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a b s t r a c t

Clinical pharmacokinetic studies of antiretrovirals require accurate and precise measurement of plasma
drug concentrations. Here we describe a simple, fast and sensitive HPLC–MS/MS method for determina-
tion of the commonly used protease inhibitors (PI) amprenavir, atazanavir, darunavir, lopinavir, ritonavir,
saquinavir and the non-nucleoside reverse transcriptase inhibitor (NNRTI) nevirapine, as well as the more
recent antiretrovirals, the CCR5 antagonist maraviroc and the “second generation” NNRTI etravirine and
rilpivirine. An internal standard (quinoxalone; QX) was added to plasma aliquots (100 �l) prior to pro-
tein precipitation with acetonitrile (500 �l) followed by centrifugation and addition of 0.05% formic acid
(200 �l) to the supernatant. Chromatographic separation was achieved using a gradient (acetonitrile
and 0.05% formic acid) mobile phase on a reverse-phase C18 column. Detection was via selective reac-
ilpivirine
araviroc

tion monitoring (SRM) operating in positive ionization mode on a triple-quadrupole mass spectrometer.
All compounds eluted within a 5 min run time. Calibration curves were validated over concentration
ranges reflecting therapeutic concentrations observed in HIV-infected patients from pharmacokinetic
data reported in the literature. Correlation coefficients (r2) exceeded 0.998. Inter- and intra-assay varia-
tion ranged between 1% and 10% and % recovery exceeded 90% for all analytes. The method described is
being successfully applied to measure plasma antiretroviral concentrations from samples obtained from

studi
clinical pharmacokinetic

. Introduction

Highly active antiretroviral therapy (HAART) has dramati-
ally reduced HIV-1-associated mortality and morbidity [1] and
urrently comprises 25 drugs from five different classes; the nucle-
side and non-nucleoside reverse transcriptase inhibitors (NRTI
nd NNRTI), protease inhibitors (PI), and most recently entry

nhibitors and integrase inhibitors. Current 2008 British HIV Asso-
iation guidelines recommend for treatment naive patients, a
ombination of three or more antiretroviral agents; an NNRTI or a
itonavir boosted PI in combination with a dual NRTI backbone [2].
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However, despite the long-term benefits of HAART, an estimated 8%
of treatment naive and 33% of experienced patients do not achieve
viral suppression or experience viral rebound within 12 months of
initiating HAART [3].

For patients harbouring resistant virus and those failing multiple
regimens, antiretroviral drug combinations have become increas-
ingly complex and in recent years new and more potent agents have
been introduced which possess activity against both wild-type and
resistant viral strains. The chemokine receptor (CCR5) antagonist
maraviroc was approved by the FDA and EMEA in 2007. Maravi-
roc acts specifically against CCR5-trophic (R5) HIV-1 and prevents
R5 virus engaging with the CCR5 co-receptor located on the host
CD4 cell membrane, but is not effective against CXCR4-trophic
(X4) and dual/mixed trophic strains which become increasingly
dominant in the later stages of HIV-1 infection [4]. The integrase

inhibitor raltegravir (also licensed in 2007) inhibits the integra-
tion of pro-viral DNA into the host genome and has demonstrated
potent antiviral activity in multi-drug experienced patients [5,6].
Also, in view of increasing resistance, new NNRTI were also urgently
needed. The second generation NNRTI, etravirine (TMC125) and
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ilpivirine (TMC278) are diarylpyrimidine compounds which pos-
ess favorable binding interactions toward reverse transcriptase of
oth mutant HIV-1 strains as well as wild-type virus, including the
ommon K103N mutation [7]. In 2008, the FDA and EMEA granted
ccelerated approval of etravirine based on data from the phase III
UET 1/2 studies [8,9]. Rilpivirine, shown in initial phase IIb stud-

es to be equivalent to the standard-of-care efavirenz [10], is not yet
icensed and is currently undergoing non-inferiority phase III tri-
ls (ECHO and THRIVE) for use in treatment naive and experienced
atients.

The PI and NNRTI undergo cytochrome P450 mediated
etabolism via CYP3A4 and to a lesser extent by CYP2B6, CYP2D6

nd CYP2C19 which renders them prone to variable pharma-
okinetics and extensive drug–drug interactions when given in
ombination or with other concomitant medications [11]. More-
ver, they can variably affect their own metabolism through the
nduction and inhibition of these enzymes. All PI inhibit CYP3A4,

ith ritonavir being the most potent and is used exclusively at sub-
herapeutic doses to “boost” other PI [12,13]. In addition, ritonavir,
opinavir and amprenavir have CYP enzyme inducing properties
14–16]. The first generation NNRTI nevirapine and efavirenz are
ubstrates and inducers of CYP3A4 and CYP2B6 (the major enzyme
nvolved in the metabolism of efavirenz) [17]. The second gener-
tion NNRTI rilpivirine is metabolized primarily by CYP3A4, and
travirine by CYP3A4, CYP2C9, CYP2C19 [18]. Maraviroc is a sub-
trate for both CYP3A4 and the efflux transporter P-gycloprotein,
nd has shown clinically significant interactions with both PI and
NRTI, rendering mandatory maraviroc dosage adjustments with

ome associations [19,20].
The quantification of antiretrovirals from plasma is a valu-

ble pharmacological tool since PI and NNRTI demonstrate
harmacokinetic/pharmacodynamic (PK/PD) [21–24] and phar-
acokinetic/toxicity relationships [25–27]. Thus characterisation

f the relationship between antiretroviral pharmacokinetics (sys-
emic exposure or a single concentration) and drug response
beneficial or adverse) is key to the selection of an optimal dose
or a drug, understanding inter- and intra-subject variability, and
o design strategies to optimize response and tolerability while
voiding unwanted toxicity. For this reason, comprehensive phar-
acokinetic studies investigating drug interactions, as well as

hose assessing new dosing strategies require accurate and pre-
ise measurement of drug concentrations to ensure that correct
nd meaningful data are fed back into clinical care. Indeed, rou-
ine therapeutic drug monitoring (TDM) and pharmacokinetic drug
nteraction studies between existing and new antiretrovirals, and

ith concomitant medications are essential for the optimization
nd management of antiretroviral therapy, in order to maintain effi-
acy and prevent drug toxicity and resistance. Also important are
linical studies investigating pharmacokinetics in specific patient
roups including pregnant women and children, who are in need
f tailored antiretroviral dosage regimens.

Several methodologies have been reported in the literature
hich simultaneously determine PI and NNRTI plasma concen-

rations using high-performance liquid chromatography–tandem
ass spectrometry (HPLC–MS/MS) [28–33]. However, some meth-

ds are limited by relatively long analytical run times (10–25 min),
hich reduce turnover when analysing multiple samples and

thers have only moderate sensitivity. As new drugs emerge
t is important that assay methodology incorporates both new
maraviroc, raltegravir, etravirine and rilpivirine) and existing
ntiretroviral classes.
A number of previously published HPLC–UV and LC–MS/MS
ssays have quantified darunavir from human plasma either alone
34] or with other antiretroviral drugs [30,35–37]. Raltegravir has
een quantified separately using HPLC with fluorescent detection
38] and LC–MS/MS methods [39,40]. Also, LC–MS/MS assays for
878 (2010) 1455–1465

maraviroc [19,41,42] and etravirine [18,43,44] have been briefly
described as part of in vivo pharmacokinetic and drug interac-
tion studies but not in the form of a comprehensive method
development and validation. A more recent LC–MS/MS method
quantified raltegravir, maraviroc, darunavir and etravirine together
in a separate assay, but existing agents (with exception of riton-
avir) were not included [45], thereby, limiting the assay’s utility
in a routine setting. Only one bio-analytical method, using solid
phase extraction and HPLC coupled to photodiode array detection,
has simultaneously quantified raltegravir and etravirine alongside
existing PI and NNRTI, however, the chromatographic separation
did not allow for the simultaneous quantification of amprenavir
and darunavir, which due to similarities in their chemical struc-
ture, co-eluted as a single peak [36]. LC–MS/MS methods have been
described for the quantification of rilpivirine for pre-clinical studies
in dog and rat plasma [46,47]; however, to date, no bio-analytical
assay has measured rilpivirine alongside current antiretrovirals.

Here we describe a simple, fast and sensitive HPLC–MS/MS
method for the determination of the commonly used PI [ampre-
navir (APV), atazanavir (ATV), darunavir (DRV), lopinavir (LPV),
ritonavir (RTV), saquinavir (SQV)] and NNRTI [nevirapine (NVP)],
as well as recently licensed CCR5 antagonist maraviroc (MVC) and
the second generation NNRTI etravirine (ETV) and rilpivirine (RPV).
The method was adapted from a previous assay used within our
laboratory to measure 7 PI [48]. Validation was conducted based
on modified Westgard regulations and FDA international guide-
lines for bio-analytical assay validation [49,50]. In particular, we
emphasise that the novelty of this analytical methodology is that it
includes RPV, which has not been incorporated into past LC–MS/MS
methods. As RPV is not yet licensed, determination of RPV plasma
concentrations as part of intensive pharmacokinetic and drug inter-
action studies will be crucial for the future safe and effective use of
this agent in the wider HIV-infected population.

2. Materials and methods

2.1.1. Chemicals

APV was kindly donated by Glaxo Wellcome Research and
Development (Middlesex, UK), ATV (atazanavir sulphate) by
Bristol-Myers Squibb (Hounslow, UK), SQV by Roche Discovery
(Welwyn, UK), LPV and RTV by Abbott Laboratories (Chicago, IL,
USA) and NVP by Boehringer Ingelheim Pharmaceuticals, Inc. (Berk-
shire, UK). DRV (darunavir ethanolate), ETV and RPV (rilpivirine
hydrochloride) were kindly contributed by Tibotec (Mechelen,
Belgium) and MVC was donated by Pfizer (Sandwich, Kent, UK).
The internal standard, quinoxaline (6,7-dimethyl-2,3-di(2pyridyl)-
quinoxaline) and formic acid (minimum 95% pure) were obtained
from Sigma–Aldrich, UK.

LC–MS grade acetonitrile (ACN) was obtained from Fisher Sci-
entific (Loughborough, UK) and methanol (MeOH) from VMR
Laboratory supplies (Poole, UK). HPLC grade de-ionized water was
produced from an Elga Option 4 water purifier (Elga LabWater, High
Wycombe, UK). The water was further purified to 18.2 M� with a
Purelab Classic UVF (Elga LabWater, High Wycombe, UK). Drug free
plasma was obtained from the National blood service (Liverpool,
UK).

2.1.2. Equipment
The HPLC system consisted of a variable loop Accela autosam-
pler (200 vial capacity set at a temperature of 15 ◦C) and an Accela
LC pump (Thermo Electron Corporation, Hemel Hempstead, UK).
A reverse-phase AscentisTM C18 column (3 �m: 100 mm × 2.1 mm)
set at an oven temperature of 26 ◦C (Supelco, Dorset, UK) was used
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Table 1
Step-wise gradient program consisting of acetonitrile (ACN) and water (0.05% formic
acid).

Time (min) ACN: water (0.05% formic acid)

5:95 (%) 80:20 (%)

0 100 0
0.1 100 0
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2.0 0 100
2.1 100 0
5.0 100 0

o elute all analytes and internal standard was interfaced with a
�m guard column, C18 Quest column saver (Thermo Electron Cor-
oration, Hemel Hepstead, UK). The HPLC system was interfaced
ith a triple-quadrupole TSQ Quantum Ultra mass spectrome-

er (Thermo Electron Corporation, Hemel Hempstead, UK) with a
eated-electrospray ionization (H-ESI) source. Two E2M30 rotary
acuum pumps (Edwards High Vacuum International, West Sussex,
K), a NM30LA nitrogen generator (Peak Scientific, Renfrewshire,
cotland, UK) and 99% pure argon gas (10L SIZE V, BOC Gases,
orsely, Manchester, UK) were used. TSQ Tune Software (Thermo

lectron Corporation, Hemel Hepstead, UK) was used for the opti-
ization of tuning parameters. LC QuanTM software (Version 2.5.6,

hermo Electron Corporation, Hemel Hepstead, UK) was used for
ata acquisition and processing.

.1.3. Chromatographic and mass spectrometric conditions

Chromatographic separation was achieved using a rapid step-
ise gradient [ACN:water (0.05% formic acid) 5:95 and 80:20,

/v] mobile phase at a flow rate of 400 �l/min over a total run
ime of 5 min. An outline of the mobile phase gradient program
s summarized in Table 1. Initial conditions consisted of A: 100%
CN:water (0.05% formic acid) 5:95, v/v from 0 to 0.1 min, increas-

ng in organic content to B: 100% ACN:water (0.05% formic acid)
0:20 v/v from 0.1 to 1.0 min and held over 1.1 min. The column
as then equilibrated to the initial conditions over a total run time

f 5 min. Samples were injected (10 �l) on to the column via a
ull loop injection system and the needle was washed with 2 ml
f ACN:water (0.1% formic acid), 80:20, v/v, between injections.
he triple-quadrupole mass spectrometer was operated in positive
onization mode and detection and quantification was performed
sing selective reaction monitoring (SRM).

.1.4. Preparation of calibrators, quality controls and internal
tandard

Stock solutions were prepared by dissolving separate solutions
f analyte in MeOH to obtain final drug concentrations of 1 mg/ml
as base). Stock solutions were then further diluted with drug free
lasma to yield working solutions which were dispensed (500 �l)

nto labeled screw cap tubes and stored at −20 ◦C until use. On
he day of analysis, working solutions were diluted in duplicate
ith appropriate volumes of drug free plasma (100 �l per calibra-

or level) to yield concentrations ranging from 10 to 10,000 ng/ml
APV, ATV, NVP, RPV and SQV), 5 to 5000 ng/ml (ETV and RTV), 5 to
000 ng/ml (MVC) and 15 to 15,000 ng/ml (DRV and LPV).

Internal quality control samples (QC) were prepared similarly
y the dilution of drug free plasma to yield four QC levels: an

LQC within three times the assay’s lower limit of quantification
APV, ATV, NVP, RPV, SQV 25 ng/ml; ETV, RTV, MVC 12.5 ng/ml;
RV, LPV 40 ng/ml), LQC (APV, ATV, NVP, RPV, SQV 150 ng/ml;
TV, RTV 100 ng/ml; MVC 50 ng/ml; DRV, LPV 250 ng/ml), MQC
APV, ATV, NVP, RPV, SQV 1500 ng/ml; ETV, RTV 800 ng/ml; MVC
878 (2010) 1455–1465 1457

400 ng/ml; DRV, LPV 3500 ng/ml) and HQC (APV, ATV, NVP, RPV,
SQV 8000 ng/ml; ETV, RTV 4000 ng/ml; MVC 700 ng/ml; DRV, LPV
12,000 ng/ml). Aliquots of QC (250 �l) were dispensed into an
equivalent number of labeled 2 ml screw cap tubes and stored at
−20 ◦C until use.

A 1 mg/ml stock solution of internal standard (QX; quinoxaline)
was prepared by dissolving 10 mg QX in 10 ml of MeOH. This was
stored for up to 6 months at 4 ◦C. A working 1 �g/ml QX solution
was then prepared through dilution of the 1 mg/ml stock solution
in MeOH:water (50:50, v/v). Formic acid (0.05%) was prepared by
the addition of 500 �l of formic acid to 1 L of de-ionized water.

2.1.5. Sample pre-treatment

Calibrators and QC samples were pipetted in duplicate (100 �l).
QX (20 �l and 1 �g/ml) was added to all plasma aliquots prior to
protein precipitation with ACN (500 �l). Samples were vortexed
and left to stand at room temperature (15 min). After, samples
were re-vortexed and centrifuged and the supernatant decanted
into correspondingly labeled 5 ml glass tubes followed by the addi-
tion of 0.05% formic acid (200 �l). Samples were then re-vortexed
and transferred to autosampler vials ready for injection (10 �l) onto
the HPLC column.

2.1.6. Validation of calibrators and quality controls

A minimum of 10 calibration curves were prepared on separate
days in order to ascertain the concentration at each calibrator level
for all 10 drugs. All data acquisition and processing were performed
using LC QuanTM software (Version 2.5.6, Thermo Electron Corpo-
ration, Hemel Hempstead, UK). Calibrator curves were constructed
using a 1/concentration weighted quadratic regression equation of
analyte:internal standard peak area ratios versus target concentra-
tion, from which unknown drug concentrations were interpolated.

In addition, a minimum of 10 QC samples (at LLQC, LQC, MQC
and HQC) were treated as unknown values and run in duplicate
on separate days alongside a validated calibration curve in order
to determine final QC concentrations and inter-assay precision
and accuracy. Intra-assay variation was ascertained by running
six LLQC, LQC, MQC and HQC samples within a single analytical
run. After the validation procedure, subsequent assay acceptance
criteria for evaluating clinical samples are based on Westgard reg-
ulations and FDA research guidelines.

2.1.7. Recovery and matrix effects

Percentage (%) recovery from plasma for all 10 compounds
was determined by comparing the chromatographic peak areas
from a given concentration of analyte spiked in blank plasma and
extracted via protein precipitation with peak areas obtained for
the same concentration of analyte in mobile phase. Analyte recov-
ery was tested at low, medium and high QC levels in triplicate
and on four separate occasions (n = 12). The response data for ana-
lyte in mobile phase provide a relative 100% response value and
the corresponding response data for extracted samples contain-
ing the analyte highlight whether any loss in signal is attributable
to the extraction process and to the sample matrix. Percentage
recovery = (peak area extracted from plasma/peak area of directly
injected solution) × 100. Co-eluting matrix components can sup-
press or even enhance the ion intensity of analytes and hence
compromise the reproducibility and accuracy when quantifying

drugs from multiple batches of human plasma. Therefore, an abso-
lute matrix effect was determined for all analytes by comparing the
chromatographic peak areas of analytes spiked into blank plasma
extracts (i.e. after protein precipitation) to peak areas obtained
from the same concentration of analyte in mobile phase. % matrix
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ffect = (peak area of analyte spiked in blank plasma extract/peak
rea of analyte in mobile phase) × 100. The relative contribution (%)
f the extraction process (extraction yield) could also be derived by
ividing the peak areas of analyte spiked in blank plasma (before
rotein precipitation) with equivalent concentrations of analyte
piked into blank plasma extracts (after protein precipitation).

Matrix effects over an entire chromatographic run were per-
ormed using a post-column infusion to ensure that no interfering
eaks were found in the elution windows of the analytes and QX.
ix different batches of blank plasma, extracted via protein precip-
tation, and eluent (control) were injected (10 �l, full loop) onto
he HPLC column while analyte (100 ng/ml) or QX (1 �g/ml) was
nfused post-column directly into the H-ESI source at a flow rate of
�l/min. As a result, any endogenous component that elutes from

he column and causes a variation in ESI response of the infused
nalytes will be seen as a change in the response of the infused
nalyte.

.1.8. Stability

Stability experiments should reflect the conditions likely to be
ncountered during sample transfer, handling and analysis. In our
aboratory, clinical samples from both patient and healthy volun-
eers are heat inactivated (58 ◦C and 40 min), stored at −20 ◦C and
hen thawed prior to analysis. Stability studies under heat inacti-
ated and inactivated freeze/thaw conditions have been performed
reviously in our laboratory for NVP, APV, ATV, LPV, RTV and SQV
48]. Stability data for the more recently licensed compounds; DRV,
TV, MVC and RPV were therefore generated.

Blank plasma was spiked with DRV, ETV, MVC and RPV at
ow, medium and high concentrations: LQC (RPV 150 ng/ml; ETV
00 ng/ml; MVC 50 ng/ml; DRV 250 ng/ml), MQC (RPV 1500 ng/ml;
TV 800 ng/ml; MVC 400 ng/ml; DRV 3500 ng/ml) and HQC (RPV
000 ng/ml; ETV 4000 ng/ml; MVC 700 ng/ml; DRV 12,000 ng/ml),
esigned to encompass the therapeutic ranges defined in the liter-
ture. Samples were prepared and analysed in triplicate and on
our separate occasions (n = 12) under three different treatment
onditions: freshly prepared (serving as a control), heat inacti-
ated, and heat inactivated followed by three freeze/thaw cycles
n which samples were frozen overnight and allowed to thaw
or 1 h the following morning and then refrozen for 24 h. The
eak areas obtained from samples undergoing heat inactivation
nd heat inactivation/freeze–thaw cycles were then compared to
orresponding peak areas for each drug obtained under control
onditions. All short-term stability and recovery experiments were

erformed prior to the validation of calibrators and QC, respec-
ively. Long-term stability studies were also performed. Batches of
on-heat inactivated plasma QC samples (LQC, MQC and HQC) were
nalysed after storage at −20 ◦C for 4, 7, 14 days, and 1 month, and
ompared to the mean back calculated values for QC at equivalent

able 2
arent-to-fragment (daughter) mass transitions, tube lens, relative collision energy (RC
PLC–MS/MS.

Drug Drug class Parent ion (m/z) Fragm

Maraviroc CCR5 antagonist 514.3 279.9
Saquinavir PI 671.4 570.2
Rilpivirine NNRTI 367.2 194.9
Nevirapine NNRTI 267.1 226.9
Amprenavir PI 506.3 155.9
Darunavir PI 548.3 392.0
Atazanavir PI 705.4 167.9
Quinoxalone IS 313.2 284.0
Ritonavir PI 721.4 295.9
Lopinavir PI 629.4 154.9
Etravirine NNRTI 435.0 303.8

I, protease inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor.
878 (2010) 1455–1465

concentrations prepared on the first day of the long-term stability
testing.

2.1.9. Data analysis

Inter- and intra-assay variation for LLQC, LQC, MQC and HQC
samples were expressed in terms of a coefficient of variation
[CV% = (standard deviation/mean) × 100]. Bio-analytical assay val-
idation was in accordance with FDA and modified Westgard
regulations in which mean target concentrations at lower limit
of quantification (LLQ) should be within ±20% of their nominal
(target) value and the CV% should not exceed 20%. For all other
calibrators and QC samples, mean target concentrations should
be within ±15% of their nominal level and the %CV should not
be exceeded 15%. All calculations were performed using Microsoft
Excel 2007 for windows XP (Microsoft Corporation, USA).

Stability of DRV, ETV, MVC and RPV under fresh, heat inacti-
vated and heat inactivated freeze/thaw conditions was assessed
using an one-way ANOVA with a Bonferroni correction over three
(LQC, MQC and HQC) concentrations, or if data were non-normally
distributed using the non-parametric equivalent (Kruskal–Wallis
test). Normality of data was assessed using a Shapiro–Wilk test. All
statistical calculations were performed and analysed using Arcus
Quickstat (Version 1.1©1997, Biomedical Software, Statsdirect Ltd.,
Cheshire, UK). P values were two-sided at the 0.05 significance level.

3. Results

3.1.1. Detection and chromatography

Compound specific parameters including the tube lens (V) and
the relative collision energy (V) were optimized for a maximum of
six transitions per analyte using TSQ Tune Software (Thermo Elec-
tron Corporation, Hemel Hempstead, UK) and the two fragment
ions with the highest signal-to-noise ratio were selected for quan-
tification. The parent-to-fragment [m/z] transitions, tube lens and
relative collision energies used are summarized in Table 2. APV,
ATV, DRV, LPV, RTV, SQV, NVP, MVC, ETV and RPV eluted over a total
run time of 5 min split into three segments. The retention times for
all drugs are summarized in Table 2. MVC, SQV, RPV and NVP eluted
within segment 1 (0.00–1.77 min); APV, DRV, ATV and QX within
segment 2 (1.78–2.21 min) and RTV, LPV and ETV within segment
3 (2.22–5.00 min).

The triple-quadrupole mass spectrometer was operating in pos-
itive SRM mode set to a narrow scan width (0.01 m/z) and scan time

(0.01 s) for all transitions. Data were collected in centroid mode.
The sheath and auxiliary gas flow (nitrogen and argon) and spray
voltage were 60 units, 40 units and 4.0 kV, respectively. The cap-
illary temperature and vapourising temperature within the H-ESI
source were maintained at 300 and 350 ◦C throughout an assay

E) and retention times (RT) for all analytes and internal standard analysed using

ent ions (m/z) Tube lens (V) RCE (V) RT (min)

, 389.0 90 29, 20 1.47
, 224.8 130 31, 52 1.59
, 191.9 116 36, 40 1.62
, 196.9 85 29, 42 1.65
, 244.9 86 29, 17 2.03
, 155.9 96 14, 33 2.03
, 334.9 119 41, 28 2.05
, 246.0 109 45, 42 2.12
, 267.9 95 18, 27 2.31
, 429.1 77 37, 21 2.41
, 143.9 131 38, 38 2.70
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Fig. 1. Chromatograms corresponding to the total ion count (TIC; shown in solid black) and individual retention times of 10 antiretroviral drugs and internal standard (QX)
f time
( 21 min
( virine

r
s
s
i

rom extracted plasma samples at (A) the MQC and (B) the LLQ level, over a total run
MVC), saquinavir (SQV), rilpivirine (RPV) and nevirapine (NVP). Segment 2: 1.78–2.
QX). Segment 3: 2.22–5.00 min containing ritonavir (RTV), lopinavir (LPV) and etra
un. A low pass chromatography filter [Chrom Filter; LC QuanTM

oftware (Version 2.5.6, Thermo Electron Corporation, Hemel Hep-
tead, UK)] was applied to reduce background interference and
mprove peak smoothing by removing high frequency noise from
of 5 min split into three segments. Segment 1: 0.00–1.77 min containing maraviroc
containing amprenavir (APV), darunavir (DRV), atazanavir (ATV) and quinoxalone

(ETV).
the baseline and the peak profile. The filter is applied to the ion sig-
nal in real time as the data is acquired, and unlike post-acquisition
smoothing algorithms it improves the signal-to-noise ratio while
retaining chromatographic peak shape and does not induce
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Table 4
Percentage (%) recovery, matrix effect and extraction yield of all antiretroviral drugs.

Analtye % recovery % matrix effect % extraction yield

Maraviroc 113 (3.9) 114 (9.5) 101 (7.4)
Saquinavir 112 (4.5) 113 (6.0) 100 (4.4)
Rilpivirine 99 (7.1) 105 (8.7) 95 (2.5)
Nevirapine 98 (8.7) 100 (8.4) 100 (5.4)
Amprenavir 94 (10.5) 102 (11.8) 95 (7.6)
Darunavir 98 (7.7) 100 (10.1) 100 (4.9)
Atazanavir 114 (8.6) 111 (12.5) 100 (6.9)
Ritonavir 98 (9.4) 93 (9.2) 104 (10.0)
Lopinavir 114 (9.7) 108 (14.2) 104 (5.0)
Etravirine 91 (8.8) 89 (11.1) 97 (11.8)

Data expressed as the mean (±CV%). Samples were spiked and analysed in triplicate
on four separate occasions (n = 12).
% recovery = (peak area of analyte extracted from plasma/peak area of directly
injected solution) × 100.
460 L. Else et al. / J. Chromat

rtificial peak tailing. A single parameter is specified for the fil-
er based on the expected baseline width of the chromatographic
eaks in the assay, the system then calculates the appropriate
andwidths and applies them to the data [51]. Fig. 1 shows a typ-

cal chromatogram depicting the total ion count and individual
hromatographic peaks for all 11 mass transitions obtained from
xtracted plasma samples at (A) the MQC and (B) the LLQ level.

.1.2. Validation of calibrators and quality controls

Ten standard curves and QC samples were run in order to ascer-
ain mean target calibrator and QC concentrations. Standard curves
anged between 11 and 10,063 ng/ml (APV), 11 and 10,017 ng/ml
ATV), 16 and 15,062 ng/ml (DRV), 5 and 5000 ng/ml (ETV), 16 and
5,083 ng/ml (LPV), 5 and 1009 ng/ml (MVC), 11 and 10,056 ng/ml
NVP), 11 and 10,045 ng/ml (RPV), 5 and 5018 ng/ml (RTV), 10 and
0,087 ng/ml (SQV). Mean target LLQC, LQC, MQC and HQC concen-
rations are presented in Table 3. Variation was less than 14% at
he lower limit of quantification and ranged between 2% and 11%
t all other calibrator levels. All standard curves were adequately
escribed using a 1/concentration weighted quadratic regression
quation. The correlation coefficient (r2) for all drug calibration
urves exceeded 0.998.

.1.3. Assay lower and upper limits of quantification and limit of
etection

The lower and upper limits of quantification (LLQ and ULQ) are
efined as the bottom and top points of the standard curve. The
ssay limit of detection (LOD) is defined as lowest concentration
f analyte that produces a chromatographic peak distinguishable
rom the background noise (minimum ratio 3:1). The LOD, LLQ and
LQ were 1.3, 11 and 10,063 ng/ml (APV), 0.2, 11 and 10,017 ng/ml

ATV), 1.0, 16 and 15,062 ng/ml (DRV), 2.7, 5 and 5000 ng/ml (ETV),
.0, 16 and 15,083 ng/ml (LPV), 0.7, 5 and 1009 ng/ml (MVC), 0.3,
1 and 10,056 ng/ml (NVP), 2.7, 11 and 10,045 ng/ml (RPV), 1.3, 5
nd 5018 ng/ml (RTV), 0.3, 10 and 10,087 ng/ml (SQV), respectively.
nder FDA research guidelines, the LLQ should be at least five times

he response of a blank plasma sample (signal-to-noise ratio ≥5.0).
ean signal-to-noise ratios at the LLQ were determined from 10

tandard curves by the following equation: (signal-to-noise = peak
rea of an LLQ extract/peak area of a blank plasma extract) and were
70 (APV), 751 (ATV), 621 (DRV), 10 (ETV), 178 (LPV), 99 (MVC), 65
NVP), 35 (RPV), 91 (RTV) and 90 (SQV).

.1.4. Accuracy and precision

Assay precision was assessed by the calculation of inter- and
ntra-assay variability of LLQC, LQC, MQC and HQC samples and
xpressed in terms of a CV%. Inter-assay variation was determined
rom the validation of 10 standard curves and QC samples, while
ntra-assay variation was ascertained by running six replicates
f QC samples within a single assay run. Accuracy was evalu-
ted by calculating the % bias from six replicates of LLQC, LQC,
QC and HQC in relation to target QC concentrations, respectively.

ccuracy (% bias) was between −4.9% and 13.5% and inter- and
ntra-assay precision (CV%) did not exceed 10%, for all compounds
Table 3).
.1.5. Recovery and matrix effects

The mean (±CV%) percentage (%) recovery, and contribution of
he sample matrix and of the extraction yield are summarized in
able 4. Matrix effects were examined qualitatively by simultane-
% matrix effect = (peak area of analyte spiked in blank plasma extract/peak area of
directly injected solution) × 100.
% extraction yield = (peak area of analyte extracted from plasma/peak area of analyte
spiked in blank plasma extract) × 100.

ously infusing antiretroviral drugs and IS directly into the H-ESI
source during a chromatographic analysis of six batches of blank
plasma extracts. Fig. 2 shows a typical chromatographic overlay of
signals following injection of six separate blank plasma extracts
and an injection of eluent (control) for the mass transitions of
all compounds and QX. Ion suppression (SQV, APV, ATV, RPV,
NVP) or enhancement (RTV, LPV, ETV) was evident within the first
0.5–1.5 min of the analytical run. Crucially, however, during the
period of elution for these compounds, signal intensity was rela-
tively constant. In addition, an absolute matrix effect was assessed
by comparing the peak area response of analyte spiked in blank
plasma extracts to the same concentration of analyte in mobile
phase. A value above or below 100% was indicative of ion enhance-
ment or suppression. The results from these quantitative analyses
indicated no effect of the sample matrix on the ionization of all 10
analytes studied (Table 4). Interestingly, in a post-column infusion
a slight suppression in ionization was noted at the retention time of
DRV for 5/6 plasma extracts; however, this effect was not apparent
in a quantitative analysis (% matrix effect = 100 ± 10.1).

As some of the analytes co-eluted, the presence of “cross-talk”
between agents with overlapping retention times [SQV, RPV, NVP
(1.59–1.65 min) and APV, DRV, ATV (2.03–2.05 min)] was evaluated
by injecting (10 �l, full loop) co-eluting agents (at their respec-
tive ULQ) onto the HPLC column, while infusing individual analytes
(at 100 ng/ml) post-column. In addition, quantitative experiments
were performed whereby plasma spiked (at the LQC only; n = 12)
with all three co-eluting drugs (SQV, RPV, NVP, and APV, DRV, ATV)
and plasma spiked with the individual agents alone were read off a
validated calibration curve (containing all 10 ART) and compared.
From both the infusion experiments (data not shown) and the
spiking experiments, there was no evidence that co-eluting ana-
lytes disturb the ionization efficiency, as concentrations in plasma
spiked with all co-eluting analytes (SQV, RPV, NVP and APV, DRV,
ATV) were within 2–6% of the concentrations obtained from plasma
spiked with the individual analytes alone.

3.1.6. Stability

Stability data for DRV, ETV, MVC and RPV are shown in Table 5.
Mean concentrations (expressed as a percentage of control) of the
heat inactivated samples and samples undergoing heat inactiva-

tion and three freeze/thaw cycles were within 10% and 12% of
the freshly prepared controls, respectively (P ≥ 0.07). For long-term
stability testing, QC samples (LQC, MQC and HQC) were stored in
the freezer (−20 ◦C) and compared to freshly prepared QC sam-
ples on days 4, 7, 14 and at 1 month. The analysis revealed slight
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Table 3
The accuracy (% bias) and precision (CV%) for the simultaneous determination of 10 antiretroviral compounds by HPLC–MS/MS at all QC concentrations.

Analyte QC Mean (ng/ml) Accuracy (% bias) Precision (CV%)

Inter-assay Intra-assay

Maraviroc LLQC 13.2 5.1 7.6 7.1
LQC 48 5.6 7.0 6.0
MQC 392 4.7 8.3 2.3
HQC 691 −2.3 8.1 4.2

Saquinavir LLQC 25.2 0.7 5.4 6.8
LQC 152 4.7 6.1 3.6
MQC 1543 0.1 6.2 3.3
HQC 7075 −3.5 5.2 1.2

Rilpivirine LLQC 24.2 −3.1 6.2 6.7
LQC 140 2.6 6.2 4.3
MQC 1522 1.8 6.4 4.0
HQC 7222 −2.3 4.9 2.2

Nevirapine LLQC 25.6 2.5 8.0 7.6
LQC 140 2.8 6.6 4.6
MQC 1499 −0.4 5.8 3.7
HQC 7372 −4.9 5.0 1.7

Amprenavir LLQC 25.9 3.6 9.0 6.2
LQC 154 7.1 5.0 5.0
MQC 1537 6.6 6.5 2.8
HQC 7795 2.0 4.9 2.2

Darunavir LLQC 43.9 8.9 8.3 8.0
LQC 230 3.6 6.2 5.1
MQC 3948 4.5 6.0 3.0
HQC 11887 1.6 5.0 2.1

Atazanavir LLQC 25.5 1.9 7.4 5.6
LQC 132 2.1 5.7 3.9
MQC 1518 0.1 6.0 3.2
HQC 7433 −0.8 4.6 1.7

Ritonavir LLQC 14.6 13.5 9.7 8.7
LQC 87 9.4 5.8 3.0
MQC 797 5.5 6.2 3.1
HQC 3848 1.4 5.1 2.5

Lopinavir LLQC 46.6 13.1 6.6 3.4
LQC 247 12.0 5.5 5.6
MQC 3978 12.4 4.9 4.0
HQC 11802 8.8 4.4 2.0

Etravirine LLQC 13.1 4.5 8.7 8.8
LQC 79 1.0 6.3 10.0
MQC 589 3.1 6.3 3.0

C
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V% = (standard deviation/mean) × 100.
bias = [(measured concentration/mean target concentration)/measured concentra

uctuations in analytical response over this period, however, cru-
ially drug concentrations did not deviate by ±15% from the QC
amples analysed on day 1 of the long-term study. As a result,
here was no indication that decomposition had occurred for any
ntiretroviral agent, suggesting that calibrators and QC remain sta-
le under our current storage conditions for at least 1 month.

. Discussion

The development and validation of an ultra-sensitive assay
o simultaneously quantify 10 antiretroviral compounds, includ-
ng both existing and new classes, with accuracy and precision,
as been described. This bio-analytical method is now being suc-
essfully applied to measure antiretroviral plasma concentrations
btained from clinical pharmacokinetic studies.
The calibration curves for all compounds were constructed
o reflect therapeutic concentrations observed in HIV-infected
atients from pharmacokinetic data reported in the literature.
TV was validated over a lower concentration range relevant
o its use in boosting the systemic exposure of other PI. When
−2.9 5.8 1.6

100.

analysing clinical samples, if concentrations exceed the ULQ, the
assay can be repeated specifying an appropriate dilution fac-
tor. As a means of validating this procedure, two HQC samples
are also diluted by the same dilution factor. The chromatograms
in Fig. 3 show extracted plasma samples that were obtained
from HIV-infected patients receiving (A) NVP [200 mg twice
daily (BD)] and LPV/RTV (400/100 mg BD) and (B) DRV (600 mg
BD), ETV (200 mg BD) and RTV (100 mg BD). Blood samples
were obtained 12 h after drug intake and plasma had been heat
inactivated (58 ◦C and 40 min) prior to analysis. Plasma concen-
trations were (A) 4510, 5024 and 190 ng/ml for NVP, LPV and
RTV, and (B) 3430, 270 and 435 ng/ml for DRV, ETV and RTV,
respectively.

The HPLC–MS/MS method was fully validated with accuracy
(% bias) and precision (CV%), which did not exceed 13% and 10%

for all compounds. The correlation coefficients (r2) for all calibra-
tion curves were ≥0.998, respectively. Percentage recovery was
greater than 90% for all analytes. Assay performance is assessed
routinely by monitoring internal QC samples by use of Levy-Jenning
plots (based on modified Westgard rules) as a way of detecting
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ig. 2. Post-column infusion chromatograms depicting the matrix (ion suppressi
ollowing a direct infusion of analyte (100 ng/ml) or internal standard (1 �g/ml).
lasma extracts (black lines) are overlaid with the chromatographic peaks of each c

andom versus systematic errors, and any drifts in assay conditions
hat may occur over time [52]. For this the LC QuanTM soft-
are requires a percentage (%) test value [to either (2 × standard

eviation/mean) × 100 or (3 × standard deviation/mean) × 100] in
rder to ascertain QC failure within an assay run. Furthermore, to
nsure accuracy when measuring clinical samples, our laboratory
articipates twice yearly in an external quality assurance pro-

able 5
tability data for DRV, ETV, MVC and RPV analysed under control conditions (freshly prep

Drug Low P value M

Darunavir
Control 100 1
Heat inactivated 107 (7) 0.072 1
Heat–freeze/thaw 106 (6) 0.088 1

Etravirine
Control 100 1
Heat inactivated 108 (15) 0.543 1
Heat–freeze/thaw 105 (11) 0.654 1

Control 100 1
Heat inactivated 99 (7) 0.913 9
Heat–freeze/thaw 93 (3) 0.220 8

Control 100 1
Heat inactivated 108 (12) 0.253 1
Heat–freeze/thaw 107 (15) 0.449 1

amples were prepared and analysed in triplicate, on four separate occasions (n = 12).
eak areas of analytes obtained under heat and heat/freeze thaw conditions are expresse
values refer to comparisons made with freshly prepared samples (control) and ascertai
fects from six different blank plasma samples extracted by protein precipitation,
fusion chromatograms following injections of eluent (light grey lines) and blank
und.

gramme (KKGT, Radbound University Medical Centre, Nijmegen,
The Netherlands) [53].

HIV positive plasma samples are heat inactivated (58 ◦C and

40 min) prior to analysis in order to protect laboratory employees.
Conditions used within our laboratory are similar to those pub-
lished in the literature [54,55]. Recent studies have shown DRV,
ETV and MVC to be stable in plasma after HIV inactivation and up to

ared), heat inactivation and heat inactivation with three freeze/thaw cycles.

edium P value High P value

00 100
06 (7) 0.137 106 (15) 0.299
04 (8) 0.288 100 (7) 0.986

00 100
10 (10) 0.473 108 (14) 0.624
02 (7) 0.889 100 (14) 0.994

Maraviroc

00 100
7 (9) 0.602 97 (7) 0.532
8 (3) 0.073 93 (2) 0.177

Rilpivirine

00 100
06 (9) 0.070 108 (11) 0.100
04 (5) 0.136 104 (6) 0.193

d as a percentage (±SD) of peak areas obtained under control conditions.
ned using an one-way ANOVA with Bonferroni correction.
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ig. 3. Chromatograms of extracted plasma samples from HIV-infected patients rec
70 and 435 ng/ml). Blood samples were taken at 12 h post-dose.

hree freeze/thaw cycles, and in storage (−20 ◦C) for up to 6 weeks
45,56]. Fundamentally, under our laboratory conditions, DRV, ETV,

VC and RPV appear to be stable when subjected to heat inactiva-
ion and up to three freeze/thaw cycles, in comparison to freshly
repared controls. Moreover, long-term stability data suggest that
ll analytes remained sufficiently stable under our current stor-
ge conditions (−20 ◦C) for up to 1 month. The stability of agents
t room temperature (24 ◦C) or within the autosampler (which is
aintained at 15 ◦C) was not evaluated. Previous publications show
RV, ETV, MVC and RAL to be stable at room temperature, 4 ◦C and
hen frozen [36,40,45]. Furthermore, the stability of NNRTI and PI
nder different conditions has been assessed and reported by other
rticles [30,32,33,35].

The assay described combines a very short run time of 5 min
er sample with a quick and simple sample pre-treatment proce-
ure and is therefore, suitable for high-throughput TDM purposes
hereby large numbers of samples are processed quickly and effi-

iently. In addition, the method requires only a relatively small
olume of plasma for analysis (100 �l). This is advantageous when
uantifying drug in patients such as children and neonates, or from
lternative matrices (e.g. CSF) from which only limited sample
an be drawn or is not easily obtained. Intensive pharmacokinetic
rials also necessitate frequent sampling as a means to ascer-
ain total drug exposure over time; therefore, less blood needs to
e drawn from the patient. Similarly, quantification of multiple
gents within a single assay run is beneficial since antiretrovirals
re given in combination, particularly in treatment experienced

atients.

The current assay offers high sensitivity for all compounds
LLQ = 5–16 ng/ml) over a dynamic concentration range, and there-
ore has potential application for numerous pharmacokinetic
nalyses. High sensitivity in the current method was achieved and
(A) NVP, LPV and RTV (4510, 5024 and 190 ng/ml) and (B) DRV, ETV and RTV (3430,

optimized by screening up to 6 mass transitions per compound,
from which two daughter (fragment) ions were selected for quan-
tification, based on their relative intensity and contribution to
background interference. It is important to note that mass tran-
sitions of high intensity are not always optimal and may in fact
produce a higher background and hence compromise sensitivity
and chromatographic resolution, particularly in the LLQ region. For
instance, we found the ETV fragment ion 162.90 m/z to be associated
with high background interference which affected peaks at low
concentrations. The ion was therefore substituted for 143.92 m/z,
which improved the signal-to-noise ratio at the LLQ to an accept-
able level (≥5.0). However, simultaneous quantification of multiple
antiretrovirals via HPLC–MS/MS can pose a number of problems on
the basis that the compounds possess different chemical properties
[lipophilicity (log P/log D) and pKa]. Therefore, it is often impossible
to achieve both optimum chromatographic resolution and sensi-
tivity for all analytes, as would be possible if compounds were
analysed separately.

Due to the high specify achieved in HPLC–MS/MS, inferences
from the sample matrix and co-eluting compounds which are
apparent with UV detection, often go unnoticed in SRM mass spec-
trometry and can have a deleterious impact on assay performance.
This phenomenon, often observed as a reduction in response, is
generally referred to as ion suppression and caused by the pres-
ence of non-volatile or less volatile solutes (e.g. salts, endogenous
compounds and metabolites) in the ESI source which change the
efficiency of droplet formation, impacting on the amount of charged

ion in the gas phase ultimately reaching the MS detector [57]. Ion
suppression can be evaluated by the use of post-column continu-
ous infusions [58]. The FDA encourages that tests for matrix effects
are performed as part of an assay validation procedure for all com-
pounds and at therapeutically relevant concentrations in up to
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ix different batches of plasma, since ion suppression effects vary
epending on the compound, its concentration (which relates to
he matrix:analyte ratio) and the sample matrix itself (both plasma
nd precipitant). During post-column infusions of the current assay
Fig. 2), we observed no significant fluctuations in signal in the

ass transition window of all analytes (with exception of DRV,
here a slight suppression was observed in 5/6 plasma extracts)

nd QX at their respective retention times following injection of
lank plasma. The most significant ionization effects, both sup-
ression (SQV, APV, ATV, RPV and NVP) and enhancement (RTV,
PV and ETV), occurred within the first 1.5 min of the analytical
un; the latter also occurred under control conditions and more
ikely corresponded to a rapid shift in the mobile phase gradient
rom low to high organic conditions [59]. Since plasma components
end to elute early, it is essential analytes elute beyond this high
oise period and mobile phases should be adjusted accordingly to
nsure adequate separation from endogenous interferences. In a
uantitative analysis there was a slight suppression in the absolute
esponse for ETV (−11%) and slight enhancement in ATV (+11%),
QV (+13%) and MVC (+14%) signal intensity. Although, as these
ffects remained constant across low, medium and high concentra-
ions, plasma sample matrices are unlikely to compromise overall
ssay quantification and sensitivity. Despite an apparent suppres-
ion in the ionization of DRV in the infusion experiment, there
as no evidence of any matrix effect in the spiking experiments

Table 4). These data highlight the importance of performing both
ime-dependent (infusion) and quantitative experiments on mul-
iple batches of plasma in order to comprehensively evaluate the
ffect of the sample matrix upon overall analytical recovery, and
hat wherever possible, calibrator and QC samples should most
ccurately reflect the composition of the clinical samples to be
nalysed.

One limitation of the current method is that by the use of a
uick rinsing gradient to ensure a rapid analytical run time, lim-

ted chromatographic separation was achieved which meant some
nalytes co-eluted. However, given the specificity of SRM (scan
idth 0.01 m/z) the presence of “cross-talk” between the mass

ransitions is highly unlikely, which was verified by a series of post-
nfusion and spiking experiments (Section 3.1.5). It is important to
ighlight that the integrase inhibitor raltegravir (RAL) was initially

ncluded during the early stages of method development. How-
ver, recently published methods for RAL have observed in patient
amples an additional peak corresponding to the same m/z transi-
ions as the parent drug (RAL = 445.1 → 361.0) which elutes earlier
n the analytical run [45,60]. It was postulated that this secondary
eak had originated from in-source degradation of the primary RAL
etabolite, the RAL-glucuronide [61]. Based on these recent find-

ngs, plasma samples from patients receiving RAL were screened
nder our assay mobile phase conditions; but due to the rapid elu-
ion phase, the two peaks co-eluted. Therefore, quantification of
linical samples using the current method could lead to signifi-
ant overestimations of active RAL concentrations from plasma and
nvalidate the pharmacokinetic data. Our laboratory therefore mea-
ures RAL via a separate assay using a modified gradient containing
lower organic (ACN) content to improve chromatographic separa-

ion. Under these conditions the additional peak elutes at 1.66 min
ollowed by the parent compound (RAL) at 2.15 min, respectively.
he secondary peak was identified as the RAL-glucuronide (MW
20) in a separate analysis by single ion monitoring in negative
ode at [M−H]− = 619, which confirmed that the RAL-glucuronide

nd the early secondary peak co-elute. The NNRTI efavirenz (EFV)

as also not included in the current method as optimum scanning

or EFV is in negative mode, with capillary and vapourising temper-
tures operating at approximately 320 and 250 ◦C, respectively. A
apid shift to these parameters from positive ionization mode was
ound to compromise EFV sensitivity in the negative mode.
878 (2010) 1455–1465

The majority of PI and NNRTI have a defined minimum effective
concentration (MEC), although these serve only as guides and can
differ depending on whether patients are treatment naive or expe-
rienced and harbouring wild-type or multi-drug resistant virus.
Moreover, high inter-subject variability in PI and NNRTI pharma-
cokinetics is well documented among HIV-infected subjects [62,63]
and clinical pharmacokinetic studies performed in diverse patient
groups, as well as those investigating new antiretroviral combina-
tions can result in unpredictable drug concentrations. It is therefore
essential bio-analytical methods detect and quantify drug below
the MEC and at toxic concentrations as a means of identifying
non-adherence and patients at risk of treatment failure or adverse
events.

Many HIV-infected patients receive concomitant medications
for co-existing medical conditions alongside antiretroviral treat-
ment. Interactions between the PI and agents including proton
pump inhibitors, HMG-CoA reductase inhibitors and antituber-
culous and antifungal agents are common and may result in
sub-therapeutic antiretroviral concentrations or an increased risk
of toxicity. Also with the introduction of new antiretroviral drugs
which possess efficacy against resistant viral strains and improved
safety profiles, it is likely in the future that patients will be
switched to these newer agents following the development of resis-
tance or toxicity to current first-line regimens. Therefore, further
pharmacokinetic studies investigating drug interactions between
existing and new antiretroviral classes and including potential co-
medications are vital to ensure that clinicians and patients are well
informed of key disposition issues. MVC exposure is affected by
compounds that modulate the activity of CYP3A4, including co-
administered PI and NNRTI and a number of antibacterials and
antifungals, which may in some instances necessitate an adjust-
ment in MVC dosage [64]. There is a role for monitoring MVC plasma
concentrations in such circumstances.

ETV steady-state plasma concentrations were reduced (21–37%)
in healthy volunteers switching from efavirenz (after a 14 day
intake) to ETV. Although this interaction was deemed not clinically
significant since ETV concentrations were in excess of the drug’s
protein binding corrected EC50, further studies are required in
HIV-infected subjects [65]. Equally important are pharmacokinetic
data on ETV in specific patient populations, particularly preg-
nant women and patients with psychiatric disorders, where the
first generation NNRTI has limited application due to concerns
over teratogenicity/CNS disorders (efavirenz) and hepatotoxicity
(NVP).

Initial data show that RPV displays some unfavorable interac-
tions with rifabutin (RPV AUC decreased 46%) and ketoconazole
(RPV AUC increased 49%) [66,67]. There is also concern over the
effect of increasing pH on RPV absorption and thus the potential
for interactions involving gastric acid reducing agents [68]. Clarifi-
cation of such interactions will be particularly important following
marketing approval when RPV becomes more widely-used in the
HIV-infected population.

In conclusion, a simple and rapid assay for the quantification
of all currently approved PI (APV, ATV, DRV, LPV, RTV and SQV)
and NNRTI (NVP), as well as recently licensed antiretroviral classes
(MRC) and the second generation NNRTI (ETV and RPV) in human
plasma has been developed and validated. The method was proven
to be specific, accurate, precise and robust. Furthermore, the assay
demonstrates a high sensitivity for all analytes and the step-wise
gradient potentially allows for the addition of new analytes into
the same analytical run. The method is now successfully applied to
measure antiretroviral concentrations obtained from clinical phar-
macokinetic studies, and due to the high signal-to-noise ratio at

the LLQ level, could be adapted to measure low antiretroviral con-
centrations found in sanctuary sites such as the genital tract and in
cerebrospinal fluid.
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