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a b s t r a c t

A sensitive and accurate high performance liquid chromatography–mass spectrometric (HPLC–MS)
method for the intracellular determination of 14 antiretroviral drugs in peripheral blood mononuclear
cells (PBMCs) for HIV+ patients was validated. PBMCs are isolated by Ficoll density gradient centrifugation
and cells count and the relative mean volume is performed with a Coulter® instrument. Extraction of drugs
from PBMCs pellets was obtained with methanol:water (70:30, v/v), with quinoxaline added as internal
standard, after a sonication step. Supernatant was dried and then dissolved in water/acetonitrile (60/40,
v/v), before injection into a 2.1 mm × 150 mm Atlantis® T3 3� column. Chromatographic separations
were performed using a gradient program with a mixture of water (0.05% formic acid), as mobile phase A
and acetonitrile (0.05% formic acid), as mobile phase B. Analytes quantification was performed by electro-
spray ionisation–single quadrupole mass spectrometry using the selected ion recording (SIR) detection
mode. The positive ionization was used for the HIV protease inhibitors (PIs) indinavir, saquinavir, nel-
finavir, nelfinavir M8 metabolite, amprenavir, darunavir, atazanavir, ritonavir, lopinavir, tipranavir, the
integrase inhibitor (II) raltegravir and the non-nucleoside reverse transcriptase inhibitors (NNRTIs) nevi-
rapine and etravirine, while the negative ionization is applied for efavirenz. The calibration curves were
built using blank PBMCs spiked with antiretroviral drugs at concentrations ranging from 0.1 to 32 ng/mL

(1–320 ng/mL for tipranavir) and fitted to a quadratic regression model weighted by 1/X. The mean extrac-
tion recovery for all PIs, II and NNRTIs was always above 82%. The method was precise, with a range of
intra/inter-day percent standard deviation within 2.6–14.8%, and accurate with mean of percent coef-
ficient of variation (CV%) from nominal values −7.85 to +9.7%. Each drug concentration evaluated was
expressed in ng/mL and optimized using each patient medium corpuscolar volume and cell number. This
analytical method is routinely used in our clinical research center for the assessment of intracellular
levels of all PIs, raltegravir and NNRTIs commercially available at present.
. Introduction

Highly Active Antiretroviral Therapy (HAART) is based on the co-

dministration of drugs from two o three different classes, aiming
o inhibit multiple viral targets. In recent years, the new drugs have
een introduced for and major advances have been made towards
he treatment of human immunodeficiency virus type 1 (HIV-1)
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infected patients. Even though HAART has markedly improved the
clinical outcome of HIV-infected patients, virological treatments
often fail within the first year of therapy [1,2].

Drug resistance due to mutations of the viral genome accounts
for a large proportion of treatment failures. Sub-inhibitory
antiretroviral drug concentrations promote the selection of resis-
tance mutations in the HIV genome during viral replication. Poor
penetration of drugs into several profound compartments of the
body (sanctuary sites), inadequate treatment adherence, and vari-

ability in drug pharmacokinetics may contribute to the occurrence
of sub-therapeutic drug level in vivo [3].

Therapeutic drug monitoring (TDM) of HIV protease inhibitors
(PIs) and non-nucleoside reverse transcriptase inhibitors (NNR-
TIs) considers the adjustment of total plasma concentrations to

dx.doi.org/10.1016/j.jpba.2010.10.011
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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ptimise response to antiretroviral therapy [1]. However, only
he fraction reaching the intracellular compartment is reason-
bly expected to exert an antiviral action. The mechanisms by
hich antiretroviral drugs accumulate within cells remain gener-

lly unknown.
Previous in vitro [4] and in vivo [5–9] studies have shown strik-

ng differences in the intracellular kinetics of PIs and NNRTIs.
Moreover, a number of transmembrane transport proteins, such

s P-glycoprotein, the gene product of ABCB1 (MDR1), and related
BC (ATP binding cassette) transporters are known to actively
ediate the efflux of drugs from cells, and have been shown to

lay an important role in the intracellular antiviral drug concentra-
ion [10–13]. The genes coding for these transport and regulatory
roteins are polymorphic in humans, with consequences on the
xpression and function, potentially influencing the intracellular
evels of antiretroviral drugs.

Thus, as intracellular concentrations of antiretroviral drugs are
nfluenced by both their physico-chemical properties and host
enetic factors, an assay enabling the monitoring of IIs, PIs and NNR-
Is levels at the site of their pharmacological action appears to be
n essential tool for the ongoing investigations aimed at preventing
ntiretroviral therapy failure or toxicity.

Liquid chromatography coupled with mass spectrometry
LC–MS or MS/MS), owing to its sensitivity and selectivity, is par-
icularly attractive for the measurement of intracellular analytes.
C–MS/MS technology has been applied for measuring the active
riphosphate anabolites of several nucleosidic reverse transcriptase
nhibitors (NRTIs) in peripheral blood mononuclear cells (PBMCs)
14–20].

PIs and NNRTIs are directly acting pharmacological species
equiring no bioactivation. However although several LC–MS and
S/MS assays have been published for the quantitative deter-
ination of PIs in plasma [21–32], validated methods for their

etermination in PBMCs have rarely been described [9,33–41] and
nly one method has been published for quantifying IIs [42].

Other enzyme immunoassays for a few PIs and NNRTIs plasma
nd intracellular level measurements have been published [43–46],
ncluding, recently, an assay using MALDI technology [47].

In most published papers mean corpuscular volume (MCV) is
ommonly estimated to be 400 fL, on the basis of a paper pub-
ished in 1993 [48], and cell count is often manually performed
hrough microscope observation at the Burker/Malassez counting
hamber [49,50]. Thus, intracellular concentration measurement
ould be potentially biased by error in the PBMC count and by
nter-individual variability of corpuscular volume evaluation [49].

In this paper, we describe the development and validation
f an analytical method for the simultaneous quantification of
4 antiretroviral drugs (PIs: indinavir, saquinavir, nelfinavir and

ts metabolite M-8, amprenavir, darunavir, atazanavir, ritonavir,
opinavir, tipranavir; NNRTIs: efavirenz, nevirapine, etravirine; II:
altegravir) in PBMCs by liquid chromatography coupled with
ingle-mass spectrometry detection. Moreover, this method is
haracterized by a novel approach to measure the mean cell volume
nd number with the introduction of a cell counter instrumen-
ation. This instrument allows us to accurately calculate the cell
umber and the mean corpuscular volume (MCV) [51,52] for each
atient/sample, during PBMC separation.

. Material and methods
.1. Chemicals

Compounds were kindly provided by the following pharma-
eutical companies: Nevirapine (NVP) and Tipranavir (TPV) from
oehringer Ingelheim Pharmaceuticals, Inc. (Ridgefield, CT, USA);
Biomedical Analysis 54 (2011) 779–788

Efavirenz (EFV) and Atazanavir (ATV) from Bristol Myers Squibb
Company (Princeton, NJ, USA); Indinavir (IDV) and Raltegravir
(RGV) from Merck Sharp & Dohme-Chibret Labs. (West Point, PA,
USA); Amprenavir (APV) from GlaxoSmithKline (Brentford, UK);
Darunavir (DRV) and Etravirine (ETV) from Tibotec (Mechelen,
Belgium); Saquinavir (SQV) from Roche (Mannheim, Germany);
Nelfinavir (NFV) and M-8 from Pfizer Inc (Groton, CT, USA);
Lopinavir (LPV) and Ritonavir (RTV) from Abbott Laboratories
(Chicago, IL, USA).

Acetonitrile HPLC grade and Methanol HPLC grade were pur-
chased from J.T. Baker (Deventer, Holland). HPLC grade water was
produced with Milli-DI system coupled with a Synergy 185 system
by Millipore (Milan, Italy). Quinoxaline (QX), phosphate buffered
saline (PBS) pH 7.4 (10 mM) and formic acid were obtained from
Sigma–Aldrich (Milan, Italy). Lymphoprep was purchased from
Sentinel Diagnostics (Milan, Italy).

Blank cells (PBMCs) were isolated from the blood of healthy
donors, kindly supplied by the Blood Bank of the Maria Vittoria
Hospital (Turin, Italy).

2.2. PBMC isolation

Clinical samples were collected, after obtaining written
informed consent according to local Ethics Committee indications,
from HIV infected patients treated with various combinations of
antiretrovirals. Blood samples were collected in two EDTA tubes
(2× 7 mL).

PBMCs were isolated from 12 to 14 mL of blood using lympho-
prep density gradient centrifugation (700 × g, 25 min, 4 ◦C with a
Jouan Centrifuge [Model BR4i, Saint-Herblain, France]) at each sam-
pling, as described previously [8,12,35,53]. PBMCs were then fast
washed twice in 40 mL cold-ice phosphate-buffered saline and cen-
trifuged (750 × g, 6 min, 4 ◦C).

Cell number and MCV were determined by a Bekman Coulter
Z2 (Instrumentation Laboratory, Milan, Italy), and managed by Z2
AccuComp Software (Version 3.01), without the use of the trypan
blue exclusion. The resulting pellet of washed PBMCs was dis-
solved with 1 mL extraction solution (methanol:water, 70:30, v/v),
switched in two criovials (500 �l each) and then stored at −80 ◦C
until analyses, and for no longer than three months.

The time taken to process PBMCs from phlebotomy to methanol
extraction solution was less than 1 h, ensuring that sampling condi-
tions were ice cold to prevent drug loss [8,35]. Blank PBMCs isolated
from the blood of healthy donors, as previously described, were
stored in aliquots of around 5 × 106 cells.

2.3. Stock solutions, standards (STDs) and quality controls (QCs)

DRV, NVP, IDV, APV, SQV, M-8, NFV, ATV and RGV, stock solu-
tions were made in a solution of methanol and HPLC grade water
(90:10) and EFV, ETV, RTV and LPV were made in a solution of
methanol and HPLC grade water (95:5) to obtain a final concen-
tration of 1 mg/mL. TPV stock solution was made with methanol to
obtain a concentration of 10 mg/mL. All stock solutions were then
refrigerated at 4 ◦C until use, within 3 months.

The Internal Standards (IS) working solution was prepared with
QX [2 �g/mL] in methanol and HPLC grade water (50:50, v/v) and
stored at 4 ◦C until use. The eight calibration standards and three
quality controls (QCs) were prepared adding a determined vol-
ume of stock solutions, or diluted stock solution, to each blank
PBMCs aliquots before storage at –80 ◦C, during no more than three

months, in a manner similar to that described in other publications
[6,10,33,39,40,42,47,54,55].

Calibration ranges, from STD 8 to STD 1, and QC concentrations
for all drugs are listed in Table 1. Under these conditions, ETV, RGV,
DRV, APV, NVP, IDV, SQV, M-8, NFV, ATV, EFV, RTV, LPV and TPV
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Table 1
Detected mass (Da), cone voltage used (V) and retention time (RT, in min) used to quantify Internal Standard and each drug, and relative concentrations from STD8 to STD1
(LOQ), QCs (QC high, QC medium and QC low) and LOD. At the end of the table the mass spectrometer parameter.

Drugs Data Concentrations (ng/ml)

Drugs RT (min) Mass (Da) Cone voltage (V) STD 8 STD 7 STD 6 STD 5 STD 4 STD 3 STD 2 LOQ/STD 1 QC high QC medium QC low LOD

IDV 3.3 614.20 42 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
NVP 3.5 267.15 30 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
M-8 5.4 584.15 35 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
NFV 8.1 568.18 32 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
RGV 8.2 445.00 30 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
SQV 8.3 671.25 37 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
APV 10.2 506.10 18 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
DRV 10.2 548.10 19 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
ATV 10.3 705.22 33 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
RTV 13.5 580.20 25 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
EFV* 13.9 313.85 30 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
LPV 14.0 629.20 25 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
ETV 15.2 434.90 60 32 16 8 4 2 0.5 0.25 0.125 15 5 1 0.06
TPV 16.2 603.10 28 320 160 80 40 20 5 2.5 1.250 150 50 10 0.15
IS 8.6 313.30 50 – – – – – – – – – – – –
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etector settings were: ESI, positive polarity ionization *(except for EFV which
nstantaneous switching); capillary voltage, 3.5 kV; source temperature, 110 ◦C; d
0 l/h.

ave been proven to be stable [22–24,39,40,42,56–59]. Therefore
o further stability evaluation was carried out.

.4. Chromatographic conditions

The chromatographic run was optimised for this assay by
odifying our previously published plasma methods [23,24]. The
PLC–MS instrument used was a Waters system (Milan, Italy), with
inary pump model 1525, AF degaser, 717-plus autosampler, and
icromass ZQ mass detector. LC-MS Empower Pro software (ver-

ion year 2002, Waters; Milan, Italy) was used.
The chromatographic separation was performed at 35 ◦C using

column oven, on Atlantis T3 C-18 3 � column (150 mm × 2.1 mm
.D.) (Waters; Milan, Italy), protected by a Security Guard with C18
4.0 mm × 3.0 mm I.D.) pre-column (Phenomenex, CA, USA). The
hromatographic run was performed with a gradient (Table 2), and
he mobile phase was composed by HPLC grade water containing
.05% formic acid, for mobile phase A, and HPLC grade acetonitrile
ontaining 0.05% formic acid, for mobile phase B.

Detector settings, ions detected and cone voltages for each drug
re listed in Table 1.
.5. STD, QC and samples preparation for injection

The stored aliquots of STDs, QCs and patient samples PBMCs
ere defrosted with HIV inactivation thermal treatment (58 ◦C for

5 min). Fifty �l of IS working solution were added to each tube

able 2
hromatographic condition (gradient): mobile phase: Buffer A (HPLC grade
ater + 0.05% formic acid) and Buffer B (HPLC grade acetonitrile + 0.05% formic acid).

he flow was 0.3 ml/min.

TIME (min) % Buffer A % Buffer B

0.0 59 41
0.1 58 42
2.0 45 55
4.0 40 60
9.0 30 70
9.5 25 75
9.6 5 95

14.0 5 95
14.1 95 5
15.0 95 5
15.1 70 30
25.0 60 40
detected by negative polarity ionization, in the same run simultaneously using
tion temperature 350 ◦C; nitrogen desolvation flow, 400 l/h; nitrogen cone flow,

and the samples were vortexed for 10 s. STDs, QCs and patient tube
samples were sonicated in an ice–water bath three time (cycle
0.75; amplitude 80%), to fully lyse PBMCs, using a sonicator UP-
50 H (Dr Hielscher GmbH, Teltow, Germany). After a centrifugation
at (7000 × g, 10 min at 4 ◦C), supernatant were collected into glass
tubes, and remaining pellets were washed by vortex for 10 s with
200 �l of acetonitrile:methanol solution (50:50, v/v), centrifuged
(7000 × g,10 min at 4 ◦C) and each supernatant was collected in the
indicated glass tubes to be treated by vortex–vacuum evaporation
to dryness at 60 ◦C.

Each extract was reconstituted with 60 �l of HPLC-grade water
and acetonitrile solution (60:40, v/v) and 20 �l were injected into
the column. For validation purposes, all samples were extracted
and analyzed in duplicate. All procedure steps were carried out at
room temperature, excluding that of sonication.

2.6. Specificity and selectivity

Interference from endogenous compounds was investigated
through the analysis of six different blank PBMC samples. Potential
interference by antiretroviral drugs concomitantly administered to
the patients was also evaluated by spiking blank PBMCs with them.
These included: ribavirin (RBV), zidovudine (AZT), didanosine (ddI),
stavudine (d4T), lamivudine (3TC), abacavir (ABC), tenofovir (TDF),
emtricitabine (FTC) and enfuvirtide (T-20). No other concomitant
drugs were investigated.

An “interfering drug” was considered a molecule which exhibits
a retention time close to 0.3 min from the analytes, and with the
potential capability to cause ion suppression. Co-elution between
DRV and APV, on the basis of their very similar chemical and physic
characteristics, was expected [23,57].

2.7. Matrix effect

The “matrix effect” was investigated on six replicates. Peak areas
from blank extracts spiked with all analytes at three concentrations
was compared with peak areas from standard solutions (water and

acetonitrile, 60:40, v/v) spiked with the same amount of analytes,
as described by Taylor [60]. The possible “matrix effect” was cal-
culated, as deviation %, comparing the peak area obtained from
the PBMCs extract with the peak area obtained from the standard
solution.
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.8. Accuracy, precision, calibration and limit of quantification

Intra-day and inter-day accuracy and precision were deter-
ined by assaying 6 spiked PBMC samples at three different

oncentrations (QCs) for all drugs. Accuracy was calculated as the
ercentage of deviation from the nominal concentration. Inter-day
nd intra-day precision were expressed as the relative standard
eviation (RSD%) at each QC concentration reported in Table 1.

Each calibration curve was obtained using 8 calibration points in
uplicate. The ranges are listed in Table 1. Calibration curves were
reated by plotting the peak area ratios of each drug relative to
he IS against the various drug concentrations in the spiked plasma
tandards. A 1/X weighted quadratic regression was used for all
urves.

The limit of detection (LOD) was defined as the concentration
hat yields a signal-to-noise ratio of 3/1. The percentage of devi-
tion from the nominal concentration (measure of accuracy) and
elative standard deviation (measure of precision) of the concen-
ration considered as the limit of quantification (LOQ) had to be
20%, and this was considered as the lowest calibration standard,
s requested by FDA guidelines [61].

.9. Recovery

Recovery from PBMC, using the extraction procedures, was
ssessed by comparing the peak area obtained from multiple anal-
ses of spiked samples (QCs) with the peak area from the standard
olution of all analytes in HPLC-grade water and acetonitrile (60:40)
olution at the same concentrations.

.10. Stability

The stability of all drugs considered at different conditions has
een previously assayed in various papers [22–24,39,40,42,56–59].
or this reason stability assays were not performed.

. Results

Retention times are summarized in Table 1. APV and DRV eluted
t the same retention time, due to their similar chemical structure
nd physiochemical properties, but this co-elution did not affect the
uantification of the two drugs, as shown in the following sections.

Representative chromatograms of a blank PBMCs extracted and
TD1 are shown in Fig. 1 , and an example of chemical mix chro-
atogram is reported in Fig. 2. Mean regression coefficient (r2) of all

alibration curves was more than 0.998. A 1/X weighted quadratic
egression was chosen due to its r2 higher than other equations.
oreover this regression allows to place more weight on low cali-

ration points, a curve region where the greater number of Ctrough
ntracellular concentrations were expected.

.1. Specificity and selectivity

The assay did not show any significant interferences from other
ntiretrovirals drugs taken at therapeutic dosage by patients. More-
ver, the six blank PBMC test did not show any interference peaks
or the specified ions detected and in the retention time analyte
indows (Fig. 1).

APV has a very similar retention time to DRV, as also reported
y other authors [23,24,57,62–64], due to their chemical anal-

gy. Similarly, NFV, RGV and SQV, APV, DRV and ATV, LPV and
FV, respectively, have a very close retention time. These co-
lutions did not affect quantification, as has been fully proven for
PV–DRV–ATV and LPV–EFV in our previous study [23,24], and in
matrix effect” section.
Biomedical Analysis 54 (2011) 779–788

3.2. Accuracy, precision, limit of quantification

The results of the validation of the methods are listed in Table 3
for all analytes. All observed data (Intraday and Interday precision
[RSD%]), including LOQ, were below 15.0%, according to FDA guide-
lines [61]. Analytes coelution did not alter the quantification of the
drugs, as described above. LOQ and LOD are listed in Table 1.

3.3. Recovery

Multiple aliquots (n = 6) at each of the three QCs concentration
were assayed and mean recovery of all drugs ranged from 76% to
98% (mean CV 6.7%). Mean IS recovery was 89% (mean CV 2.9%).

3.4. Matrix effect

The deviation % of the peak area at the three concentrations
for all analytes is comparable, ranging from −17.0% to +8.8% (mean
−3.1%), showing the absence of the “matrix effect”. The lowest data
(−17%) was related to indinavir, which has the shortest retention
time and could be potentially affected by poor column retained
analytes.

4. Discussion and conclusion

Excluding the fusion inhibitor enfuvirtide and the CCR5 inhibitor
maraviroc, all antiretrovirals such as nucleoside reverse transcrip-
tase inhibitors, non-nucleoside reverse transcriptase inhibitors,
protease inhibitors and integrase inhibitor raltegravir act on intra-
cellular viral targets.

Intracellular concentrations of these agents may be an impor-
tant determinant of antiviral activity, and some research has
been performed establishing the relationship between plasma
and intracellular concentrations for several antiretroviral drugs
[33,35,49,53,56,65]. Moreover, the pharmacokinetics of intracel-
lular drug accumulation (including binding to cytosolic proteins,
intracellular-free fraction, influx and efflux kinetics and intracellu-
lar drug metabolism) are likely to impact on efficacy and toxicity.
To date, intracellular drug levels has been poorly studied in vivo,
due to methodological difficulties and the relatively large volumes
of blood required.

The study of the intracellular pharmacokinetics of HIV drugs
is central to investigating putative sanctuary sites where HIV may
replicate with little selective pressure. However, stringent method-
ological procedures need to be applied, and there is no a standard
or reference technique for measuring intracellular drug.

Our first aim was to develop an easy and reliable method of
PBMC separation and extraction of drugs from isolated cells, over-
coming the potential problems during these steps [49].

PBMCs can be isolated using either conventional Ficoll gradient
centrifugation or Vacutainer cell preparation tubes. These two pro-
cedures were compared by Becher et al. [16], using phosphorylated
anabolites of two NRTIs, and were shown to give identical results.
However, the use of cell preparation tubes was found to be easier,
less time consuming and therefore quicker which, in the case of
stavudine triphosphate, was the most important, as the drug was
shown to be unstable in the cell ring of the Ficoll gradient (40%
loss within 40 min), and this led the authors to collect the ring in
<10 min [16,49]. However, before this isolation step, the stability
of the phosphorylated anabolites and that of NNRTIs, raltegravir
and PIs in blood should be considered. The phosphorylated anabo-

lites, as consequence of their low molecular size and their chemical
properties, have a different behavior respect to non NRTIs drugs.
Moreover, to maximize PBMC recovery with Vacutainer cell prepa-
ration tubes, as indicated in the brochure, the centrifugation should
be conducted at room temperature, with a potential higher loss of
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Fig. 1. Overlapping of STD1 and

rugs. For this reason, we have chosen the Ficoll gradient centrifu-
ation method to isolate PBMC, and all procedure was performed
t 4 ◦C to inhibit enzymatic activity and passive drug efflux. The
ull-procedure from blood sampling to storaging takes always less

han 2 h to prevent active drug efflux [6,33,49].

Calibration standards and QC validation samples for the deter-
ination of drugs in cell lysate were prepared similarly to many

ther paper [6,10,33,39,40,42,47,54,55].
PBMC extracted ions detection.

Moreover, to increase the recovery and sensitivity of our
extraction, we have added two additional step to the extraction pro-
cedure: namely, the PBMC sonication and a 100% organic extraction
treatment. In fact, the storage at −80 ◦C in water:methanol (30:70)

lead to a first PBMC lyses passage and the sonication step allowed
to fully break PBMC membranes.

The remaining pellets from sonication and centrifugation were
washed by vortex for 10 s with 200 �l of acetonitrile:metanol
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Fig. 1. (Continued ).
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Fig. 1. (Continued ).

Table 3
Accuracy (CV%), intraday and interday precision, as relative standard deviation (RSD%), assayed for all drugs (n = 6).

Drugs QC high QC medium QC low

Accuracy CV% Precision RSD% Accuracy CV% Precision RSD% Accuracy CV% Precision RSD%

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day

IDV 4.80 5.29 9.14 8.94 9.19 9.48 −2.76 9.70 14.89
NVP −3.44 6.25 10.30 9.70 6.36 10.80 5.81 7.79 13.96
M-8 2.67 4.55 7.82 9.54 6.66 7.94 5.79 7.48 11.48
NFV 1.73 6.29 7.24 6.29 8.22 10.35 9.43 12.92 11.21
SQV 7.41 4.39 8.50 8.39 11.97 10.91 5.55 7.57 8.81
RGV 8.19 2.60 7.27 8.35 3.42 5.92 −0.87 14.02 14.46
APV 3.08 5.22 6.37 4.42 5.74 10.59 −2.22 9.52 13.48
DRV −2.18 6.04 11.71 −1.33 5.04 10.97 −1.64 11.14 14.70
ATV 3.88 3.41 6.42 1.57 5.40 8.85 −3.44 9.69 13.76
RTV 2.49 4.43 4.84 3.68 6.04 6.89 −7.85 11.63 10.56
LPV −3.41 4.00 10.11 1.70 8.77 10.36 7.42 10.75 10.21
EFV 0.17 7.13 10.25 0.93 7.72 9.69 −6.24 8.65 12.22
ETV 0.26 3.84 3.99 3.74 7.12 10.01 −1.13 9.82 13.13
TPV 3.04 3.88 9.41 8.38 11.09 11.80 8.38 11.09 11.80
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rganic solution (50:50). This step allowed us to remove all remain-
ng drugs from cellular membrane residue, particularly for the

ost lipophilic drugs such as lopinavir, etravirine and tipranavir.
ll these extraction steps allowed us to reach low limit of quan-

ification for all the drugs, below the clinically relevant range
f concentration encountered in patients PBMCs contained in a
2–14 mL-blood [33–37,39–42,53,56,65–67].

Our additional aim was to develop and indicate a potentially
tandard methodology for antiretrovirals drugs intracellular mea-
urement. For this purpose we have chosen as our internal standard
uinoxaline, as it is easy to purchase, inexpensive (compared with
euterated drug isotopes) and reliable in its chemical behavior.
his xenobiotic was fully used as IS in our validated method
23,24,57,68], with UV and mass detectors. Furthermore, our IS is
ot deuterated and then cheaper than other analogues used in pre-
ious publication [41]. Moreover it is not a potential coadministred
rug as was the case in other studies [33,39,40,42].

The extraction procedure and the HPLC–MS method here
escribed allows for the accurate and reproducible simultaneous
uantification of fourteen antiretroviral agents in PBMC by a single
ssay. A low blood volume, a good extraction efficiency and a low
imit of quantification make this a suitable method for use in clini-
al trials and for the study of intracellular concentration of RGV, PIs
nd NNRTIs, including ETV.

This method, developed and validated following FDA guidelines
61] and according to UNI EN ISO 9001:2000 certification planning
ules, is currently being used in our certified laboratory [52], is now
eing successfully applied for our intracellular routine analysis,
oupled with plasmatic therapeutic drug monitoring and pharma-
okinetic studies in HIV-infected patients.

Moreover, from our previous data, the observed mean MVC
±CV%) from 20 patients was 281.2 fL (±18.9 min 255.6–max 325.5)
CV% = 6.7] [52], and the mean MVC (±CV%) from 86 patients [200
amples] was 282.5 fL (±22.4 min 232.5–max 341.2) [CV% = 7.9]
see also Fig. 3) [51], respectively. These mean MVC values were
round 30% lower than the 400 fL [48], used in the most method-
logical and clinical publications [33–37,39–42,53,56,65–67]. Use
f the latter as a presumptive standard value could significantly bias

he methods of quantification, and consequently previous reports
ould have potentially underestimated intracellular drug exposure.
ur latest data (data submitted) confirm previous results [51,52].
azzoli et al. highlight in their review that the accuracy of 0.4 pL, as
BMC volume is questionable. The PBMC volume varies according
Fig. 3. Distribution of patients MCV. 86 samples were clustered in 11 classes in
according to MCV value and their frequencies plotted.
[Data from Simiele et al. 2010. Poster n.62, 11th International Workshop on Clinical
Pharmacology of HIV Therapy, Sorrento, Italy].

to the state of the cells (quiescent or stimulated) or the nature of
the cells (cell volume of human lymphoblast: around 2.1 pL)[49].

We therefore suggest the calculation of individual MCV as a
standard for a more accurate and reliable tool way to quantify
intracellular antiretroviral drugs concentrations.

In conclusion, we have fully validated a quantitative assay for
the routinely determination of PIs, NNRTIs and RGV in PBMC using
a LC-MS system, coupled with individual MCV, which can drive to
more reliable understanding of antiretroviral intracellular pharma-
cokinetics.
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