently used thereafter throu
he method validation and subsequent application to pa
amples.

.5.4. PBMCs extraction procedure
On the day of the analysis, calibration standard and q

ty control solutions, and the extracting solvent MeOH 5
ere allowed to equilibrate at room temperature. B
BMCs (4–10× 106 cell per pellet) and patient’s cell pe

ets were similarly thawed. An aliquot (500�l) of calibra-
ion and quality control solutions of antiretroviral drugs
he previously reported concentrations (see§ 2.3.2) were
dded to blank PBMCs pellets. Similarly, 400�l of the ex-

racting solvent were added to patient’s cell pellets.
esulting suspensions were vortex-mixed to ensure
uate mixing and subsequently sonicated 5 min in an

rasound bath for cell lysis. All samples were extrac
uring 3 h, using a horizontal backward/forward sha
et at 300 cycles/min, and were centrifuged for 10
t 20◦C on a Hettich benchtop centrifuge at 20,000×g
14,000 rpm).

The supernatants were introduced into 200�l HPLC mi-
rovials (Agilent, Germany) and a volume of 10�l (20�l for
favirenz) was used for LC–MS/MS analysis.
n the whole sample must be known for the calculation of d
evels in PBMCs. Thus, the total amount of drug in PBM
ellet (in ng) was obtained by multiplying the drug conc

ration, by 0.4 (i.e. 0. 4 ml being the volume of extract
olvent added to patient cell pellet).

Finally, drug levels in PBMCs may be expressed ei
n ng per 106 cells, taking into account the number of ce
etermined in the sample, or alternately, in ng/ml, as th
alled “intracellular” drug concentration, assuming a 0.4
BMCs volume[36].

.7. Analytical methods validation

The validation of the method was based on the rec
endations published on-line by the FDA[37] as well as
n the recommendations of the Conference Report o
ashington Conference on “Analytical Methods Validat
ioavailability, Bioequivalence and Pharmacokinetic S

es” [38] and of the Arlington Workshop “Bioanalytic
ethods Validation—A revisit with a Decade of Progre

39]. Recent SFSTP (Société Française des Sciences et Te
iques Pharmaceutiques) recommendations were also co
idered[40].

.7.1. Accuracy and precision
Replicate analysis (n= 6) of QC samples at the three co

entrations (§ 2.3.2) were used for the intra-assay preci
nd accuracy determination. Inter-assay accuracy and
ision were determined by repeated analysis performe
ix different days. The concentration in each sample wa
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termined using calibration standards prepared on the same
day. The precision being calculated as the coefficient of vari-
ation (C.V.%) within a single run (intra-assay) and between
different assays (inter-assays), and the accuracy as the per-
centage of deviation between nominal and measured concen-
tration.

During the routine analysis of patient samples, duplicate
control samples at each QC concentration levels were as-
sayed. The analytical series were considered valid and ac-
cepted only if the percentage of deviation (bias) between the-
oretical and back-calculated (experimental) concentrations
for each calibration level and quality control samples were
less than±15%, and less than 20% at the limit of quantifica-
tion (defined as the lowest calibrator).

2.7.2. Limit of quantitation and limit of detection
The lowest limit of quantification (LLOQ) for each drug

analysed was experimentally chosen as the minimal concen-
tration in PBMCs samples which could be confidently deter-
mined in accordance with the documents mentioned above
[37–39], recommending that the deviation between mea-
sured and nominal concentration should not deviate more
than±20%. Calibration curves were established with stan-
dard solutions starting at a concentration of 0.1, 0.2, 0.4 and
0.5 ng/ml, for the lowest calibration level, up to 100 ng/ml,
a low-
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2.7.4. Matrix effect and recovery
In the initial step of method validation, the matrix effect

was examined qualitatively by the simultaneous post-column
infusion of PIs/NNRTIs and I.S. into the MS/MS detector
during the chromatographic analysis of a blank PBMCs ex-
tract. The standard solution of all analytes at 75 ng/ml and
I.S. at 2 ng/ml was infused at a flow-rate of 10�l/min during
the chromatographic analysis of blank PBMCs extracts from
three different sources. The chromatographic signals of each
selected MS/MS transition were examined to ascertain that
no signal perturbation (drift or shift) of the MS/MS signal
was present at the analyte’s retention time.

Subsequently, the quantitative determination of the matrix
effect was also assessed. Three series of QC samples at 2, 20
and 80 ng/ml in triplicates were prepared as followed:

- pure standard solutions samples directly injected onto col-
umn;

- PBMCs extract samples from three different sources,
spiked which drugs and I.Safterextraction;

- PBMCs samples from three different sources (same as in
B) spiked with drug standards solution and I.S.beforeex-
traction.

The recovery and ion suppression/enhancement of the
MS/MS signal of drugs in the presence of PBMCs matrix
was assessed by comparing the peak areas of analytes either
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ll analysed in triplicates. Back-calculated values of the
st calibration samples with a bias and CV% below±20%,
nables to determine the LLOQ values. The limit of de

ion (LOD) was defined as the concentration that produc
ignal three times above the noise level of a blank prepara

.7.3. Stability of PIs and NNRTIs
Stability studies of PIs and NNRTIs included:

) Stability of PIs and NNRTIs standard solutions mi
with PBMCs and kept at room temperature: the conce
tion of PIs and NNRTIs in QC cell extract samples w
measured immediately after preparation and after b
left at room temperature for 72 h.

) Stability of cell extract samples after multiple freeze-th
cycles: processed samples (i.e. 50% MeOH cell extrac
pernatents) of PIs and NNRTIs at 2, 20 and 80 ng/m
derwent three freeze-thaw cycles. Frozen samples
allowed to thaw at ambient temperature for 2 h and w
subsequently refrozen during approximately 24 h. PIs
NNRTIs level were measured in aliquots from the th
consecutive freeze-thaw cycles. The variations of PIs
NNRTIs concentrations were expressed in percenta
the starting levels measured at the beginning of the s
ity study.

) Stability of cell extracts into LC–MS/MS vials at roo
temperature (20◦C, autosampler rack temperature): p
cessed samples (50% MeOH cell extract supernaten
PIs and NNRTIs at 2, 20 and 80 ng/ml were analysed
mediately after preparation and after being left 24
room temperature.
n 50% MeOH solution, or added before and after extrac
f three different batches of PBMCs, as well as the co
ponding peak areas ratios of analytes to I.S., accordi
he recommendation recently proposed by Matuszeski
41].

The extraction recoveriesof PIs/NNRTIs and I.S. wer
alculated as the absolute peak-area response in proc
BMCs samples spiked with drugsbeforeextraction, ex
ressed as the percentage of the response of the same a
f drugs (prepared in 50% MeOH) added into blank PBM
xtractsafter the extraction procedure. Similarly, to corr
or the possible presence of residual liquid in PBMCs
et and possible variations over time of the MS/MS dete
erformance, the recoveries were also calculated taking
ccount the I.S. response; and the drug/I.S. signal ra
BMCs samples prior to- and after the extraction proces
ere compared. Recovery studies were done in triplicat
amples.

.7.5. Influence of cell number variability in PBMCs
ellet

Following PBMCs harvesting from blood, the cell cont
nally obtained in pellet samples may vary from one s
le to another, even with the same blood volume, depen
n the overall cell recoveries and actual cell count in pa
lood samples, often not known a priori. Whether the v
bility in cell content of pellets used in calibration, con
nd patient samples (within the 4–10× 106 cells range) i

ikely to significantly influence the accuracy of the meth
as verified with the following experiments: blank PBM
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isolated from the same batch of leukocytes (i.e. same filter)
were distributed into Eppendorf vials for the preparation of
two series of pellet samples containing either a low (1.4× 106

cells) or a high (9.6× 106 cells) cellular content. After sam-
ple centrifugation and supernatant removal, the two series of
cell pellets were spiked with calibrations (and quality control
solutions of all antiretroviral drugs (§ 2.3.2). The two series
of samples were analysed in parallel. Cross-validation was
performed using the three QC samples with the low and high
cellular content which were back-calculated using calibration
curves established with either the same, or the alternate cal-
ibration standards, respectively. The percentage of deviation
(bias) from nominal values were compared.

2.7.6. Dilution effect
Some patient samples were found to contain drug concen-

trations in PBMCs exceeding the highest level of the calibra-
tion curve (100 ng/ml). It was therefore necessary to ascertain
whether the dilution of these samples prior to a subsequent
analysis would affect the accuracy of the drug determination.
Six blanks PBMCs pellets were spiked with antiretroviral
drugs at a concentration of 150 ng/ml (i.e. above the highest
calibration level of 100 ng/ml) and the I.S. After extraction,
samples were analysed in triplicate either directly, or after a
two- and three-fold dilution. Dilution was carried out with a
blank PBMCs extract supernatant (in 50% MeOH containing
t
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run to direct the eluent flow to the waste from 0 to 4 min and
from 12 to 15 min, to avoid contamination of the electrospray
of the MS detector part.

The Fig. 4 shows the signals at the transitions selected
for the antiretroviral drugs and I.S. when a PIs/NNRTIs/I.S.
solution was continuously infused post column directly into
the MS/MS detector during the chromatographic analysis of
a blank PBMCs extract. Even though no noticeable matrix
effect (no drifts or shifts of the signals) could be observed
at the respective retention time of the antiretroviral drugs
and I.S. in this experiment, some matrix effect were however
found as shown in the experiments reported below (see below
§ 3.5).

The chromatograms inFig. 5, were obtained from a pa-
tient under APV (750 mg BID), RTV (133 mg BID) and LPV
(533 mg BID). The blood sample was taken 3.6 h after drugs
intake. The intracellular levels measured were 1089, 1000
and 5644 ng/ml for APV, RTV and LPV, respectively.

A careful control of the pH of the solution A at 2.85, and
of the gradient elution program of the mobile phase is manda-
tory for standardizing the peak shape and retention time of
the drugs. Retention time reproducibility is particularly im-
portant, as two segments of data acquisition are programmed
in the positive mode detection, for the simultaneous analy-
sis of PIs/NVP in a same run. An increase in the number
of MS/MS transitions recorded simultaneously results in a
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.7.7. Selectivity
The assay selectivity was assessed by analysing ex

rom 10 batches of PBMCs extracts from different sourc

. Results

.1. Chromatograms

The proposed method enables the quantification of a
nd NNRTIs commercially available at present in PBM
xtracts by liquid chromatography coupled with tand
S/MS. A typical chromatographic profile of a calibrat

ample containing PIs/NVP and EFV at a concentratio
5 ng/ml is shown inFig. 3a and b, in the positive (two se
ents) and negative mode respectively, using the sel
onitoring reaction mode and the proposed gradient
ram (§ 2.4). The respective retention times of antiretrov
rugs and the I.S. clozapine are reported inTable 1.

Even if all antiretroviral drugs and I.S. were eluted wit
1 min, a relatively prolonged rinsing step of 5 min w
00% of solvent B at a flow rate of 0.5 ml/min was int
uced to efficiently eliminate thememory effectobserved in

he initial setting-up of the analytical method. This rins
tep was followed by the column conditioning step with
nitial solvent composition (98/2 solvent A/solvent B) a
ow-rate of 0.4 ml/min (2.9 min) and 0.3 ml/min (2 min).
ivert valve was programmed during the chromatogra
ensitivity fall because of the time required for data ac
ition at each of the selected MS/MS transition channe
ircumvent this limitation, two consecutive sets of MS/
ransitions in the positive mode were programmed durin
nalytical run, as given in the LC–MS/MS condition (§ 2.4).

.2. Internal standard and calibration curve

The choice of the I.S. is a critical aspect of the method
elopment, because it influences repeatability, reprodu
ty and accuracy, particularly important aspects when u
lectrospray mass spectrometry as compared to HPLC

20]. Ideally, deuterated analogues of the antiretroviral d
ould be the first-choice standards, but these were not
ble to us. Thus, a number of peptidomimetic compou
tructurally related to PIs, were evaluated as potential i
al standards. None were found suitable, due to a ma
emory effect with this type of column. Conversely,

ompound clozapine, though not structurally related to
ntiretroviral drugs, but previously used in our HPLC–
ethod for determination of PIs and NNRTIs in plas

42–44], was found to have a satisfactory chromatogra
rofile, with a negligible memory effect. The I.S. was pre

n the extraction solvent added at the beginning of the PB
ellet sample processing, correcting for possible dis
esidues from the wash solution. This is an advantage ov
ethod proposed previously for the assay of ATV in PBM
here the I.S. is not part of the lysis/extracting solution[29].
For all antiretroviral drugs, the model with the low

ias and the most constant variance across the concen
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Fig. 3. Chromatogram of a calibration sample containing 75 ng/ml of each antiviral drug (2 ng/ml of internal standard), showing the first and second segments,
at 0–8.55 and 8.55–15.25 min, respectively, for the positive mode (a), as well as the negative mode for the EFV (b).
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Fig. 4. Chromatogram of a blank extract with post column infusion of a calibration sample at 75 ng/ml of each analysed drug and 2 ng/ml of internal standard.
Positive mode (first and second segments at 0–8.55 and 8.55–15.25 min, respectively) as well as the negative mode are shown.
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Fig. 5. Chromatogram of PBMCs of a HIV-1 infected patient receiving APV, LPV and a baby dose of RTV. The blood sample was taken 3.6 h after drugs
intake. The intracellular levels measured were 1089, 5644 and 1000 ng/ml for APV, LPV and RTV, respectively.

range was considered to be the best fit. Calibration curves
from 0.5 to 100 ng/ml were satisfactory described by 1/x2

weighted quadratic regression, of the peak-area ratio of PIs /
NNRTIs to I.S., versus the ratio of the concentrations of the
respective PIs and NNRTIs to I.S. in each standard sam-
ples. With this model, visual inspection of the plot of resid-
uals (difference between experimental and calculated values
using the established regression) versus concentration lev-
els indicates that there are no trend in variability through-
out the delineated range of concentrations (Fig. 6). More-
over, the homogeneity of variances have been statistically
verified according to Levene’s test, previously described in
[44].

Over the concentration range from 0.5 to 100 ng/ml re-
gression coefficientr2 of the calibration curves were always
greater than 0.99. Back calculated values of calibration sam-
ples prepared with different batches of cell pellet collection
were analysed in duplicate at the beginning and end of ana-
lytical series and were always within±15% of their nominal

concentration (±20% at the LLOQ) as reported inTable 2
(intra-assay/inter-assay).

3.3. Precision, accuracy, LLOQ and LOD

Precision and accuracy were determined with the QC sam-
ples and are given inTable 2. The levels of control samples
were selected to reflect low, medium and high range of the
calibration curves chosen for encompassing the range of con-
centrations found in patients’ PBMCs. The magnitude of in-
tracellular levels in PBMCs was a priori largely unknown at
the beginning of our study, and a few exploratory analyses
were therefore required. The mean intra-assay precision was
similar over the entire concentration range and always less
than 8.5%. Overall, the mean inter-day precision was good,
with average CVs within 0.6–10.2%. The intra-assay devi-
ation (bias) from the nominal concentrations of each anal-
ysed antiretroviral drug was between−6.1 and 12.2% and
the range of inter-day deviations always lower than 8.5%.
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Fig. 6. Residual plot of PIs and NNRTIs plasma calibration samples back-calculated with a 1/x2 weighted quadratic regression (n= 6).

The chosen levels of calibration samples between 0.5 and
100 ng/ml were selected initially to encompass the relevant
range of concentrations expected to be present in the PBMCs
samples. During the course of the method validation how-
ever, it was observed a posteriori that the performance of the
Thermo Quantum tandem MS/MS detector enables us to at-
tain lower detection and quantification limits, well below the
clinically relevant range of concentrations of 0.5–100 ng/ml.

The results of the determination of LLOQ and LOD of
antiretroviral drugs in PBMCs (as described in the Section
2.7.2). are shown inTable 3. By analysing PBMCs extracts,
spiked with decreasing concentrations of antiretroviral drugs,
the lowest achievable LOD obtained for SQV and NFV was
1 pg/ml. The lowest LOQ obtained for ATV and APV was
0.2 ng/ml, corresponding to an amount of 2 pg of drug in the
10�l-injection volume (i.e. injected onto column). Overall,
with a calibration established between 0.5 and 100 ng/ml,
the precision and the accuracy of the calibration sample at
0.5 ng/ml were, for all antiretroviral drugs, comprised within
the±20% limit recommended by the FDA[37] and the Wash-
ington and Arlington Conference Report[39]. More impor-
tantly, this method has the level of sensitivity required for the
analysis of PBMCs collected during clinical studies. Of note,
the LLOQ and LOD attained were found to differ depending
on the drug considered, as reported inTable 3. However, for
the sake of standardisation and for the simplification of stan-
d ame

range of calibration of 0.5–100 ng/ml forall drugs, regard-
less of their LLOQ. In the particular context of bioanalytical
method validation, it would be generally recommended to re-
duce the concentration of the lowest calibration levels to the
respective LLOQ concentration of each drug considered.

3.4. Stability of PIs and NNRTIs

The stability of PIs and NNRTIs standard solutions left
at room temperature was ascertained up to 72 h. At the con-
centrations of 2, 20 and 80 ng/ml, the variation over time of
each drug level was always less than 10% (Table 4), with the
exception of the quality control low concentration of indi-
navir and nelfinavir with a deviation of−16.7% and 13.3%,
respectively. In our experiments, PIs and NNRTIs standard
solutions were never allowed to stay more than 24 h at room
temperature, indicating that the stability of PIs and NNRTIs
in standard solutions at room temperature is such that the
accuracy is not likely to be notably affected.

Table 4shows the variation of PIs and NNRTIs concentra-
tions after one, two and three freeze-thaw cycles. For all PIs
and for NVP the variation was always less than 10%, indicat-
ing no significant loss of drug after up to three freeze-thaw
cycles. For EFV, the variations at the three concentrations
tested were higher but remained always less than 20%.

The stability study of PBMCs extracts into HPLC vials,
k ture
ard solution preparation, it was decided to keep the s
 ept for 24 h in the autosampler rack at room tempera
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Table 2
Precision and accuracy of the assay for PIs and NNRTIs with isolated PBMCs (2, 25 and 80 ng/ml)

Nominal cone
(ng/ml)

Intra-assay (n= 6) Inter-assay (n= 6)

Concentration
found (ng/ml)

SD± Precision
C.V.%

Accuracy
bias %

Concentration
found (ng/ml)

SD± Precision
C.V.%

Accuracy
bias %

2 2.0 0.1 7.3 −0.9 2.0 0.1 3.0 −0.7
Indinavir 20 20.2 0.5 2.3 0.9 20.6 1.1 5.6 3.0

80 79.8 1.7 2.1 −0.2 82.6 5.8 7.0 3.3

Nevirapine 2 2.1 0.1 3.9 3.3 2.0 0.2 8.6 −2.2
20 20.4 0.7 3.6 2.0 21.3 0.7 3.1 6.7
80 78.2 2.9 3.7 −2.3 77.2 4.0 5.2 −3.4

Nelfinavir 2 2.1 0.1 6.1 5.1 1.9 0.1 6.1 −4.3
20 20.6 0.9 4.3 3.1 21.7 1.0 4.8 8.3
80 78.2 3.1 3.9 −2.3 78.5 5.2 6.7 −1.9

Saquinavir 2 2.1 0.1 5.6 6.6 1.9 0.2 10.2 −5.5
20 21.2 1.2 5.5 6.1 20.9 0.1 0.6 4.6
80 80.0 1.2 1.5 0.0 78.0 7.0 8.9 −2.5

Amprenavir 2 2.0 0.1 6.9 2.1 1.9 0.1 3.9 −4.3
20 20.0 0.8 3.9 0.2 19.6 1.0 4.9 −1.8
80 76.3 2.4 3.1 −4.6 82.8 4.9 5.9 3.4

Ritonavir 2 2.0 0.1 5.8 0.2 1.9 0.1 6.3 −7.2
20 19.0 0.6 3.0 −4.9 19.6 1.8 9.1 −2.0
80 75.1 2.6 3.4 −6.1 81.9 6.7 8.2 2.4

Lopinavir 2 2.2 0.1 4.6 12.2 2.1 0.1 5.1 3.0
20 19.6 0.8 3.9 −1.8 19.0 1.7 9.0 −4.8
80 75.9 3.0 3.9 −5.1 80.7 6.3 7.8 0.9

Atazanavir 2 2.0 0.2 8.4 2.4 2.1 0.1 2.9 6.0
20 20.7 0.6 3.0 3.5 21.0 1.3 6.2 5.0
80 84.7 3.6 4.3 5.9 84.6 4.7 5.6 5.8

Efavirenz 2 2.1 0.2 8.1 3.6 2.0 0.1 2.7 −0.4
20 20.9 1.0 4.6 4.7 20.8 0.3 1.6 3.8
80 77.0 1.3 1.6 −3.7 78.3 2.1 2.6 −2.1

(Table 4), indicates a variation less than 15% for all drugs
at each concentration. Taking into account the analytical
variability, the processed samples are thus stable through-
out the LC–MS/MS analysis, always completed within
24 h.

3.5. Matrix effect and recovery

In the absence of PBMCs samples with known amounts
of intracellular antiretroviral drugs, the true extraction effi-

ciency of a given extracting solvent cannot be ascertained.
The extraction recovery obtained using spiked samples is
not necessarily an accurate indicator of the true recovery;
some solvent mixture may be more appropriate for denatur-
ing cellular proteins, maximizing the analytes extraction at a
more favourable pH, resulting in more reproducible analyti-
cal results. Among the solvent mixtures tested (mentioned in
§ 2.5.3), the best overall recovery for the nine antiretroviral
drugs was 50% MeOH. This is in accordance with the 60%
MeOH proposed in the literature[29,45,46], without discus-

Table 3
Limit of detection and lower limit of quantitation of PIs and NNRTIs

LOD [pg/ml] LOQ [ng/ml] Accuracy at LOQ (% error± SD) Minimum quantifiable drug on column (pg)

Indinavir 6 0.4 −12.2± 8.1 4
Nevirapine 25 0.4 6.7± 3.1 4
Saquinavir 1 0.4 −7.6 ± 3.8 4
Nelfinavir 1 0.5 12± 8.5 5
Atazanavir 6 0.2 −13.6± 4.1 2
Amprenavir 6 0.2 −9.8 ± 14.6 2
Ritonavir 3 0.4 −12.3± 0.3 4
Lopinavir 13 0.4 −11.4± 12.6 4
Efavirenz 100 0.4 6.4± 13.0 8

LOD, limit of detection; LOQ, limit of quantification; SD, standard deviation.
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Table 4
Stability of PIs and NNRTIs in standard solutions and in cells extracts

Indinavira Nevirapinea Saquinavira

2b 20b 80b 2b 20b 80b 2b 20b 80b

Standard solutions
Room temperature (72 h) −16.7 −2.0 −6.1 1.9 −9.1 −3.2 −4.2 −6.6 5.3

Human PBMCs extracts
Free-thaw

Cycle 1 −2.7 −0.5 1.7 −6.0 −1.7 −1.6 −2.5 −0.6 −1.2
Cycle 2 2.4 −1.0 2.9 −6.0 0.6 −2.7 1.9 −1.9 −1.1
Cycle 3 1.3 1.0 −5.2 2.2 0.5 −5.0 −0.2 2.0 −4.8

Autosampler stability (24 h, 20◦C) −2.9 0.0 2.6 0.2 −0.9 −5.1 9.2 −2.2 2.3

Nelfinavira Atazanavira Amprenavira

Standard solutions
Room temperature (72 h) 13.3 0.1 8.8 0.5 1.0 −0.3 −6.4 −1.1 0.5

Human PBMCs extracts
Free-thaw

Cycle 1 0.5 0.6 −1.9 1.4 −4.4 −6.0 −0.7 1.9 −3.1
Cycle 2 1.8 0.7 −1.7 6.5 −3.6 −4.0 0.3 −2.8 −1.0
Cycle 3 −3.4 4.3 −5.1 0.5 −1.9 −7.1 −7.1 −2.2 −1.9

Autosampler stability (24h, 20◦C) 14.0 −3.5 −3.1 6.2 0.1 −1.2 5.4 4.0 −1.1

Ritonavira Lopinavira Efavirenza

Standard solutions
Room temperature (72 h) −4.3 1.1 −2.9 2.8 −1.9 −1.1 −1.3 −0.4 2.3

Human PBMCs extracts
Free-thaw

Cycle 1 1.1 −6.0 −1.4 −0.7 −0.7 −5.7 −12.1 −6.9 −4.5
Cycle 2 −0.6 −2.5 −0.3 3.6 −6.8 −8.6 −14.2 −13.5 −5.8
Cycle 3 −6.2 −6.5 −1.0 −3.6 0.3 −4.9 −11.9 −5.9 −6.0

Autosampler stability (24h, 20◦C) 4.9 5.2 1.7 11.7 6.4 1.0 6.0 4.9 2.3
a Drug.
b Nominal concentration (ng/ml).

sion as to why this particular medium and concentration was
chosen.

Matrix effect was examined by the simultaneous post-
column infusion of PIs/NNRTIs and I.S. into the MS/MS de-
tector during the chromatographic analysis of three different
batches of blank PBMCs extracts from healthy volunteers.
As exemplified inFig. 4, no drifts or shifts of the selected
transition signals were apparent during the chromatography
of a typical blank PBMCs matrix, at the retention time of the
ten drugs (Table 1) shown inFig. 3.

Co-eluting undetected matrix components may neverthe-
less reduce or enhance the ion intensity of analytes and affect
the reproducibility and accuracy of the assay. Consequently,
for the sake of validation, all calibration standards and QC
samples were prepared by spiking drugs in the same biolog-
ical matrix (i.e. a similar amount of PBMCs isolated from
leucocytes removed from blood unit).

The assessment of thematrix effect(Table 5) was quan-
titated as the peak-area response of analytes added to blank
PBMCs extracts (i.e. drugs addedafterextraction), expressed
as a percentage of the response of standard solution of drugs
directly injected onto the column (ratio B/A, inTable 5). A
value above or below 100% for the matrix effect indicates

an ionization enhancement or suppression, respectively. The
results indicate that co-eluting PBMCs matrix components
appear to reduce the ion intensity for NFV (mean 85%) and
NVP (mean 83%), and by contrast enhance the IDV ion inten-
sity (mean 138%). Matrix effects have already been reported
to influence this latter protease inhibitor[47].

In addition, the recovery of theextraction procedureand
theanalytical recoverywere also determined and are given
in Table 5, column namedext REandanalysis RE, respec-
tively. The recovery of theextraction procedurefor all drugs
and I.S., expressed in %, is calculated as the ratio of the
peak area of analytes spiked before (C) and after (B) the
extraction procedure (ratio C/B, inTable 5). Theanalytical
recoverywas calculated similarly, considering though drugs
response/I.S. ratio instead, before (C2) and after (B2) the
extraction procedure (ratio C2/B2, inTable 5). Taking into
account I.S response in the calculation enables to correct for
the possible presence of variable volume of residual wash
solution in cell pellets and for the occurrence of any varia-
tion over time in the MS/MS spectrometer performance. As
indicated inTable 5, the extraction recovery for the I.S. was
essentially 100%. Both theext REandanalysis REachieved
were always higher than 90%, except for efavirenz (79%).
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Table 5
Matrix effect, extraction recovery, analysis recovery and process efficiency of PIs and NNRTIs

Drug Nominal cone
(ng/ml)

Mean peak area (n= 3) Mean peak area
ratio (n= 3)

ME (%) ext RE (%) Analysis
RE (%)

Mean SD PE
(%)

A B C B2 C2

Indinavir 2 1.08E+05 1.58E+05 1.49E+05 0.158 0.147 146 94.2 93.0 95.6 2.3 137
20 1.12E+06 1.56E+06 1.52E+06 1.550 1.507 140 97.1 97.2 136
80 4.37E+06 5.59E+06 5.53E+06 5.689 5.495 128 99.1 96.6 127

Nevirapine 2 1.27E+05 1.03E+05 9.88E+04 0.103 0.098 81 96.0 94.8 95.3 1.5 78
20 1.23E+06 1.01E+06 9.73E+05 0.996 0.966 82 96.7 97.0 79
80 4.54E+06 3.87E+06 3.73E+06 3.933 3.701 85 96.3 94.1 82

Saquinavir 2 1.61E+05 1.75E+05 1.59E+05 0.193 0.171 109 90.6 88.8 90.0 1.3 99
20 1.58E+06 1.57E+06 1.43E+06 1.557 1.423 99 91.2 91.4 91
80 5.78E+06 6.02E+06 5.53E+06 6.108 5.493 104 92.0 89.9 96

Nelfinavir 2 1.09E+06 9.58E+05 8.79E+05 0.962 0.872 88 91.8 90.7 91.1 2.6 80
20 4.58E+06 3.82E+06 3.58E+06 3.779 3.552 83 93.5 94.0 78
80 1.54E+07 1.30E+07 1.18E+07 13.143 11.668 84 90.7 88.8 76

Atazanavir 2 4.93E+05 5.16E+05 4.95E+05 0.518 0.492 104 96.0 94.9 93.2 1.5 100
20 4.74E+06 4.92E+06 4.55E+06 4.876 4.521 104 92.5 92.7 96
80 1.84E+07 1.86E+07 1.75E+07 18.907 17.382 101 94.1 91.9 95

Amprenavi 2 6.97E+04 7.32E+04 7.08E+04 0.074 0.070 105 96.8 95.5 92.8 3.4 102
20 7.02E+05 7.34E+05 6.86E+05 0.727 0.682 104 93.6 93.8 98
80 2.80E+06 2.83E+06 2.58E+06 2.878 2.561 101 91.1 89.0 92

Ritonavir 2 1.91E+05 2.06E+05 1.90E+05 0.207 0.188 108 92.2 91.0 91.7 2.4 100
20 1.88E+06 2.06E+06 1.94E+06 2.046 1.932 110 94.3 94.4 103
80 7.33E+06 8.14E+06 7.49E+06 8.272 7.432 111 92.0 89.8 102

Lopinavir 2 2.82E+05 3.05E+05 2.75E+05 0.306 0.274 108 90.4 89.5 95.3 5.1 98
20 2.77E+06 2.81E+06 2.77E+06 2.778 2.751 101 98.7 99.1 100
80 1.01E+07 1.05E+07 1.05E+07 10.647 10.376 104 99.8 97.5 104

Efavirenz 2 2.56E+03 2.48E+03 2.19E+03 0.002 0.001 96.8 88.4 73.5 79.8 8.3 86
20 3.24E+04 2.89E+04 2.80E+04 0.018 0.016 89.0 96.8 89.2 86
80 1.19E+05 1.23E+05 1.16E+05 0.086 0.066 103.0 94.9 76.6 98

Clozapine (n= 9) 2 1.13E+06 9.97E+05 1.01E+06 89 101.1 90

A, peak area of standard solutions without matrix and without extraction (MeOH/H2O 50/50); B, peak area of analytes spiked after extraction; C, peak area of
analytes spiked before extraction; B2, ratio of the peak area of the analyte and the I.S. spikedp after extraction; C2, ratio of the peak area of the analyte and
the I.S. spiked before extraction; ME, matrix effect expressed as the ratio of the mean peak area of the analytes spiked after extraction (B) to the meanpeak
area of the same standard solution without matrix (A) multiplied by 100. A value of >100% indicates ionization enhancement, and a value of <100% indicates
ionization suppression; ext RE, extraction procedure recovery calculated as the ration of the mean peak area of the analytes spiked before extraction (C) to the
mean peak area of the analytes spiked after extraction (B) multiplied by 100; analysis RE, analysis recovery calculated as the ration of the mean peak area ratio
of the analytes spiked before extraction (C2) to the mean peak area ratio of the analytes spiked after extraction (B2) multiplied by 100; PE, process efficiency
expressed as the ratio of the mean peak area of the analyte spiked before extraction (C) to the mean area of the same analyte standards (A) multiplied by 100.

Finally, the overallprocess efficiencyis given inTable 5
(column namedPE) and was obtained as the peak-area re-
sponse of analytes spiked into PBMCs pellet samplesbe-
fore the extraction procedure (C)—such as calibration and
control samples—expressed as the percentage of the peak
area of pure drug standard solution (A) directly injected into
the column. Thisprocess efficiencytakes into account the
recovery and the matrix effect: indinavir for example, has
a mean matrix-mediated ionization enhancement close to
140% (Table 5, column ME), which combined with an extrac-
tion recovery of 97% (Table 5, column ext RE) gives finally
a process efficiency around 130%. Overall, these results in-
dicate that even though no apparent matrix effect could be
observed in the infusion experiment (Fig. 4), matrix com-
ponents do influence the overall process efficiency requiring
therefore the preparation of calibration and control samples

in a PBMCs matrix that would reflect at best the composition
of the samples to be analyzed.

3.6. Influence of PBMCs cell count on the accuracy of
the method

Given the PBMCs numbers generally encountered in our
study, the 400�L-volume of MeOH:H2O 50:50 solvent is
expected to provide good lysis and extraction efficiency of
cell pellets, whose own volume can be considered negligible.
The volume of extracting solvent is higher than the volume
previously proposed for the extraction of antiretroviral drug
from PBMCs[29,48]. The use of a larger volume of solvent
for extraction increases sample dilution, resulting in an eas-
ier sample handling, and is made possible by the analytical
sensitivity provided by the TSQ Quantum instrument.
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Calibration samples were so prepared as to contain
PBMCs count ranging from 4 to 10× 106 cells, close to the
cell counts usually encountered in patients. However, it is dif-
ficult to prepare calibration samples that always match per-
fectly the cell counts encountered in patients. In fact, cell
count may vary up to ca. nine-fold from one sample to an-
other, particularly in HIV patients, even when a same volume
of blood is collected. The median cell recovery obtained from
a CPT tube (8 ml of blood) in our group of HIV infected pa-
tients (n= 80) was 8.0× 106 cells with an interquartile range
from 6.2 to 10.2× 106 cells, in accordance with previous re-
ports[18].

Thus, the possible influence of cells number on the accu-
racy of drug measurements was verified by a cross-validation
study performed with QCs samples with a seven-fold differ-
ence (1.4× 106 cells versus 9.6× 106) in PBMCs content.
The obtained signals were quantified using calibration sam-
ples containing the same, or the alternate cell number. A slight
increase (+7%) in deviation could be noticed when QCs sam-
ples with low cell content were quantified using calibration
established with high cell content samples. Similarly, the bias
was slightly increased (−6%) when QCs samples with high
cell content were quantified using calibration established with
low cell content samples. However, these deviations were
small, always resulting in a bias less than the±15% recom-
mended ranges[37–40]. Considering the experimental vari-
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3.8. Selectivity

No peaks from endogenous compounds were observed at
the drugs selected transition and retention time in any of 10
different blank PMBC extracts evaluated. The product ion
monitoring was chosen, given its relative abundance, while
avoiding possible structural analogies with the other drugs
or fragments analysed. Every channel was simultaneously
observed, and we never saw any selectivity problem as well
as anycrosstalksignal between acquisition channels.

3.9. Clinical applications

LC–MS/MS is the method of choice for intracellular
drug measurements, offering the best sensitivity, selectivity
and high throughput capability. This analytical method has
proved to be reliable, sensitive enough for monitoring con-
centrations of PIs and NNRTIs in PBMCs isolated from HIV
infected patients, and is being applied in research studies done
under the auspices of the Swiss HIV Cohort Study. On-going
studies are addressing the influence of genetic factors on the
intracellular concentrations of antiretroviral drugs, and their
consequences on clinical responses and treatment toxicities.
This method was applied to the measurement of intracel-
lular levels of efavirenz, found much higher in HIV patients
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bility (Table 2), these analytical results indicate that wit
he range of 1.4–9.6× 106 cells per vial and with the propos
olume of extraction solvent, cells number does not affec
nly slightly, the accuracy of antiretroviral drugs determ

ion over the considered concentrations range. Thus, th
BMCs are necessary for the matrix effect correction,
ration can be established within the 4–10× 106 cells range
ithout individualized standardisation of the cell numbe
alibration samples. Confirming this, calibration curves c
e established routinely with satisfactory accuracy and
ision (Table 2) [37–40], irrespective of the PBMCs bat
nd cell count in calibration level or QCs samples. This i
dvantage over a method proposed previously for the
ssay in PBMCs[29], as it eliminates the burden of add
variable volume of extraction solvent to each patient p

amples according to its cell count, a tedious procedur
arge series of analyses. Nevertheless, the latter approa
e used, though it will not add much to the performanc

he proposed analytical method.

.7. Dilution effect

The mean effect of dilution on precision was always
han 8%, for all antiretroviral drugs at the two dilutions (
nd 1:3) tested. After dilution, the deviation (bias) from
xpected concentrations was less than 9.5%. This ind
hat PBMCs extract samples containing antiretroviral d
bove the high level of calibration can be adequately dil
ith blank PBMCs extract (containing I.S. at 2 ng/ml) pr

o the LC–MS/MS analysis.
450 2B6 (CYP2B6) associated with a diminished act
f this isoenzyme[49]. Of interest, high efavirenz levels
BMCs, but not in plasma, were associated with an incre

ncidence and a higher grade of severity of central ner
ystem adverse drug reactions (mood disorder and fat
n addition, this analytical method has also enabled to d
ine the range of concentration found in PBMCs from H
atients and their relation with total plasma concentra
easured simultaneously.

. Conclusion and discussion

This validated LC–MS/MS method provides a robust p
edure for determining PIs and NNRTIs concentration
BMCs from HIV patients, thereby enabling drug moni

ng and enhancing our understanding of antiretroviral d
fficacy and toxicity. Of note, the intracellular concentra
f antiretroviral drugs should be regarded as acell-associate
mount,as the drug in its cellular environment may be emb
ed in membrane lipid bilayers, complexed to cytoplas
roteins or sequestrated through intracellular protein b

ng [20,50], so that a fraction of the so-calledintracellular
mountof drug is available to exert the actual antiviral

ion. In the field of HIV pharmacology, there is at prese
igh interest for the intracellular measurement of antire
iral drugs, even though detailed validation reports for t
ssay in PBMCs samples is still infrequent[29]. Early an-
lytical efforts have been done for the determination o
hosphorylated nucleoside reverse transcriptase inhibit
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PBMCs from HIV patients, and have also described PBMCs
handling and practical difficulties to ensure the validity of the
results[19–22].

The efflux of antiretroviral drugs out of cells has been re-
ported to be rapid ex vivo, and critically time and temperature
dependent[8,34]. Thus, for minimizing drug efflux, blood
samples were placed in ice-cold conditions within 5 min. The
processing time of PBMCs from phlebotomy to their storage
at −20◦C was less than one hour. The use of ice-cold PBS
solution and centrifugation at 4◦C during the wash procedure
was reported to result in the retention of more than 80% of
the intracellular protease inhibitors content at 60 min[8]. The
high sensitivity and specificity attained with LC–MS/MS en-
able to quantify as little as 2 to 8 pg on-column, depending on
the drug analysed (Table 3), in PBMCs isolated from a 8 ml-
volume of blood sample. Compared to previously published
methods using a combination of liquid–liquid and solid-phase
extraction[29], or two consecutive liquid–liquid extractions
[30], the procedure is simplified, involving only a single-step
liquid–liquid extraction. However, as some matrix effect is
notable for some of the drugs (IDV, NFV and NVP), calibra-
tion curves have to be established with standards prepared
using blank PBMCs. Filtration of blood transfusion units rep-
resents a convenient method to get a substantial provision of
blank PBMCs. We have shown that the analytical method
maintains satisfactory accuracy within the PBMCs range of
1

tion
r af-
t ugs
c pine
c l run
b run
i imal
s eg-
a ults
i vity.
I ode
f fea-
s e is
v tch
f time
i

r the
i Cs.
T the
l ion.
T of the
i ivo
a ap-
p MCs
m M
p a-
t to
m ease
t nse.

Acknowledgments

Support for this work was provided by the Swiss National
Science Foundation FNRS 3345CO-100935 and the Swiss
HIV Cohort Study as part of the SHCS project #383. We
are grateful to the Loterie Romande (Lausanne, Switzerland)
for a donation which has made possible the acquisition of
the LC–MS/MS instrument. Merck Sharp and Dohme is ac-
knowledged for an unrestricted research grant-in-aid.

References

[1] B. Ledergerber, M. Egger, M. Opravil, A. Telenti, B. Hirschel, M.
Battegay, P. Vernazza, P. Sudre, M. Flepp, H. Furrer, P. Francioli,
R. Weber, Lancet 353 (1999) 863.

[2] M.C. Re, I. Bon, P. Monari, R. Gorini, P. Schiavone, D. Gibellini,
M. La Placa, New Microbiol. 26 (2003) 405.

[3] N.T. Parkin, Y.S. Lie, N. Hellmann, M. Markowitz, S. Bonhoeffer,
D.D. Ho, C.J. Petropoulos, J. Infect. Dis. 180 (1999) 865.

[4] D.J. Back, Infection 27 (1999) S42.
[5] R.E. Aarnoutse, J.M. Schapiro, C.A. Boucher, Y.A. Hekster, D.M.

Burger, Drugs 63 (2003) 741.
[6] J.A. Bilello, P.A. Bilello, K. Stellrecht, J. Leonard, D.W. Nor-

beck, D.J. Kempf, T. Robins, G.L. Drusano, Antimicrob. Agents
Chemother. 40 (1996) 1491.

[7] M. Nascimbeni, C. Lamotte, G. Peytavin, R. Farinotti, F. Clavel,
Antimicrob. Agents Chemother. 43 (1999) 2629.

[8] S.H. Khoo, P.G. Hoggard, I. Williams, E.R. Meaden, P. Newton,
ing,
r. 46

arm.

[ ds,

[ Y.

[ , B.
ials

[ Back,

[ hef-
cq, J.
6.

[ , D.
i-

[ S.A.

[ ilt-

[ utet,
79.

[ d, S.
n, J.

[ y, J.
) 555.

[ sario,

[ , J.F.
Mass
.4–9.6× 106 cells.
This is, to the best of our knowledge, the first valida

eport of a LC–MS/MS method for the assay in PBMCs
er a single-step liquid extraction, of all antiretroviral dr
ommercially available at present. The PIs and nevira
an be measured simultaneously in the same analytica
y ESI in the positive ionisation mode, while a separate

s necessary for efavirenz in the negative mode, for opt
ensitivity. While programming alternately positive and n
tive mode during the analytical run is feasible, this res

n our hand in a notable reduction of the overall sensiti
n turn, sequential segments in positive and negative m
or the consecutive assay of PIs/NVP and EFV were un
ible with our gradient program, as EFV retention tim
ery close to the late eluting PIs, making it difficult to swi
rom the positive to the negative mode during the short
nterval between peaks elution.

This analytical method provides a sensitive method fo
ntracellular measurement of antiretroviral drugs in PBM
he limiting step for its routine application is certainly

abor-intensive procedure for the timely PBMCs isolat
he methodology should enable a better understanding

ntracellular pharmacokinetics of antiretroviral drugs in v
nd of their clinical efficacy and toxicities. It is too early to
reciate whether antiretroviral drug measurement in PB
ay add clinically relevant information to the current TD
erformed in plasma for the routine follow-up of HIV p

ients. Further studies will determine if it can contribute
inimize the risk of major adverse reactions and to incr

he probability of efficient, long lasting, therapeutic respo
E.G. Wilkins, A. Smith, J.F. Tjia, J. Lloyd, K. Jones, N. Beech
P. Carey, B. Peters, D.J. Back, Antimicrob. Agents Chemothe
(2002) 3228.

[9] K.A. Koeplinger, T.J. Raub, G.E. Padbury, Z. Zhao, J. Ph
Biomed. Anal. 19 (1999) 399.

10] W.J. Livingstone, M. Moore, D. Innes, J.E. Bell, P. Simmon
Lancet 348 (1996) 649.

11] T. Zhu, D. Muthui, S. Holte, D. Nickle, F. Feng, S. Brodie,
Hwangbo, J.I. Mullins, L. Corey, J. Virol. 76 (2002) 707.

12] S. Chaillou, J. Durant, R. Garraffo, E. Georgenthum, C. Roptin
Dunais, V. Mondain, P.M. Roger, P. Dellamonica, HIV Clin. Tr
3 (2002) 493.

13] K. Jones, P.G. Hoggard, S.D. Sales, S. Khoo, R. Davey, D.J.
AIDS 15 (2001) 675.

14] J. Wijnholds, C.A. Mol, L. van Deemter, M. de Haas, G.L. Sc
fer, F. Baas, J.H. Beijnen, R.J. Scheper, S. Hatse, E. De Cler
Balzarini, P. Borst, Proc. Natl. Acad. Sci. U.S.A. 97 (2000) 747

15] E.R. Meaden, P.G. Hoggard, P. Newton, J.F. Tjia, D. Aldam
Cornforth, J. Lloyd, I. Williams, D.J. Back, S.H. Khoo, J. Antim
crob. Chemother. 50 (2002) 583.

16] K. Jones, P.G. Bray, S.H. Khoo, R.A. Davey, E.R. Meaden,
Ward, D.J. Back, AIDS 15 (2001) 1353.

17] M.T. Huisman, J.W. Smit, K.M. Crommentuyn, N. Zelcer, H.R. W
shire, J.H. Beijnen, A.H. Schinkel, AIDS 16 (2002) 2295.

18] F. Becher, A. Pruvost, J. Gale, P. Couerbe, C. Goujard, V. Bo
E. Ezan, J. Grassi, H. Benech, J. Mass Spectrom. 38 (2003) 8

19] F. Becher, D. Schlemmer, A. Pruvost, M.C. Nevers, C. Goujar
Jorajuria, C. Guerreiro, T. Brossette, L. Lebeau, C. Cremino
Grassi, H. Benech, Anal. Chem. 74 (2002) 4220.

20] F. Becher, A. Pruvost, C. Goujard, C. Guerreiro, J.F. Delfraiss
Grassi, H. Benech, Rapid Commun. Mass Spectrom. 16 (2002

21] J.F. Rodriguez, J.L. Rodriguez, J. Santana, H. Garcia, O. Ro
Antimicrob. Agents Chemother. 44 (2000) 3097.

22] A. Pruvost, F. Becher, P. Bardouille, C. Guerrero, C. Creminon
Delfraissy, C. Goujard, J. Grassi, H. Benech, Rapid Commun.
Spectrom. 15 (2001) 1401.



276 S. Colombo et al. / J. Chromatogr. B 819 (2005) 259–276

[23] V.A. Frerichs, R. DiFrancesco, G.D. Morse, J. Chromatogr. B
Biomed. Sci. Appl. 787 (2003) 393.

[24] K.M. Rentsch, J. Chromatogr. B Biomed. Sci. Appl. 788 (2003) 339.
[25] A. Schuster, S. Burzawa, M. Jemal, E. Loizillon, P. Couerbe, D.

Whigan, J. Chromatogr. B Biomed. Sci. Appl. 788 (2003) 377.
[26] K.M. Crommentuyn, H. Rosing, M.J. Hillebrand, A.D. Huitema, J.H.

Beijnen, J. Chromatogr. B Biomed. Sci. Appl. 804 (2004) 359.
[27] D.W. Haas, B. Johnson, J. Nicotera, V.L. Bailey, V.L. Harris, F.B.

Bowles, S. Raffanti, J. Schranz, T.S. Finn, A.J. Saah, J. Stone, An-
timicrob. Agents Chemother. 47 (2003) 2131.

[28] J. Chi, A.L. Jayewardene, J.A. Stone, T. Motoya, F.T. Aweeka, J.
Pharm. Biomed. Anal. 30 (2002) 675.

[29] M. Jemal, S. Rao, M. Gatz, D. Whigan, J. Chromatogr. B Biomed.
Sci. Appl. 795 (2003) 273.

[30] A. Rouzes, K. Berthoin, F. Xuereb, S. Djabarouti, I. Pellegrin, J.L.
Pellegrin, A.C. Coupet, S. Augagneur, H. Budzinski, M.C. Saux, D.
Breilh, J. Chromatogr. B Biomed. Sci. Appl. 813 (2004) 209.

[31] J. Ford, D. Cornforth, P.G. Hoggard, Z. Cuthbertson, E.R. Meaden,
I. Williams, M. Johnson, E. Daniels, P. Hsyu, D.J. Back, S.H. Khoo,
Antivir. Ther. 9 (2004) 77.

[32] J. Ford, M. Boffito, A. Wildfire, A. Hill, D. Back, S. Khoo, M.
Nelson, G. Moyle, B. Gazzard, A. Pozniak, Antimicrob. Agents
Chemother. 48 (2004) 2388.

[33] M. Hennessy, S. Clarke, J.P. Spiers, D. Kelleher, F. Mulcahy, P.
Hoggard, D. Back, M. Barry, Antivir. Ther. 9 (2004) 115.

[34] S. Azoulay, M.C. Nevers, C. CrA, L. Heripret, J. Durant, P. Dellam-
onica, J. Grassi, R. Guedj, D. Duval, Antimicrob. Agents Chemother.
48 (2004) 104.

[35] Becton Dickinson Vacutainer System, Becton Dickinson and Co.,
Franklin Lakes, NJ, USA.

[36] P.A. Furman, J.A. Fyfe, M.H. St Clair, K. Weinhold, J.L. Rideout,
uya,

[37] FDA, 2001,http://fda.gov/cder/guidance/index.htm.
[38] V.P. Shah, K.K. Midha, S. Dighe, I.J. McGilveray, J.P. Skelly, A. Ya-

cobi, T. Layloff, C.T. Viswanathan, C.E. Cook, R.D. McDowall, K.A.
Pittman, S. Spector, Eur. J. Drug Metabol. Pharmacokin. (1991).

[39] V.P. Shah, K.K. Midha, J.W. Findlay, H.M. Hill, J.D. Hulse, I.J.
McGilveray, G. McKay, K.J. Miller, R.N. Patnaik, M.L. Powell,
A. Tonelli, C.T. Viswanathan, A. Yacobi, Pharm. Res. 17 (2000)
1551.

[40] SFSTP Commission, Ph. Hubert, J.J. Nguyen-Huu, B. Boulanger,
E. Chapuzet, P. Chiap, N. Cohen, P.A. Compagnon, W. Dewe, M.
Feinberg, M. Lallier, M. Laurentie, N. Mercier, G. Muzard, C. Nivet,
L. Valat, STP Pharma Pratiques, 13 (2003) 101.

[41] B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng, Anal. Chem.
75 (2003) 3019.

[42] C. Marzolini, A. Telenti, T. Buclin, J. Biollaz, L.A. Decosterd, J.
Chromatogr. B Biomed. Sci. Appl. 740 (2000) 43.

[43] C. Marzolini, A. Beguin, A. Telenti, A. Schreyer, T. Buclin, J. Bi-
ollaz, L.A. Decosterd, J. Chromatogr. B Biomed. Sci. Appl. 774
(2002) 127.

[44] S. Colombo, N. Guignard, C. Marzolini, A. Telenti, J. Biollaz, L.A.
Decosterd, J. Chromatogr. B Biomed. Sci. Appl. 810 (2004) 25.

[45] J.D. Moore, G. Valette, A. Darque, X.J. Zhou, J.P. Sommadossi, J.
Am. Soc. Mass Spectrom. 11 (2000) 1134.

[46] C. Solas, Y.F. Li, M.Y. Xie, J.P. Sommadossi, X.J. Zhou, Antimicrob.
Agents Chemother. 42 (19982989).

[47] I. Fu, E.J. Woolf, B.K. Matuszewski, J. Pharm. Biomed Anal. 18
(1998) 347.

[48] P. Clevenbergh, R. Garraffo, J. Durant, P. Dellamonica, AIDS 16
(2002) 2311.

[49] M. Rotger, S. Colombo, H. Furrer, G. Bleiber, T. Buclin, B.L. Lee,
O. Keiser, J. Biollaz, L.A. Decosterd, A. Telenti, Pharmacogenet.

[ 493.

G.A. Freeman, S.N. Lehrman, D.P. Bolognesi, S. Broder, H. Mits
Proc. Natl. Acad. Sci. U.S.A. 83 (1986) 8333.
Genom. 15 (2005) 1.
50] P.G. Hoggard, A. Owen, J. Antimicrob. Chemother. 51 (2003)

http://fda.gov/cder/guidance/index.htm

	Intracellular measurements of anti-HIV drugs indinavir, amprenavir, saquinavir, ritonavir, nelfinavir, lopinavir, atazanavir, efavirenz and nevirapine in peripheral blood mononuclear cells by liquid chromatography coupled to tandem mass spectrometry
	Introduction
	Experimental
	Chemicals and reagents
	Equipment
	Solutions
	Mobile phase solutions
	Internal standard, calibration standards and quality controls (QCs) solutions

	LC-MS/MS conditions
	PBMCs isolation
	Preparation of blank control PBMCs from healthy blood donor
	Collection for intracellular drug determination
	Selection of the extraction/lysing solvent
	PBMCs extraction procedure

	Quantification
	Calibration curves
	Drug quantification in PBMCs

	Analytical methods validation
	Accuracy and precision
	Limit of quantitation and limit of detection
	Stability of PIs and NNRTIs
	Matrix effect and recovery
	Influence of cell number variability in PBMCs pellet
	Dilution effect
	Selectivity


	Results
	Chromatograms
	Internal standard and calibration curve
	Precision, accuracy, LLOQ and LOD
	Stability of PIs and NNRTIs
	Matrix effect and recovery
	Influence of PBMCs cell count on the accuracy of the method
	Dilution effect
	Selectivity
	Clinical applications

	Conclusion and discussion
	Acknowledgments
	References


