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An ultrasensitive assay utilizing high-pressure liquid chromatography and mass spectrometry detection was developed and vali-
dated for the quantification of the antiretrovirals atazanavir (ATV), darunavir (DRV), lopinavir (LPV), ritonavir (RTV), and efa-
virenz (EFV) in human mononuclear cell (MNC) extracts. The assay utilizes 20 �l of cellular extract that contains as few as
50,000 MNCs. The analytical range of the assay is 0.0200 to 10.0 fmol/�l for ATV, 0.0500 to 25.0 fmol/�l for DRV, LPV, and RTV,
and 0.200 to 100 fmol/�l for EFV. The assay has proven to be a clinically useful tool for investigating antiretroviral drug concen-
trations in virologic sanctuaries where harvested cell numbers are extremely low. The assay provides a tool for investigators to
explore the clinical pharmacology of strategies for prevention, treatment, and cure in pathophysiologically relevant sites.

The human immunodeficiency virus (HIV) continues to be one
of the greatest causes of mortality from an infectious disease

globally. There are more than 34 million people living with HIV
worldwide (1). This number continues to rise, even as the number
of new infections decreases. People are living longer with HIV
infection, due in part to the advent of highly active antiretroviral
therapy (ART). Since 1995, antiretroviral therapy has saved 14
million life years in low- and middle-income countries (1). ART
has largely rendered HIV a manageable chronic disease.

A regimen usually consisting of three drugs targeting two dif-
ferent points in the viral life cycle is the current standard for im-
plementing ART (2, 3). The goal of ART is to attain durable viro-
logic suppression (usually defined as HIV-RNA in plasma � 50
copies/ml) in individuals infected with HIV while restoring im-
mune system functionality. With the repertoire of drugs currently
available targeted at the HIV life cycle, this goal is achievable in
almost every treatment-naive individual infected with HIV.

First-line treatment regimens consist of two nucleoside/nucleo-
tide reverse transcriptase inhibitors (NRTIs) plus a nonnucleoside
reverse transcriptase inhibitor (NNRTI) or a ritonavir-boosted pro-
tease inhibitor (PI) or an integrase strand transfer inhibitor (3).

Here, we detail a novel highly sensitive and specific intracellu-
lar assay for the determination of concentrations of efavirenz
(EFV), the first-line NNRTI, along with three PIs, atazanavir
(ATV), darunavir (DRV), and lopinavir (LPV), and their pharma-
cologic boosting agent ritonavir (RTV). The assay has been uti-
lized to investigate concentrations of these drugs in lymphoid tis-
sue sites, including lymph nodes (LN), gut-associated lymphoid
tissue (GALT), and rectum-associated lymphoid tissue (RALT),
along with peripheral blood mononuclear cells (PBMC). GALT is
the largest immune compartment in the body (4, 5). The GALT
contains more lymphocytes than all of the secondary lymphoid
organs combined (6). The GALT and RALT are established reser-
voirs for persistent viral replication (7). Determining drug con-
centrations achieved in the intracellular environment from these
tissues is necessary to learn whether or not these reservoirs are a
pharmacologic sanctuary and thereby play a role in the viral per-
sistence.

MATERIALS AND METHODS
ATV sulfate, DRV, and LPV were obtained from the AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH. EFV and
RTV were obtained from U.S. Pharmacopeia (Rockville, MD). Efa-
virenz-D8 (internal standard) was a generous gift from Celerion Inc.
(Lincoln, NE). ATV-13C6 (internal standard) was obtained from Bristol-
Myers Squibb (New Brunswick, NJ). RTV-D8 (internal standard) was
purchased from Aptochem (Montreal, Canada). Acetonitrile (liquid
chromatography mass spectrometry [LC-MS] grade), methanol (Optima
grade), and formic acid (99�% pure) were obtained from Fischer Scien-
tific (Fairlawn, NJ). Type 1 water was produced in the laboratory using a
Millipore MilliQ Integral 3 system (Millipore SAS, Molsheim, France).
Human PBMCs were isolated from healthy donors using elutriation.

Analysis was performed using a Nexera ultra-high-performance LC
(UPLC) (Shimadzu, Kyoto, Japan) system consisting of two LC-30AD
pumps, a SIL-30AC autosampler, a CTO-30A column oven, and a CBM-
20A system controller coupled to an API 6500 (Applied Biosystem Sciex,
Foster City, CA) triple-quadrupole mass spectrometer. The mass spec-
trometer was operated in multiple reaction monitoring (MRM) mode,
and ionization was performed via electrospray in both positive and nega-
tive ion modes. Data acquisition was performed using Analyst 1.6 soft-
ware (Applied Biosystem Sciex, Foster City, CA). Cells used in the assay
were counted on a Countess cell counter (Invitrogen, Life Technologies
Corp., Grand Island, NY).

Human PBMCs were collected, counted, and then lysed with 70%
methanol to create a lysed cellular blank matrix at an extracted cell density
of 2 million cells per ml.

ATV, DRV, EFV, LPV, and RTV reference powders were weighed and
diluted with the appropriate amount of methanol to create 2.00 mg/ml
primary stock solutions. Primary stock solutions were subsequently di-
luted in methanol to create an 8-point combined spiking standard curve
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ranging from 0.0200 to 10.0 fmol/�l for ATV, 0.0500 to 25.0 fmol/�l for
DRV, LPV, and RTV, and 0.200 to 100 fmol/�l for EFV.

Quality control (QC) samples were prepared by spiking stock solu-
tions, made from unique weighings in a fashion similar to that used for the
standard curve primary stocks, into a 2 million/ml lysed PBMC matrix at
concentrations of 0.0600, 0.500, and 8.00 fmol/�l for ATV, 0.150, 1.25,
and 20.0 fmol/�l for DRV, LPV, and RTV, and 0.600, 5.00, and 80.0
fmol/�l for EFV. QC samples were split into polypropylene vials and
stored at �80°C until used. A separate lower limit of quantitation (LLOQ)
sample was prepared to test sensitivity at 0.0200 fmol/�l for ATV, 0.0500
fmol/�l for DRV, LPV, and RTV, and 0.200 fmol/�l for EFV.

ATV-13C6 (ATV-IS), EFV-D8 (EFV-IS), and RTV-D8 (RTV-IS) pow-
ders were weighed and diluted with the appropriate amount of methanol
to create 1.00 mg/ml primary stock solutions. Primary stocks were subse-
quently diluted in acetonitrile to make working internal standard concen-
trations of 1.50, 2.50, and 13.5 pmol/�l for ATV-IS, EFV-IS, and RTV-IS,
respectively. DRV and LPV utilized ATV-IS and RTV-IS, respectively, as
isotopic internal standards were not available for DRV and LPV at the
time of assay development.

Samples that were stored for analysis were removed from the freezer
and thawed at room temperature. Samples were then mixed using a vortex
device and centrifuged at 13,000 relative centrifugal force (RCF) for 5
min. Microcentrifuge tubes (1.5 ml) were used for precipitating all sam-
ples. Standard tubes were spiked with 20 �l of the appropriate spiking
standard solution level and 20 �l of blank lysed cellular matrix. Blank
tubes received 20 �l of blank lysed cellular matrix and 20 �l of methanol.
QC and clinical samples were divided into aliquots at a volume of 20 �l
and spiked with 20 �l of methanol. A 20-�l volume of working internal
standard was added to each tube except for the blanks, which received 20
�l of acetonitrile.

All samples were precipitated with 50 �l 0.1% formic acid in acetoni-
trile, capped, mixed using a vortex device, and incubated at 5°C for 1 h to
facilitate precipitation. After incubation, all samples were centrifuged at
13,000 RCF for 5 min. A 90-�l volume of supernatant was transferred to a
new microcentrifuge tube containing 70 �l of high-performance LC
(HPLC)-grade water and mixed using a vortex device, and the resulting
160-�l volume was transferred to HPLC vials (Waters, Milford, MA) for
LC-MS injection.

Chromatographic separation was achieved using an ACE C18 column
(Advanced Chromatography Technologies Ltd., Aberdeen, Scotland) (3
by 100 mm). The mobile phase consisted of acetonitrile:water:formic acid
(60:40:0.1 [vol/vol/vol]), the flow rate was 500 �l/min, the analytical col-
umn was maintained at 40°C, and the injection volume was 40 �l. The
total run time was 5 min per sample. MS conditions are shown in Table 1.

Method validation was performed according to FDA guidelines for
industry (8). Assessments performed in the validation included standard
curve performance, intra- and interday precision and accuracy (QCs),
stability, dilution, matrix effect, and selectivity.

Intra- and interday precision and accuracy were assessed over 3 days
with 6 replicates of samples at 0.0200 fmol/�l ATV, 0.0500 fmol/�l DRV,
LPV, and RTV, and 0.200 fmol/�l EFV (LLOQ), as well as at 0.0600

fmol/�l ATV, 0.150 fmol/�l DRV, LPV, and RTV, and 0.600 fmol/�l EFV
(low QC), 0.500 fmol/�l ATV, 1.25 fmol/�l DRV, LPV, and RTV, and
5.00 fmol/�l EFV (middle QC), and 8.00 fmol/�l ATV, 20.0 fmol/�l
DRV, LPV, and RTV, and 80.0 fmol/�l EFV (high QC). The accuracy of
the QCs was determined by the percent deviation (%Dev) from the ex-
pected concentrations of the samples. Precision was determined by the
coefficient of variation percentage (%CV) of the analyzed QCs.

Stability assessments were conducted at n � 3 for each level and con-
dition. Acceptable percent difference from controls kept at �80°C was
�15%. Freeze-thaw (F/T) stability was assessed by cycling QC samples at
the low and high concentrations out of the freezer for at least 3 h and
refreezing the samples for at least 12 h 3 times. Short-term (ST) stability
was tested by removing a set of low and high QC samples and placing them
on the bench for 24 h at room temperature prior to extraction against
controls. Postpreparative stability (PPS) quality control samples were pre-
pared by extracting low and high samples and placing them into the au-
tosampler cooled to 15°C and were analyzed for accuracy after 5 days.
Controls were prepared fresh and compared with the previously extracted
samples. Primary stock solution stability assessments were performed by
comparing stock solutions stored at �20°C with freshly prepared stock
solutions.

Dilution integrity was established in the following manner: samples
were prepared with concentrations above the analytical range at 30.0
fmol/�l for ATV, 75.0 fmol/�l for DRV, LPV, and RTV, and 300 fmol/�l
for EFV and diluted in lysed cellular matrix. Selectivity was assessed by
comparing five different lots of lysed cellular PBMC matrix with and
without spiked analyte.

Matrix effect (ME), recovery (RE), and process efficiency (PE) were
determined at the QC concentrations (low, medium, and high) for each
analyte in five different lots of lysed PBMC matrix. Peak area counts from
extracted (set 3) preparations were compared with neat samples prepared
in the dilution and protein crash solvents (set 1) and postextraction spiked
(set 2) blank preparations. ME was calculated as follows: set 2/set 1 � 100.
RE was calculated as follows: set 3/set 2 � 100. PE was calculated as
follows: set 3/set 1 � 100. We employed a method for LC-MS matrix effect
determination adapted from work by Matuszewski et al. (9) where un-
weighted linear regression slopes were generated for each of the 5 lots of
matrix and compared (%CV).

Working spiking standards were initially prepared and routinely used
throughout the validation process (i.e., frozen, thawed, and maintained at
room temperature). A new set of working spiking standards were pre-
pared 56 days later from a fresh set of primary stock solutions and com-
pared with the initial working spiking standard preparation at the lowest
concentration.

RESULTS

A weighted linear regression curve (1/concentration2) was deter-
mined to best represent the concentration/detector response rela-
tionship for ATV, DRV, EFV, LPV, and RTV in PBMCs. The limit
of reliable quantitation was set at the concentration of the lowest

TABLE 1 MRM monitoring mass spectrometer conditions

Analyte Mode
Q1 mass
(m/z)

Q3 mass
(m/z)

Dwell
time (ms) DP (V) CE (V) CXP (V) EP (V)

IS
(V)

Temp
(°C) GS1 GS2

ATV � 705.4 168.2 100 120.0 101.0 13.0 10.0 5,500 450 80 70
ATV-IS � 711.5 168.1 100 120.0 101.0 13.0 10.0 5,500 450 80 70
DRV � 548.3 392.3 100 100.0 18.5 16.0 10.0 5,500 450 80 70
EFV � 313.9 244.0 300 �30.0 �22.0 �16.0 �10.0 �4,500 650 50 90
EFV-IS � 322.0 251.1 300 �30.0 �22.0 �16.0 �10.0 �4,500 650 50 90
LPV � 629.4 447.3 100 84.0 19.5 12.0 10.0 5,500 450 80 70
RTV � 721.4 268.2 100 95.0 37.0 14.0 10.0 5,500 450 80 70
RTV-IS � 729.4 276.3 100 95.0 37.0 14.0 10.0 5,500 450 80 70
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nonzero standard. Back-calculated calibration curve standard
concentrations (see Table S1 in the supplemental material) and
standard curve parameters supported the LLOQ. The interbatch
and intrabatch (Table 2) precision and accuracy results for LLOQ
samples met predetermined acceptance and method validation
criteria. Results for all matrix effect and recovery tests are shown in
Table S3. Long-term stability of QC samples was initially estab-
lished at 56 days and will continue to be updated. ATV, DRV, EFV,
LPV, and RTV were stable (within 10%) in methanol at �20°C for
at least 176, 261, 261, 261, and 261 days, respectively (see Table
S2). Samples assessing dilution integrity quantitated within
�15% of the nominal concentration meeting acceptance criteria.
QC preparation with cell densities ranging from 10,000 to 20 mil-
lion mononuclear cells/ml did not alter analytical results (data not
shown).

A typical blank sample for each analyte is shown with typical
LLOQ samples in Fig. 1. No endogenous interference was ob-
served in any of the five lots screened at the retention time of any
analyte at the respective transitions used. Internal standard tran-
sitions were free from interference.

DISCUSSION

The mechanism(s) behind persistent HIV infection is not fully
understood and is the target of many research strategies for a cure.
Secondary LNs and the GALT are the primary sites of HIV repli-
cation and where the latent pool of virus is maintained (10). HIV
replication in these tissues causes inflammation and immune ac-
tivation, collagen deposition, and T cell depletion. These immu-
nopathologies persist after ART initiation, which raises the possi-

bility that replication may continue in lymphoid tissues even
when the plasma viral load is suppressed. Animal studies have
shown low concentrations of some antiretroviral drugs in tissue
compartments; lymphoid tissues have been shown to be viral res-
ervoirs in nonhuman primate studies; and HIV RNA has been
detected in human rectal samples and HIV DNA detected in
GALT tissue of well-suppressed patients (11–13). In order to de-
termine whether or not individual drugs of ART regimens are
achieving therapeutic concentrations at the site of pharmacologic
action, there is a need to establish validated and rigorously quality-
controlled analytical assays for measuring intracellular drug con-
centrations in reservoir compartments.

Fletcher et al. prospectively treated 12 HIV-infected subjects
with ARVs and performed multiple samplings of LN, ileum, and
rectum after initiating ART to investigate the hypothesis that an-
tiretroviral drug concentrations might be insufficient to fully sup-
press replication in the lymphoid tissue compartments. The com-
plete details of this work, including sample isolation procedures,
have been published elsewhere (14). In the study by Fletcher et al.,
592 analyte determinations for intracellular drug concentrations
in PBMCs as well as MNCs from the LN, ileum, and rectum were
performed using the UPLC/MS/MS method described here. Me-
dian concentrations (fmol/106 cells) for ATV, DRV, RTV, and
EFV in these subjects were as follows: for ATV in PBMC, 445, in
LN, all samples were below the LLOQ, in ileum, 44, and in rectum,
446; for DRV in PBMC, 1,260, in LN, 45 (n � 1), in ileum, 1,110,
and in rectum, 943; for RTV in PBMC, 256, in LN, 47, in ileum,
107, and in rectum, 515; and for EFV in PBMC, 1,464, in LN, 312,
in ileum, 759, and in rectum, 535 (14). The novel finding that

TABLE 2 Intra- and interbatch precision and accuracy

Antiretroviral Parameter
Theoretical
(fmol/�l)

Intrabatch precision and accuracy
Interbatch precision and
accuracy

1 2 3

Mean
(fmol/�l) %CV %Dev n

Mean
(fmol/�l) %CV %Dev n

Mean
(fmol/�l) %CV %Dev n

Mean
(fmol/�l) %CV %Dev n

ATV LLOQ 0.02 0.0207 3.4 3.3 6 0.0189 17.3 �5.4 6 0.0223 7.3 11.5 6 0.0206 11.7 3 18
Low 0.06 0.0614 1.7 2.4 6 0.058 9 �3.3 6 0.065 3.1 8.4 6 0.0615 7 2.5 18
Middle 0.5 0.494 2.5 �1.2 6 0.496 3.8 �0.7 6 0.496 4 �0.8 6 0.496 3.3 �0.9 18
High 8 7.97 1.7 �0.4 6 7.77 5.1 �2.9 6 8.16 1.3 2 6 7.97 3.6 �0.4 18

DRV LLOQ 0.05 0.0508 13.1 1.5 6 0.056 10.5 12 6 0.0542 8.9 8.4 6 0.0535 109 6.9 18
Low 0.15 0.154 5.6 2.8 6 0.159 5.7 6.2 6 0.153 4.3 1.9 6 0.155 5.3 3.6 18
Middle 1.25 1.26 3.1 0.9 6 1.18 6.4 �5.7 6 1.21 1.8 �3 6 1.22 4.9 �2.6 18
High 20 20.2 3.3 0.9 6 18.8 7.8 �5.8 6 19.9 2.6 �0.7 6 19.6 5.6 �1.9 18

EFV LLOQ 0.2 0.227 10.4 13.3 6 0.232 6.7 16.2 6 0.22 4.9 10.1 6 0.225 7.9 12.5 18
Low 0.6 0.654 3.5 9.1 6 0.647 1.7 7.9 6 0.662 2.1 10.3 6 0.654 2.6 9.1 18
Middle 5 5.13 1.5 2.6 6 5.17 0.8 3.4 6 5.21 2.2 4.2 6 5.17 1.7 3.4 18
High 80 81.8 1.1 2.3 6 83.1 1.5 3.9 6 85 3.3 6.2 6 83.3 2.6 4.1 18

LPV LLOQ 0.05 0.052 3.3 3.9 6 0.0502 1.9 0.4 6 0.051 3.3 1.9 6 0.051 3 2 18
Low 0.15 0.157 7.7 4.9 6 0.15 5.7 �0.1 6 0.15 4.6 0.2 6 0.153 6.2 1.7 18
Middle 1.25 1.28 8.5 2.6 6 1.16 3.5 �7.5 6 1.15 2.9 �7.7 6 1.2 7.5 �4.2 18
High 20 19.4 2.4 �2.8 6 19.5 4.7 �2.6 6 18.3 1.3 �8.7 6 19.1 4.3 �4.7 18

RTV LLOQ 0.05 0.0599 13.8 19.8 6 0.0571 3.2 14.1 6 0.0572 8.4 14.5 6 0.0576 9.7 15.3 18
Low 0.15 0.164 3.9 9.6 6 0.166 6.9 10.8 6 0.161 2.7 7.2 6 0.164 4.8 9.2 18
Middle 1.25 1.28 4 2.6 6 1.27 2.8 1.9 6 1.24 2.4 �0.6 6 1.27 3.3 1.3 18
High 20 20.5 4.5 2.5 6 20.7 4.6 3.4 6 20.2 2.2 0.9 6 20.4 3.9 2.2 18
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intracellular concentrations, particularly in the LN but also in the
ileum and rectum for some drugs, were lower than those in
PBMCs illustrates a role for this analytical method in investigating
the intracellular pharmacology of antiretroviral drugs in reservoir
compartments.

The method described here has proven to be simple and highly
robust, allowing the routine analysis of large numbers of samples.
This method is new, highly accurate, and specific for the intracel-
lular measurement of the NNRTI EFV along with the commonly
used PIs ATV, DRV, LPV, and RTV in MNCs. The novelty of the
assay lies in the sensitivity attained with the small sample volume
required for the assay.

One of the limitations to analyzing tissue samples from human
subjects has been the need for large sample volumes to achieve the
limits of quantitation needed to capture intracellular concentra-
tions of antiretrovirals. The tissue harvested for our analysis was
gathered via biopsies of the LN and the colon and rectum per-
formed during colonoscopy. The biopsy technique yields small
sample volumes. Additional processing required for extracting
MNCs from LN, colon, and rectal tissue biopsy specimens further
depletes the sample available for pharmacologic analysis. Never-
theless, we chose the MNC matrix instead of a tissue homogenate
because the tissue homogenate matrix may give misleading infor-
mation on intracellular drug actually available to the cell for anti-
retroviral activity; additionally, we can accurately count the MNC
number in a sample. A tissue homogenate is comprised of extra-
and intracellular fluids and particles, is easily contaminated by
blood present in tissue vessels, and presents the problem that drug
is not homogenously distributed to all distinct compartments of
the tissue (15). Our method helps alleviate one of the traditional
limitations of using isolated cells as a matrix by utilizing a sample
size of as low as 50,000 mononuclear cells. From 50,000 MNCs
isolated peripherally, as well as from LN, ileum, and rectum, we
have attained quantifiable ARV concentrations from patients who
achieved the expected plasma concentrations of the same ARVs
when taking the usual doses of these drugs.

We chose to validate the method using peripherally collected
MNCs as a surrogate matrix for MNCs collected from other ana-
tomical compartments (LN, ileum, and rectum). Harvesting suf-

ficient MNCs from specific locations in the body such as LN,
ileum, and rectum to complete a full method of cross-validation is
impractical from both clinical and ethical perspectives. The FDA
guidance on bioanalytical method validation specifically allows
for “physiologically appropriate proxy matrices” to be used for
tissues of limited availability (8). The method achieves validated
LLOQs of 0.0200 fmol/�l (14.1 pg/ml) for ATV, 0.0500 fmol/�l
(27.4, 31.4, and 36 pg/ml) for DRV, LPV, and RTV, and 0.200
fmol/�l (63.1 pg/ml) for EFV. To our knowledge, these are the
lowest validated LC-MS concentrations of these antiretrovirals in
intracellular compartments published to date. D’Avolio et al. pre-
viously published details of an LC-MS assay that included ATV,
DRV, LPV, RTV, and EFV, with an LLOQ of 0.1 ng/ml for each
analyte (16).

The method has many potential areas of use, from investigat-
ing ART pharmacokinetics-pharmacodynamics in viral reservoirs
of HIV to determining long-term patient medication compliance,
as intracellular half-lives of many antiretrovirals are longer than
plasma half-lives (17–21). The ability to use a small sample aliquot
of 20 �l and cell numbers as low as 50,000 cells allows studies in
human subjects that might not otherwise be possible because of
the limited size and number of biopsy specimens in, for example,
lymphatic tissues which can be obtained. This tool, therefore,
should open new avenues of pharmacologic research, in particu-
lar, to investigate strategies for a functional cure of HIV infection.
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