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Abstract
An ultra-sensitive liquid chromatography tandem mass spectrometry (LC-MS/MS) assay was
developed and validated to facilitate the assessment of clinical pharmacokinetics of nucleotide
analogs from lysed intracellular matrix. The method utilized a strong anion exchange isolation of
mono-(MP), di-(DP), and tri-phosphates (TP) from intracellular matrix. Each fraction was then
dephosphorylated to the parent moiety yielding a molar equivalent to the original nucleotide
analog intracellular concentration. The analytical portion of the methodology was optimized in
specific nucleoside analog centric modes (i.e. tenofovir (TFV) centric, zidovudine (ZDV) centric),
which included desalting/concentration by solid phase extraction and detection by LC-MS/MS.
Nucleoside analog MP-, DP-, and TP- determined on the TFV centric mode of analysis include
TFV, lamivudine (3TC), and emtricitibine (FTC). The quantifiable linear range for TFV was 2.50
to 2000 fmol/sample, and that for 3TC/FTC was 0.10 to 200 pmol/sample. Nucleoside analog
MP-, DP-, and TP- determined on the ZDV centric mode of analysis included 3TC and ZDV. The
quantifiable linear range for 3TC was 0.10 to 100 pmol/sample, and 5.00 to 2000 fmol/sample for
ZDV. Stable labeled isotopic internal standards facilitated accuracy and precision in alternative
cell matrices, which supported the intended use of the method for MP, DP, and TP determinations
in various cell types. The method was successfully applied to clinical research samples generating
novel intracellular information for TFV, FTC, ZDV, and 3TC nucleotides. This document outlines
method development, validation, and application to clinical research.
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1. Introduction
Nucleoside analogs (NA) are used for the treatment of major viral infections in humans such
as human immunodeficiency virus (HIV), hepatitis viruses B and C, and Human Herpes
viruses. They are also used for certain cancers and as immunosuppressants. NAs possess
unique pharmacology in that the active moiety is the intracellular phosphates formed by
cellular or virally-encoded enzymes [1, 2]. The intracellular NA-phosphates are ion-trapped
in the cell, which creates a pharmacokinetic profile that differs from the parent NA in
plasma [3].

In an effort to understand anti-HIV NA cellular pharmacology in vivo, previous
methodologies have been developed to quantify NA-triphosphate (TP), the active drug form,
in human peripheral blood mononuclear cells (hPBMC) of clinical research volunteers [4–
10]. The data that were generated support dosing strategies currently used in HIV-infected
patients, but each method had limitations in terms of sensitivity, specificity, and other
capabilities (e.g. single analyte, only the TP, etc). The following document describes the
development and validation of a highly sensitive and comprehensive approach to quantify
nucleotide analogs from lysed cellular matrices to support clinical pharmacology research
for NAs.

2. Methods
2.1 Chemicals and Materials

The following chemicals were acquired from the stated manufacturers: NIH AIDS Research
& Reference Reagent Program, Germantown, MD, USA; tenofovir (TFV, MW=287.2, as
anhydrous base), lamivudine, (3TC, MW= 229.3), emtricitabine (FTC, MW= 247.2),
zidovudine (ZDV, MW= 267.2); Moravek Biochemicals, Inc, Brea, CA, USA; tenofovir
isotopic internal standard (13C5TFV-iso, MW= 292.2); tenofovir monophosphate (TFV-MP,
MW= 367.2 for free acid), tenofovir diphosphate (TFV-DP, MW= 447.2 for free acid),
emtricitabine-isotopic internal standard (15N2,13C1 FTC-iso, MW=250.2), emtricitabine-5′-
triphoshate (FTC-TP, MW=487.2 for free acid), zidovudine isotopic internal standard
(15N2,13C1 ZDV-iso, MW= 270.2); Sierra Bioresearch, Tucson, AZ, USA; lamivudine-5′-
triphosphate (3TC-TP, MW= 469.3 for free acid), and zidovudine-5′-triphosphate (ZDV-TP,
MW= 507.2); Martex Inc, Minnetonka, MN, USA; lamivudine-isotopic internal standard
(15N2,13C1 3TC-iso, MW= 232.3); and Sigma Chemical, St. Louis, MO, USA; natural
nucleosides (adenosine, 2′deoxyadenosine, cytidine, 2′deoxycytidine, guanosine,
2′deoxyguanosine, thymidine, uridine [A, dA, C, dC, G, dG, T, U]) and the nucleotide
counterparts (-MP, -DP, and –TP).

The following analytical grade reagents were acquired from the stated manufacturers;
methanol, 2-propanol, formic acid, glacial acetic acid, potassium chloride, and ammonium
acetate; Fisher Scientific, Fairlawn, NJ, USA; dichloromethane, sodium acetate, acid
phosphatase; Sigma Aldrich Chemical, St. Louis, MO, USA and acetonitrile; JT Baker,
Phillipsburg, NJ, USA. Ultrapure (UP) water was prepared in house from deionized water
with a Barnstead Nanopure System (Thermo Fisher Scientific, Waltham, MA, USA).
Consumables included Waters Sep-Pak Accell Plus QMA Cartridge, 3cc (500mg), Waters
Corporation, Milford, MA, USA and Phenomenex Strata-X 33μm Polymeric Reversed
Phase Cartridge 200mg/3mL, Phenomenex, Inc., Torrance, CA, USA and blood products for
lysed cellular matrix (Bonfils, Denver CO, USA).
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2.2 Analytical Approach
2.2.1 Lysed Cellular Matrix—Intracellular NA-phosphate concentrations were measured
from various cellular types that had been processed using isolation procedures specifically
developed for the type of cell to be analyzed. Isolation procedures included red blood cell
(RBC) removal with RBC lysis media (Gibco, Invitrogen, Carlsbad, CA, USA) unless the
processing procedure already precluded RBC, such as flow cytometry. This was an essential
step since MP, DP, and TP anabolites of some NAs such as TFV and RBV are found at
significant levels in RBC [11, 12]. Once cell samples were isolated, purified, and counted,
the cells were lysed with 0.5mL cold 70:30 methanol:ultrapure water (v:v) and stored at
−80°C. It is this lysed cellular matrix (70:30) that was analyzed with this procedure.

Blank hPBMC were harvested from leukocyte reduction filters and lysed in 70:30 at a
concentration of 10×10^6 cells/mL. This lysed cellular matrix was used for quality control
preparation and for extraction matrix for the calibration curve.

2.2.2 Preparation of standards, Internal Standard, and QCs—Standard preparation
stocks were created at 1 mg/mL concentrations in ultrapure water (UP water) for each
individual parent NA from reference powder. Combined preparation stocks of the parent
NAs were prepared at concentrations of 500, 50, and 5 pmol/μL, which were further diluted
in UP water to create the final working standard solutions. The working standard
concentrations ranged from 0.1 to 200 pmol/sample for FTC and 3TC and 1 to 2000 fmol/
sample for TFV and ZDV. Sample was defined as 20 μL working stock added to 2mL 1M
KCL resulting from blank lysed cellular matrix carried through the strong anion exchange
and dephosphorylation process (described below). Combined isotopic internal standard (iso)
working stocks were prepared in UP water at concentrations of 50 fmol/μL for TFV-iso and
ZDV-iso and at concentrations of 0.5 pmol/μL for 3TC-iso and FTC-iso. Standard and
internal standard solutions were stored at 4°C.

Individual Quality Control (QC) Preparation Stocks were prepared from NA-triphosphate
(NA-TP) reference standard in pmol/μL by dissolving in ultrapure water. It was necessary to
perform quality assurance procedures on these NA-TP stocks received from the
manufacturers to assess both purity and potency, as described previously [6, 13]. Initial NA-
TP QC preparation stocks of 1 and 50 pmol/μL were prepared in UP water and stored at
−80°C. Combined QCs were prepared by appropriate dilution with blank lysed cellular
matrix (10million cells/mL) in 25mL volumetric flasks. Five sets of QCs were prepared for
validation; three sets of low QCs: Concentration of QC Low1: TFV-DP 2.5 fmol/sample;
3TC-TP 0.265 pmol/sample; and FTC-TP 0.25 pmol/sample. QC Low2: TFV-DP and ZDV-
TP 5 fmol/sample; 3TC-TP 0.53 pmol/sample and FTC-TP 0.5 pmol/sample. QC Low3:
TFV-DP and ZDV-TP 15 fmol/sample; 3TC-TP 1.59 pmol/sample and FTC-TP 1.5 pmol/
sample. QC Med: TFV-DP and ZDV-TP 150 fmol/sample; 3TC-TP 15.9 pmol/sample and
FTC-TP 15.0 pmol/sample. QC High: TFV-DP, and ZDV-TP 1500 fmol/sample; 3TC-TP
159 pmol/sample and FTC-TP 150 pmol/sample. The volume extracted for each QC above
was 0.2mL. This volume was defined as sample. QCs were stored at −80°C.

2.2.3 Extraction Overview—The following were loaded onto appropriately prepared
Waters QMA Solid Phase Extraction (SPE) cartridges (washed with 2mL ultrapure water,
1.5mL 1M KCl, and 2mL 5mM KCl): Blank lysed cellular matrix (0.2mL) to be used for
each calibration standard and each of two blanks, QCs (0.2mL) and unknowns
(predetermined volume; typically 2 million cells but not limited to this cell count). Washes
utilized centrifugation (100×g; 2 minutes). The MP elution was accomplished with 5mL of
75mM KCL; elution of DP was accomplished with 7mL of 90mM KCL; and the final TP
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elution was accomplished with a single 2mL wash with 1M KCL. Each elution was set aside
for dephosphorylation.

These isolated MP, DP, and TP NA fractions were then treated with 100μL of acid
phosphatase in 1M sodium acetate, pH 5 (4–5 units), to dephosphorylate to their
corresponding parent NA. The mixture was vortexed, covered with parafilm, and incubated
for 60 minutes at 37°C in water bath. After incubation, tubes were allowed to equilibrate at
ambient temperature for approximately 15 minutes. Working standard solutions (20μL) were
added to the blank hPBMC samples and internal standard working stock solution (20μL)
was added to all tubes except the blank without IS. The Phenomenex Strata-X SPE was then
used to de-salt and concentrate the samples. First, the Strata-X SPE cartridges were prepared
with three washes: 2.0mL methanol then 2×2.0mL 15mM ammonium acetate. After sample
application, cartridges were washed with 2.0mL of 10mM ammonium acetate followed by
cartridge drying. The second and final wash was with 0.5mL dichloromethane followed by
cartridge drying. The analytes were eluted with two methanol applications of 0.5mL each.
Samples were dried for 25 minutes under nitrogen at 40°C in a Zymark TurboVap (Zymark
Corp., Hopkinton, MA, USA). Final reconstitution was with 100μL UP water. The sample
was vortex mixed and transferred to a 150 μL low volume insert. 30μL were injected onto
the liquid chromatography tandem mass spectrometry (LC-MS/MS) system.

2.2.4 LC-MS/MS Instrumentation and Conditions—A Thermo Scientific TSQ
Vantage® triple quadrupole mass spectrometer was coupled with a HESI II® probe. The LC
was an Thermo Scientific Accela® pump, Thermo Scientific, San Jose, CA, an Eppendorf
CH30/CH50 (Heater/Controller) Hauppauge, NY, and CTC Analytics HTC PAL®
autosampler, Zwingen, Switzerland. The Thermo TSQ Quantum Vantage used a 100 μL
Sample Syringe, 50 μL PEEK Loop, and data were captured with Xcalibur™ 2.0.7 SP1. A
Synergi Polar RP 2.5 μM, 100A, 2.0×100mm, Phenomenex, Inc, Torrance, CA, USA.
analytical column was used for chromatographic separations. Two mobile phase conditions,
ZDV centric and TFV centric, were used to optimize chromatographic separations and
detection in order to achieve the most sensitive determination of analytes in each mode. The
TFV centric mode contained 2% acetonitrile and 0.1% formic acid in ultrapure water at an
isocratic flow of 250μl/min. The ZDV centric mode contained 6% 2-propanol and 0.1%
acetic acid in ultrapure water at an isocratic flow of 200μl/min. For the TFV centric mode,
the column temperature was approximately 40°C, sample temperature approximately 20°C,
injection volume 30μL, and the run time was 8 minutes. Each injection was followed by a
strong and weak needle wash (0.1% Formic Acid in 50% Acetonitrile: 50% UP water, and
10% Methanol: 90% UP water, respectively). The source was operated in the positive
ionization mode. The spray voltage was 3500 V, vaporizer temperature 380°C, sheath gas
(nitrogen) 40 arbitrary units, aux gas (nitrogen) 5 arbitrary units, capillary temperature
225°C, chromfilter peak width 20.0 s, collision gas (argon) pressure 1.0 mTorr, experiment
type SRM (HSRM) peak width Q1: 0.2 FWHM, Q3: 0.7 FWHM, scan width 0.002 m/z,
scan time 0.600 s, and centroid data type. These same settings were used for the ZDV
centric mode except the source utilized polarity switching (3TC utilized positive ionization
and ZDV utilized negative ionization). The run time for the ZDV centric mode was 12
minutes. SRM monitoring conditions for each mode are shown in Table 1.

3 Validation Results
3.1 Separation and isolation of MP, DP, and TP from intracellular matrix

Endogenous nucleotides, G/dG, A/dA, C/dC, U, and T, were utilized to validate the isolation
of MP, DP, and TP fractions from the QMA strong anion exchange cartridges. Select NAs
(TFV, TFV-MP, TFV-DP and entecavir (ETV) -MP and ETV-TP) that were available in
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sufficient quantities were used to verify the results. Unextracted MP, DP, and TP were
spiked into the elution matrix at corresponding elution volumes. The mean (n=3) response of
extracted endogenous MP, DP, and TP were compared to the (mean) unextracted response
and expressed as percent recovered. Different lots of QMA (n=3) were utilized. Analysis of
the fractions was performed using ion pairing UV methodology. Acceptance criteria were a
mean extraction efficiency of 85–115% for each MP, DP, and TP fraction.

The MP fractions were shown to elute with 5mL of 75mM KCl, DP fractions with 7mL of
90mM KCl, and TP fractions with 2mL of 1M KCl. The recoveries were between 88.7% to
102% and precision was within 3.9% for all determinations indicative of a precise isolation
methodology showing consistency between lots of QMA cartridges.

3.2 Dephosphorylation
Acid phosphatase crude stock was received as 2500 units and working stock was prepared
by diluting crude stock (200–250 units) to a total volume of 5mL with 1M sodium acetate,
pH 5. Acid phosphatase working stock was stored at 4°C. Dephosphorylation was validated
using endogenous AMP, ADP, and ATP as well as NAs TFV, TFV-MP, TFV-DP, ETV-MP,
and ETV-TP. These solutions were treated with acid phosphatase working stock for 0, 30,
60, and 120 minutes controlled at 37°C in a water bath. Analysis was performed with ion
pairing ultraviolet detection (UV) methodology. Peak area response of the resulting parent
A, TFV, and ETV was compared to a 100% molar equivalent peak injected for each analyte
(prepared in equivalent matrix and volume) for recovery determination of the parent from
the MP, DP, and TP fractions. Acceptance criteria was >85% recovery. The ion pairing
method also allowed for monitoring and detection of any remaining MP, DP, or TP form in
the respective timed samples above. Acceptance criteria were no detectable nucleotide forms
remaining in the dephosphorylated tested sample. It was found that dephosphorylation was
complete after 30 minutes of incubation time for each analyte tested. At least 85% of the
parent counterpart was recovered and there was no evidence of MP, DP, or TP moieties at
the injections occurring 30 minutes or later.

3.3 Desalting and concentration: Matrix effect, Recovery, and Process Efficiency
The matrix effect, recovery, and process efficiency of parent NA from isolated TP hPBMC
matrix on the Strata X SPE optimized procedure was determined at three concentrations:
25.0/2.50, 250/25.0 and 1000/100 (fmol per sample for TFV and ZDV, and pmol per sample
for 3TC and FTC, respectively) [14]. Five different lots of hPBMC were processed in
triplicate through the QMA and dephosphorylation process for preparation of each
concentration level. Peak response from extracted (Set 3) preparations (Strata-X SPE) was
compared to neat samples prepared in UP water, which is the reconstitution matrix (Set 1),
and post extraction spiked (Set 2) blank preparations (Strata-X SPE). ME was determined by
comparing the NA response from Sets 1 and 2. RE was determined by comparing the
response from Sets 2 and 3, and PE was determined by comparing the response from Sets 1
and 3. Finally, unweighted linear regression slopes were generated for each of the 5 different
lots of hPBMC extracted based upon the three concentrations tested and peak area ratio.
Acceptance criteria for effects due to matrix were less than 5%CV on the slope
measurements for each analyte from the extracted (Set 3) samples. The ME, RE, and PE
results are shown in Table 2, section A. The ME ranged from 63% to 78%, RE from 63% to
103%, and PE from 40% to 68% among the analytes. The slopes ranged from 1.1% to 1.8%
among the analytes indicating a lack of significant matrix effect.

3.4 Accuracy and Precision
Accuracy and precision were determined by replicate analysis (n=5) of each of the QC
levels described above (n=5) in at least five separate analytical runs. The analytical runs
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were injected on both the TFV centric and ZDV centric modes of analysis. Acceptance
criteria were ±15% for both accuracy (compared to nominal as % difference) and precision
determinations at all concentrations except at the lower limits of quantitation. While ±20%
is typically allowed at LLOQs, a main goal for this assay was to allow for analysis of rare
cellular samples with potentially extremely low cell counts therefore, ±25% was allowed at
the LLOQ While this allowance adds potentially 5% more variability and inaccuracy to the
LLOQ it minimizes the potential loss of research data from these rare cellular samples.

Standard curves for all analytes were found to be best fit by linear regression with 1/
concentration weighting. In the TFV centric mode, standard curves were linear between 2.5
and 2000 fmol/sample for TFV and between 0.1 and 200 pmol/sample for 3TC and FTC.
TFV at 1 fmol/sample could not be reliably determined. In the ZDV centric mode, 3TC was
linear in the same range, and ZDV was linear from 5 to 2000 fmol/sample. ZDV at 1 and 2.5
fmol/sample could not be reliably determined. One ZDV run was disqualified due to ZDV
contamination, which was traced back to a KCl preparation for that run. The 3TC data from
the run were included for analysis. Standard performance is shown in Table 2, section B.
Accuracy was within ±7.4% and precision ≤12.6% for back-calculated standards. The CV
for slopes and the R2 were ≤ 4.7% and ≥ 0.9990, respectively. One ZDV calibrator (STD
5.00fmol/sample) was excluded from validation run 1, as it was outside the acceptance
criteria. All other calibrators met acceptance criteria.

The intraassay and interassay accuracy and precision based upon the QCs are shown in
Table 2, section B. The greatest mean interassay percent deviation was 8.0% for the 3TC
159 fmol/sample in the ZDV-centric analysis. The greatest mean interassay %CV was
19.6% for the ZDV 5 fmol/sample (LLOQ), and the highest non-LLOQ %CV was 14.9% for
the TFV 5 fmol/sample. The maximum intraassay percent deviation was −17.2% for ZDV 5
fmol/sample (LLOQ), and 16.8% for the 3TC 159 fmol/sample on run 4 of the ZDV centric
mode of analysis, all other non-LLOQs were within ±13.6%. The maximum intraassay %CV
was 32.6% for the ZDV 5 fmol/sample (LLOQ) on run 1 of the ZDV centric mode of
analysis, 23.6% for the TFV-DP 2.5fmol/sample (LLOQ), and 14.4% for the non-LLOQ
samples. The ZDV centric mode of analysis had one run for each of 3TC-TP and ZDV-TP
that did not meet intraassay acceptance criteria as described above. The QH for 3TC-TP on
run 4 had a deviation from nominal of +16.3% (1.2% CV, n=5). The other 5 runs for the QH
were within ±9.3% deviation. As discussed in Discussion below, the upper limit of
quantitation for 3TC-TP on the ZDV centric mode of analysis will be 100 fmol/sample. The
LLOQ for ZDV-TP for Run 1 had a precision determination of 32.6%. The other 4 runs
were ≤ 18.2%, such that 80% of the runs passed criteria for the ZDV-TP LLOQ. Based upon
assay performance the following LLOQs were defined: For 3TC and FTC, 0.10 pmol/
sample; for ZDV, 5.00 fmol/sample; and for TFV, 2.5 fmol/sample. Typical chromatographs
at the reported LLOQ are shown in Figure 1.

3.5 Alternative matrices
The alternative matrices for this method were considered hPBMC MP and DP fractions and
RBC MP, DP, TP fractions isolated from lysed intracellular matrix with the QMA SPE
process. Calibration standards were spiked into blank TP hPBMC fractions isolated from the
QMA SPE process (as described above). The MP and DP fractions contained different
elution salt concentration and volume and RBC were a different cellular type. The accuracy
and precision for the alternative matrix testing was generated from 3 different lots of
hPBMC and RBC to generate a triplicate analysis. The QMA fractions were
dephosphorylated and spiked at two concentration levels with parent NA working standards
(STD G- 25.0/2.50 and STD E- 1000/100; for TFV, ZDV/3TC, FTC respectively).
Acceptance criteria were ±15% for both accuracy (compared to nominal) and precision
determinations.
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The alternative matrices results are presented in Table 2, section C. The accuracy across all
matrices for all compounds ranged from −4.7% to 6.3% except for TFV at the low
concentration (25.0 fmol/sample) in hPBMC MP matrix where the accuracy was +19.1%.
The precision (%CV) for these determinations was within 10.8% for all compounds in all
matrices. The TFV result from hPBMC MP matrix at the low concentration was outside the
acceptable limit of ±15%, but passed the hPBMC DP at the low concentration, and both the
hPBMC MP and DP at the high concentration as well as all RBC MP, DP, and TP matrices.
Taken together, these data support the method’s ability to accurately and precisely determine
parent NAs from alternative matrices.

3.6 Specificity
Specificity was determined by injecting blank hPBMC MP, DP, and TP, and RBC MP, DP,
and TP (n=6 lots each) and monitoring for analytes. The high standard (A) with no IS and
blank with IS were used to evaluate cross-talk between NA and NA-IS. Carry over was
evaluated by injecting blank water after the cross-talk samples to check for signal in the
blank injection. Additionally, each analytical run contained a blank and blank with internal
standard sample to monitor specific response within each run. A lack of response was
demonstrated in NA analyte windows for the 6 lots of hPBMC MP, DP, and TP and RBC
MP, DP, or TP. Typical chromatographs are shown in Figure 2. No significant cross-talk or
carry over was observed between or among NA and NA-IS.

3.7 Effect of cell number
The ability to quantitate NA in low cell numbers or high cell numbers is an important
consideration for this method due to the types of tissues and cell populations for which the
method is intended. The number of cells assayed can also be controlled to allow for results
to fall within the acceptable reportable ranges for the different analytes. The accuracy and
precision of TFV and ZDV (100 fmol/sample) and 3TC and FTC (10 pmol/sample) were
determined from lysed intracellular matrix containing 0.1, 1.0, and 10 million cells.
Acceptance criteria were ±15% for both accuracy (compared to nominal) and precision
determinations. The results are shown in Table 2, section D. The mean accuracy for all
analytes for all cell number experiments ranged from −1.1% to 4.0%. The precision was
within ± 5.5%.

3.8 Stability of analytes
Conditional NA-TP and parent NA stabilities were determined by assessing freeze/thaw
stability, room temperature stability, and extracted sample stability. QL3 and QH were
subjected to four freeze/thaw cycles. In a separate experiment, QL3 and QH were subjected
to room temperature for 24 hours prior to extraction. The samples were then carried through
the QMA and Strata X extractions and run in three replicates. The mean response was
compared to the nominal concentration for QL3 and QH and also compared to fresh QL3
and QH controls run in triplicate that did not undergo treatment conditions. Extracted
sample stability was assessed by retaining five replicate QM samples from one of the
accuracy/precision validation runs in the autosampler for 1 month which was maintained at
20°C. The retained samples were injected with an independent run that occurred 1 month
later. Mean response was compared to both nominal and mean response from freshly
prepared QM that was not subjected to the test condition.

Table 2, section E shows results from conditional stability experiments. The range of
deviations from control for all the tested conditions was −4.4% to 12.9%.

Long term stability of parent NA preparation stocks and working stocks in water stored at
4°C was assessed by comparing the peak responses of current stock solutions to the peak
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responses from stock solutions that had been in storage for various lengths of time. 3TC
solutions at all concentrations tested were shown to be stable for up to 5.86 years. All FTC
solutions were stable for at least 2.17 years, and all ZDV and TFV solutions were stable for
up to 5.88 and 4.68 years, respectively.

Long term stability of NA-TP preparation and working stocks (at −70°C in water) were
taken into account with purity/potency determinations prior to QC preparation for use in the
assay. Repeated purity assessments for FTC-TP were 78% at baseline and 78% at 4.7 years.
The same for 3TC-TP stock solutions were initially 94% and 97% 2.2 years later. Purity/
potency for current NA-TP lots include: ZDV-TP 94.8% pure and 46.8% potent yielding a
correction factor of 0.444, FTC-TP 95.8% pure and 31% potent for a correction factor of
0.297, 3TC-TP 92.9% pure and 84.4% potent for correction factor of 0.782, and TFV-DP
93.7% pure and 108.3% potent for a correction factor of 1.015. The NA-TP QC preparation
stocks were adjusted with the determined correction factor.

Long term stability data for TFV-DP and ZDV-TP in lysed intracellular matrix (−80°C)
have been compiled from quality controls for respective single analyte assays previously
utilized [6, 13]. TFV-DP was tracked over 30 months for QM (750 fmol/sample) and QH
(7500 fmol/sample) and both were within ±13.9% of nominal. QL (150 fmol/sample) was
followed to 18 months and was within −2.9% of nominal. There was not sufficient QL
volume remaining to accurately/precisely test at 30 months. ZDV-TP was tracked over 18
months. ZDV-TP (QL=100 fmol/sample; QH=3000 fmol/sample) results were within
±12.8% from nominal except for QM (600 fmol/sample) at the 18 month interval where it
was −16.6%. Additional long term stability data for 3TC-TP and FTC-TP will be generated.
Taken together, these experiments support stability of analytes in storage, and under various
conditions commonly encountered in laboratories.

3.9 Clinical application
The method was used to analyze hPBMC and RBC samples containing ZDV-phosphates
and 3TC-phosphates (hPBMC) or TFV-phosphates and FTC-phosphates (hPBMC and RBC)
in either HIV-negative or HIV infected subjects [15–17]. The samples arose from IRB
approved protocols, and all subjects gave written informed consent. Subjects received
standard NA doses, and provided blood samples on one or more study visits. Typically,
eight mL of blood was drawn into a heparin Cell Preparation Tube at various time points
following the dose. Blood was centrifuged and hPBMC and RBC were harvested and
counted with a manual hemocytometer or Countess Automated Cell Counter (Invitrogen,
Carlsbad, CA, USA). Cells were lysed with ice cold 70% methanol and stored at −80°C
until analysis.

The method has been applied to > 100 hPBMC samples to quantify TFV-DP/FTC-TP and >
700 hPBMC samples to quantify ZDV-TP/3TC-TP. For the ZDV centric mode, two million
cells were typically assayed, although as few as 100,000 have been assayed with success.
Average (range) values in one study with 43 subjects (599 samples) were 33 fmol/106 cells
(2.63 to 198 fmol/106 cells) for ZDV-TP and 4.8 pmol/106 cells (0.15 to 37 pmol/106 cells)
for 3TC-TP. ZDV- and 3TC-MP and DP were measured in approximately 200 samples. The
values for ZDV-MP were 441 fmol/106 cells (25.9 to 4369 fmol/106 cells), which were
approximately 10-fold higher than ZDV-TP. ZDV-DP was 37.5 fmol/106 cells (2.97 to 238
fmol/106 cells), similar to ZDV-TP. The values for 3TC-MP and 3TC-DP were 3.0 pmol/106

cells (0.15 to 18.3 pmol/106 cells) and 3.3 pmol/106 cells (0.14 to 11.6 pmol/106 cells),
respectively, both slightly lower than 3TC-TP [16].

For the TFV centric mode, two million cells were typically assayed, although as few as
100,000 have been assayed with success. One study of hPBMC from a single blood draw in
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10 participants showed an average (range) TFV-DP and FTC-TP of 92 (41 – 171) fmol/106

and 6.6 (2.0 – 10.7) pmol/106 cells respectively. In an another study, TFV, TFV-MP, TFV-
DP, FTC-MP, FTC-DP, and FTC-TP were all evaluated at a single time point in paired RBC
(2 million cells extracted) and hPBMC (1.35 to 4.7 million cells extracted) from five
subjects. In hPBMC, the average (range) TFV, TFV-MP, TFV-DP were 11.4 (below the
limit of quantitation (BLQ) to 19.4), 16.6 (2.7 to 28.1), and 53.3 (3.7 to 100) fmol/106 cells.
The same values in the paired RBC were 6.4 (3.0 to 12.7), 99.8 (29.1 to 171), and 91 (21.2
to 184) fmol/106 cells. For FTC, the average (range) FTC-MP, FTC-DP, FTC-TP in hPBMC
were 1.2 (BLQ to 1.7), 6.0 (BLQ to 8.1), and 4.7 (BLQ to 6.2) pmol/106 cells. FTC-DP and
FTC-TP were not detectable in the paired RBC samples, but FTC-MP was detectable in two
samples (0.27 and 0.09 pmol/106 cells). One of the five subjects was likely non-adherent,
with BLQ FTC nucleotides in hPBMC and low or BLQ TFV nucleotides in RBC and
PBMCs. Typical chromatographs from clinical research samples are shown in Figure 3.

4 Discussion
At the onset of assay development, several main goals were set so as to best support the
research direction envisioned for the NA clinical pharmacology field: Attainment of
ultrahigh sensitivity with the ability for simultaneous measurement of multiple analytes; the
ability to quantify the MP, DP and TP moeities; and an ability to assay 70:30 lysate from
various alternative cell matrices. Each of these goals was met with the present methodology.
The method is 10- to 20-fold more sensitive than the previous methods that used a similar
approach, or different analytical techniques [6, 9, 13, 18–20]. The enhanced sensitivity
arises from the state-of-the-art analytical equipment available (ThermoScientific Vantage),
the optimization of the desalting and concentration procedure, and the creation of the two
centric analytical modes, TFV centric for TFV, 3TC, and FTC, and ZDV centric for 3TC
and ZDV. While 3TC was included in both modes, it was observed that the response for
3TC in the ZDV centric mode was approaching the typical non-linear or ionization
saturation point seen with electrospray ionization in LC-MS/MS between the STD B (100
pmol/sample) and STD A (200 pmol/sample). Thus, although 3TC passed at 200 pmol/
sample in the ZDV centric mode, an upper limit of quantitation (ULOQ) of 100 pmol/
sample will be used for this mode compared with the TFV centric mode (ULOQ of 200
pmol/sample).

A critical step in attaining the increased sensitivity was maximizing the process efficiency
for TFV and ZDV, which require detection in the fmol/sample range. During development,
injection of neat standards afforded measurable signal down to the 1 fmol/sample for TFV,
which corresponded to 0.30 fmol of TFV on column. However, this level could not be
achieved in extracted samples because of low or variable process efficiency. Therefore, a
goal process efficiency of 50% or more was set in order to attain the desired quantitation
level of the NAs in the fmol range (a target of at least 2.5 fmol/sample for TFV). Attempts
to meet this goal using the previous Waters Oasis HLB cartridge (3cc-60mg-30uM) SPE that
included trifluoroacetic acid to aid in TFV recovery were not successful [6]. Added to the
difficulty was developing a procedure that could be applied to multiple NAs for a desired
simultaneous methodology. The former desalting/concentration SPE (Oasis HLB) method
utilized for TFV and ZDV differed for the separate methods [6, 13]. While trifluoracetic
acid was necessary for TFV retention on the HLB, it was not optimal for other potential
NAs, which could be targeted in the future such as dideoxyadenosine (ddA) due to
instability in acidic conditions. The previous ZDV method utilized water washes on the
HLB, but this method did not retain TFV sufficiently. Other SPEs from different
manufacture’s and with different sorbents and sizes were then tested including, JT Baker
BakerBond H2O-philic DVB, Biotage Evolute ABN, Isolute MFC 18, C18 (EC), C18,
Varian Bond Elut (C18), and Phenomenex C18, Strata-X. The SPE cartridges were screened
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for optimal retention of TFV, the most polar and difficult analyte to retain due to its
phosphonate group. Once the Phenomenex Strata-X was determined to retain TFV the best
using a non acidic medium, a delicate balance was needed between aqueous and salt
removal and maintaining an adequate recovery of TFV. Rezk et al. utilized Bond Elut C18
cartridges to extract TFV and FTC from plasma and found that increasing ionic strength of
ammonium acetate washes helped in recovery of TFV [21]. However, TFV retention to the
Bond Elut SPE when applied in the salt elution matrix from the QMA process was not
successful. The wash strategy with ammonium acetate was also attempted on the Strata-X,
but increased retention was not observed. This is likely due, in part, to the already high ionic
strength of the QMA solution that was applied to the desalting/concentration SPE cartridge.

Hydrophobic organic washes (0.5mL) were then tested in an effort to strip aqueous/salt from
the SPE by density interaction, ideally with minimal elution of the NAs. The solvents tested
were MTBE, hexane, dichloromethane, and dichlorethane. Of these, dichlormethane
lowered the observed matrix effect compared to no solvent wash, and also decreased drying
time of the final eluate by about 50%, supporting that the solvent decreased the amount of
aqueous/salt in the final eluate. Dichloromethane only slightly lowered the RE of the polar
NAs such that the goal overall process efficiency of 50% or more for the NAs in the fmol
range could be met with the Phenomenex Strata-X SPE methodology.

The final step in obtaining the desired sensitivity for a simultaneous NA method was
developing suitable chromatography. The goal was to develop conditions optimal for all
NAs with one analytical column and one mobile phase condition. It was soon realized that
the same obstacles that were encountered in the desalting/concentration step with chemical
differences between the NAs would also be encountered in the chromatographic and MS
detection development. This led to the division of the analysis into a TFV centric mode and
ZDV centric mode. The major difference between the TFV centric mode and ZDV centric
mode was the mobile phase components. The mobile phase was optimized for TFV signal
which required formic acid as the modifier in order to be ionized in the esi positive mode
and to be adequately retained on the analytical column. This posed a problem for ZDV
analysis since it required a low concentration of acetic acid for optimal ionization in the esi
negative mode. It was desired to utilize a single analytical column for both modes of
analysis. A number of analytical columns were tested for optimal retention and peak shape
of TFV, while allowing for adequate chromatographic performance of the other NAs as
well. A Phenomenex Polar-RP, 2.5uM 2×100mm analytical column gave the best overall
performance which could be utilized for both the TFV and ZDV centric modes of analysis.
Gradient and isocratic elution were also tested, but an isocratic flow gave the best overall
performance.

The second main goal was to quantify the MP and DP, as well as the TP from multiple NA
analytes, which was eventually accomplished by optimizing a QMA procedure for
comprehensive separation and purification of MP, DP, and TPs. During development, one
other approach was also tested, a weak anion exchange methodology, which utilized volatile
salt solutions at varying pH for MP, DP, and TP purification. It was discovered that a salt
gradient worked better than changing the pH of the solutions. The approach showed promise
utilizing salt gradients of ammonium acetate, however it was too imprecise to proceed to
validation.

Ultimately, the method that worked best was a modification of a QMA strong anion
exchange procedure that was previously utilized for separate TFV-DP and ZDV-TP assays
[6, 13]. However, these previous procedures were developed to optimize TP recovery, not to
yield purified MP and DP fractions. Volatile salt solutions were not efficient in exchanging
with the strong anion exchange packing of the QMA, thus modifications were made to the
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previously used KCl concentrations and volumes to isolate MP, DP, and TP fractions.
During development, it was observed that G and dG compounds required the highest volume
for elution (eluted most difficultly) and A and T compounds eluted with the lowest volume
(eluted most easily). Therefore, these analytes bracketed the recovery of all other analytes
and were therefore used to refine the isolation conditions for validation.

The final main goal was to create a method that was accurate and precise in alternative
cellular matrices. This goal was ultimately met through the availability and use of stable
labeled internal standards. It should be noted that not all possible alternative cellular
matrices were available for testing, in this case only hPBMC and RBC MP, DP, and TP
elutions, which were chosen to be representative of cellular matrices that might be
encountered in the research field. The matrix analyzed or applied to the QMA was the 70:30
MeOH:UP water, which lyses or perforates cellular membranes thereby releasing the
intracellular material into a lysate regardless of cell type. The consistent accuracy and
precision in the RBC and PBMC matrix, as well as the different salt concentration/volume
matrices of the MP, DP, and TP elutions provide evidence that the method can be applied to
alternative cellular matrices. Extracted blank hPBMC TP fractions were utilized for the
calibration curves for this method. Preliminary data for NAs for which stable labeled ISs
were not available (eg ETV, CBV, ddA) showed that pairing with one of the existing stable
labeled ISs worked well for TP fractions, but fell short in the MP and DP alternative
matrices. Thus, matching stable labeled internal standards were shown to be necessary for
accurate and precise quantification using alternative cellular matrices.

The method was successfully applied to clinical research samples of RBC and hPBMC. The
recovered concentrations were in agreement with previous results from other methods,
which reported typical values for TFV-DP, FTC-TP, ZDV-TP, and 3TC-TP of
approximately 80–160, 1000–4000, 30–150, and 3000–12000 fmol/106 cells [3, 8, 9, 18, 19,
22–28]. The observed results for MP and DP were also similarly comparable to previous
reports, where available [9, 11, 23, 26, 29]. The first characterization of FTC nucleotides in
RBC showed very low levels of FTC-MP in two of five samples. This is consistent with a
previous report that described low levels of 3TC-TP, a close analog of FTC, in RBC [11].
The first characterization of TFV and TFV-MP in paired hPBMC and RBC shows a
different profile in the two cell types. In hPBMC, TFV and TFV-MP were similar in
concentration, whereas TFV-DP was about 3 to 4-fold higher. In RBC, TFV-MP and TFV-
DP were similar in concentration, whereas TFV was about 15-fold lower. FTC-MP and DP
showed potential differences compared with its close analog, 3TC in hPBMC. 3TC-MP and
DP were similar in concentration, whereas 3TC-TP was about 2-fold higher. However, FTC-
DP and FTC-TP were similar in concentration, whereas FTC-MP was about 4-fold lower.
Thus, these novel data show the potential value of this new assay to test for distinct cellular
pharmacology profiles according to cell type.

It is important to note that certain assumptions were made during method development, and
steps were taken to test these assumptions in validation. The first such assumption was that
endogenous nucleotides could be used to define the QMA isolation of the MP, DP, and TP
fractions for the NAs to be assessed in the method. The endogenous nucleotides were
commercially available in MP, DP, and TP forms at relatively low costs, which was not the
case for the NAs of interest for this method. Two available NAs were used to verify the
results obtained from the endogenous nucleotides. One of these was the MP, DP, and TP
forms of TFV which was an analyte validated and analyzed with this methodology and the
other was the MP and TP forms of entecavir (ETC) which was only used for verification of
the QMA process. These two NAs were chosen because there were sufficient quantities
available in the laboratory to perform the necessary work. Importantly, the TP forms of all
NA analytes (QCs) were used to assess accuracy and precision in the validation and to verify
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performance for assay maintenance. Second, an assumption was made that the MP and DP
determinations were accurate and precise for the method based upon validated QMA
recovery and alternative matrices data. NA-MP and DPs for QCs were either unavailable or
were very expensive. However, the MP, DP, and TP fractions were dephosphorylated to the
parent NA prior to quantitation and the MP and DP alternative matrices were included in the
validation. The data showed that the NAs of interest could be accurately and precisely
determined from the MP and DP dephosphorylated fractions.

This is one of the main advantages of indirect methodologies in general, that it allows for
quantitation of MP, DP and TP fractions of NAs even if reference standards do not exist for
the nucleotide forms. Furthermore, the NAs are generally more stable than their nucleotide
counterparts, which lessens concern about QC/standard instability. Additionally, the NAs
are amenable to traditional reversed phase LC methodologies and do not require specialized
ion pairing agents or ion exchange techniques that can limit sensitivity of nucleotides in MS
detection due to ion suppression. The NAs also possess distinct precursor/product transitions
where the product with highest MS signal is unique. This is not the case for NA-TP where
the highest product ion is often the non-unique phosphates shared by all nucleotides.

However, along with advantages, indirect methods also have some disadvantages. For
example, the current method would require separate injections for the TFV centric and ZDV
centric modes of analysis to cover all the analytes presented in the validation. However,
most current drug regimens would require only one mode of analysis because they pair
either 3TC-ZDV or TFV-FTC. Another possible disadvantage is that one extracted sample
through the QMA process becomes three fractions (MP, DP, and TP), which increases by 3-
fold the number of injections required on the LC-MS/MS to quantitate the MP, DP and TPs.
Although indirect methodologies such as this one are viewed as labor intensive, the
laboratory has developed an efficient system that pairs lab technologists who specialize in
each separation phase of the assay (QMA/Strata-X). The process divides into approximately
2 × 2 hour extraction segments to complete the assay.

In conclusion, a new methodology was developed and validated that possesses ultrahigh
sensitivity, the ability to simultaneously measure multiple analytes; the ability to quantify
the MP and DP, as well as the TP moieties, and the ability to accurately and precisely assay
various cell matrices.

Acknowledgments
We wish to thank the NIH AIDS Research and Reference Reagent Program for the antiretroviral drugs used for
assays; Tracy King and Courtney V. Fletcher, Pharm. D. for previous studies; the study personnel, research staff,
and nursing who assisted with the clinical protocols; and the subjects who participated in the clinical studies.

Funding Source: This work was supported by grants from NIH; S10 RR23442 (PLA), U01 AI84735 (PLA), R01
AI64029 (PLA), K23 DK82321 (JJK), and the Colorado Clinical Translational Sciences Institute (1UL1
RR025780).

Abbreviations

NA nucleoside analog

MP monophosphate

DP diphosphate

TP triphosphate

IS internal standard
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PAR Peak Area Ratio

hPBMC human peripheral blood mononuclear cells

SPE Solid Phase Extraction

RBC red blood cells

LC liquid chromatography

LLOQ lower limit of quantitation

CV coefficient of variation

A adenosine

dA 2′deoxyadenosine

G guanosine

dG 2′deoxyguanosine

C cytidine

dC 2′deoxycytidine

T thymidine

U uridine

TFV tenofovir

FTC emtricitabine

3TC lamivudine

ETV entecavir

CBV carbovir

ddA dideoxyadenosine

QC quality control

QL low quality control

QM medium quality control

QH high quality control

QMA Waters strong anion exchanger cartridge

ME matrix effect

RE recovery

PE process efficiency

STD standard

ULOQ upper limit of quantification

fmol femtomole

pmol picomole

HPLC high pressure liquid chromatography

UPLC ultra performance liquid chromatography

MS/MS tandem mass spectrometry
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FWHM full width at half maximum, HIV, human immunodeficiency virus

HCV hepatitis C virus

HBV hepatitis B virus
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Figure 1.
Panel A. LLOQ 1 chromatographs for TFV Centric Mode of analysis. Top panel is analyte,
bottom the corresponding internal standard. Y-axis is relative abundance to 100%. Panel B.
LLOQ 1 chromatographs for ZDV Centric Mode of analysis. Top panel is analyte, bottom
the corresponding internal standard. Y-axis is relative abundance to 100%.
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Figure 2.
Panel A. Blank/blank chromatographs for TFV Centric Mode of analysis. Top panel is
analyte, bottom the corresponding internal standard. Y-axis is relative abundance to 100%.
Expected retention times for analyte/analyte-IS are: TFV/TFV-IS (2.15 minutes), 3TC/3TC-
IS (3.71 minutes), FTC/FTC-IS (5.74 minutes). The peak at 2.60 minutes in the TFV-IS
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window was apparent in all runs. Panel B. Blank/blank chromatographs for ZDV Centric
Mode of analysis. Top panel is analyte, bottom panel the corresponding internal standard. Y-
axis is relative abundance to 100%. Expected retention times for analyte/analyte-IS are 3TC/
3TC-IS (3.39 minutes). ZDV/ZDV-IS (9.29 minutes).
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Figure 3.
Panel A. Extracted clinical research sample for TFV Centric Mode of analysis for hPBMC-
TP. This sample had a TFV-DP of 44.8 fmol/10^6 Cells and FTC-TP of 6.20 pmol/10^6
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cells. Panel B. Extracted clinical research sample for ZDV Centric Mode of analysis for
hPBMC-TP. This sample had a ZDV-TP of 64.5 fmol/10^6 Cells and 3TC-TP of 8.80 pmol/
10^6 cells.
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