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bstract

To facilitate the assessment of drug safety and determination of phamacokinetics, an anion exchange isolation of zidovudine t
ZDV-TP) from human peripheral blood mononuclear cells (hPBMC), coupled with dephosphorylation, desaltation, and detection
hromatography–tandem mass spectroscopy (LC–MS–MS) was validated. hPBMCs were harvested from whole blood, lysed, and a s
ntracellular ZDV-TP was produced. ZDV-TP was isolated from ZDV, ZDV-monophosphate (ZDV-MP), and ZDV-diphosphate (ZDV-DP
ere all present in the cell lysate, by performing a salt gradient anion exchange SPE. Isolated ZDV-TP was dephosphorylated with acid p

o its parent drug form, ZDV. ZDV was then desalted and concentrated for tandem mass spectral detection. An LC–MS–MS method
eveloped and validated for the determination of molar ZDV directly corresponding to the intra-hPBMC molar ZDV-TP concentration.
oncentrations were determined in femtomoles per million hPBMCs (fmol/106 cells). The assay was able to determine ZDV-TP concentra
ccurately and precisely within the range of 5–640 fmol/106 cells with 10 million cells per sample analyzed. Inter- and intra-day accurac
recision data for back calculated standards and quality controls fell within 15% of nominal. The assay correlated well with a previo
ethod developed and validated in our laboratory, and has been successfully used to quantitate ZDV-TP concentrations in patients be
onitored and treated with ZDV.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nucleoside reverse transcriptase inhibitors (NRTI) were the
rst agents shown to be safe and effective for the treatment
f patients infected with HIV, and they remain cornerstones
f most treatment regimens today. These drugs are selectively
hosphorylated to their active triphosphate moieties (NRTI-TP)
ithin human peripheral blood mononuclear cells (hPBMC)[1].

t is the intracellular anabolite that competes with endogenous
ucleotides for incorporation into the replicating HIV DNA,
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which results in termination of viral replication[2]. Zidovu-
dine (ZDV), a thymidine NRTI, was the first anti-HIV dru
approved by the FDA. It remains an important NRTI backb
component of many first-line HAART therapies used today[3].
The ability to detect and quantitate the NRTI-TP concentra
in hPBMCs will lead to a better understanding of the phar
cokinetic and pharmacodynamic characteristics of these a
This understanding may potentially facilitate improved th
peutic approaches to inhibit viral replication, limit emerge
of viral resistance, and reduce serious side effects. Gener
few methods have been published for the determination of N
TPs, some direct detection methodologies of the NRTI
[4–6] and other indirect detection methodologies that isolat
NRTI-TP and dephosphorylate to the parent NRTI[7–10]. The
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direct methodologies utilize LC–MS–MS detection whereas the
indirect dephosphorylation methodologies have utilized RIA,
ELISA, and LC–MS–MS quantitation techniques. We previ-
ously validated an indirect methodology for the quantitation of
ZDV-TP that utilized both RIA and ELISA detection methods
[9]. These methods were accurate and precise, but the commer-
cial unavailability of the tracer used in these methodologies has
eliminated these modes of detection. Given the continued impor-
tance of ZDV in the treatment of HIV, we sought to develop a
new method to detect ZDV-TP in PBMCs of patients. Herein,
we present the development and validation of a novel ZDV-TP
assay. We describe the issues that arose in these efforts and we
present successful application of this new methodology to real-
time patient samples.

2. Experimental

2.1. Chemicals and supplies

ZDV-TP and internal standard, isotopic ZDV (2× N15 and
1× C13), were obtained from Moravek Biochemicals (Brea,
CA). ZDV was obtained from Sigma Chemical (St. Louis,
MO). Methanol, ammonium acetate, and acetonitrile, all HPLC
grade, were obtained from Fisher Scientific (Fairlawn, NJ).
Glacial acetic acid, potassium chloride, sodium acetate, all
A.C.S. certified, and acid phosphatase type XA from sweet
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ZDV-TP quality controls were prepared in blank hPBMC cell
lysate (10× 106 cells/250�L of lysate). The concentration of
ZDV-TP controls were 100, 600, and 3000 fmol (ZDV-TP corre-
sponding to 10, 60, and 300 fmol per million cells). The ZDV-TP
quality controls were stored at−80◦C and were stable for over
1 year.

2.4. Determination of ZDV-TP

2.4.1. hPBMC collection and preparation (patient
specimens and blank hPBMC processing)

hPBMCs were harvested within 60 min of blood collection.
For each collection, approximately 25 mL of blood were col-
lected in three cell preparation tubes (CPT). After gentle mixing,
the tubes were centrifuged at 1500× g, 20 min, 21◦C. After
the top two layers were gently mixed, the remaining solution
above the gel was decanted, the volume was recorded, and a
small aliquot was used for cell counting with a hemacytome-
ter. The solution was centrifuged at 400× g, 10 min, 4◦C. All
but about 1 mL of the supernatant was removed. The cells were
resuspended and centrifuged at 400× g, 10 min, 4◦C. The super-
natant was completely removed and the cells were lysed with
cold 0.5 mL 70% methanol/30% water. After pellet disruption
and vortexing, the extraction was allowed to proceed for 15 min
in an ice bath or at−20 to −80◦C refrigeration. The lysate
solution was centrifuged at 13,000× g, 1 min, 21◦C and the
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otato were obtained from Sigma Chemical (St. Louis, MO).
onized/distilled water was house purified on a Barnstead M
ure System. Waters OASIS® HLB Extraction Cartridges, 3c
nd Waters AccellTM Plus QMA Cartridges, 3cc, were pu
hased from Waters Corporation (Milford, MA). Nitrogen g
99.9% pure) and argon gas (99.999% pure) were supplie
eneral Air (Denver, CO). Citrate cell preparation tubes (C
ere obtained from Fisher Scientific (Fairlawn, NJ).

.2. Instrumentation

The liquid chromatography system consisted of a Wa
690 Separations Module (Waters Corporation, Milford, M
quipped with an inline degasser, temperature contr
utosampler, and column oven. The analytical column w
aters XTerraTM RP18 3.5�m, 2.1 mm× 150 mm (Waters Co

oration, Milford, MA). The mobile phase consisted of aq
us 0.1% acetic acid and 10% acetonitrile at a flow rat
.2 mL/min. The mass analyzer was a TSQ Quantum T
uadrupole Mass Spectrometer equipped with an ESI s

n the positive ionization mode utilizing the stainless steel s
eedle (ThermoElectron, San Jose, CA). Data were coll
sing Xcalibur Software version 1.3 (ThermoElectron, San J
A).

.3. Standard and quality control preparation

ZDV working standards were prepared in water at con
rations ranging from 2.0 to 256 fmol/�L. Internal standar
orking solution was prepared in water at 8.55 ng/mL.
tandards were stored at 4◦C and were stable for over 1 ye
-

y

e

d
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upernatant was transferred to a cryovial for storage at−80◦C
ntil assayed.

.4.2. ZDV-TP isolation (quality controls, validation
amples, and patient specimens)

ZDV-TP was isolated from ZDV, ZDV-MP, and ZDV-DP
he cell lysis media by anion exchange SPE and a salt g
nt. Cell lysate (equivalent to 10× 106 cells) was applied to
aters QMA SPE cartridge, previously prepared with ddH2O

2 mL), 1 M KCL (1.5 mL), and 5 mM KCl (2 mL) solutions, an
entrifuged at 100× g, 2 min, 21◦C. Nine (2 mL) 74.5 mM KC
ashes, followed by centrifugation at 100× g, 2 min, 21◦C,
ere applied to the cartridge. The nine washes eluted
DV-MP, and ZDV-DP. The isolated ZDV-TP still remaini
as eluted from the QMA cartridge with 1 M KCl (2 mL) ce

rifuged at 100× g, 2 min, 21◦C into a collection tube.

.4.3. Dephosphorylation
The isolated ZDV-TP solution (2 mL of 1 M KCl) wa

ephosphorylated to ZDV with the addition of acid ph
hatase/sodium acetate working stock solution (0.1 mL)

ncubated at 37◦C for 1 h. Stock acid phosphatase was dilu
ppropriately with 1 M sodium acetate solution, pH 5.0 in
orking stock solution so that when 0.1 mL of the working st
as added to each sample, 0.4 units were applied. Working
hosphatase solution was prepared prior to each extractio

.4.4. Standard curve preparation/desaltation and
oncentration of ZDV

ZDV standards at concentrations of 50–6400 fmol (25�L
f working ZDV standard) were prepared in 2.1 mL of 1
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KCl/sodium acetate solution analogous to that used for
QMA elution and dephosphorylation of the isolated ZDV-TP
fractions. The dephosphorylated samples and standards were
desalted and concentrated from the KCl solution making it
possible for tandem mass spectral detection. Internal standard
working stock (10�L of 8.55 ng/mL) was added to all tubes.
The samples were applied to prepared Waters Oasis HLB SPE
cartridges (prepared by the addition of 2 mL of methanol,
followed by 2 mL of ddH2O) and centrifuged at 100× g, 2 min,
21◦C. Three water (3 mL) washes, followed by centrifugation
at 100× g, 2 min, 21◦C, successfully desalted the solution.
ZDV was eluted with methanol (1 mL). The sample was dried
under nitrogen on a Zymark TurboVap at 37◦C for 30 min,
reconstituted in mobile phase (100�L) and injected onto the
LC–MS–MS system (40�L).

2.4.5. LC–MS–MS conditions
The chromatographic separation was performed on a Waters

X-Terra, 2.1 mm× 150 mm, reversed phase column with a
3.5�m particle size. The mobile phase consisted of a mixture
of aqueous acetic acid (0.1%) and acetonitrile (10%) at a flow
rate of 0.2 mL/min. The signal was achieved in positive ion
mode with electro-spray ionization and SRM detection. The
MS source and quadrupole conditions were as follows: spray
voltage 1800 V, nitrogen sheath gas 30 and auxiliary gas 10
(arbritrary units), capillary temperature 310◦C, chrom filter
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2.5.2. Accuracy and precision
The accuracy and precision of this method were assessed by

analyzing five validation sample levels in five replicates on 5
different assay days. The LLOQ validation sample acceptance
criteria were±20% for accuracy and precision. All other vali-
dation sample acceptance criteria were±15% for accuracy and
precision.

2.5.3. Conditional stability
The Low-2 and high validation samples were subjected to

various conditions in order to test stability. First, freeze/thaw
stability for three cycles was tested. Basically, this tested the
warming of the 70% methanolic cell supernatant to room tem-
perature for three cycles versus a traditional plasma freeze/thaw
cycle since the supernatant does not freeze at storage condi-
tions. The validation samples were “frozen” (−80◦C) for 24 h
and “thawed” completely at room temperature. This freeze/thaw
cycle was repeated three times. In addition, different samples
were removed from storage and allowed to sit at room temper-
ature for four hours to test for room temperature stability in
the lysate media. A 4 h interval was checked to test for bench
stability during extraction. The validation samples were then
extracted and run in triplicate and compared with an extracted
control triplicate set of samples frozen (−80◦C) and thawed
immediately prior to the run. In addition to freeze/thaw cycles
and room temperature stability, extracted sample stability was
t mple
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eak width 30 s, collision gas pressure 1.0 mTorr, scan w
.0 m/z, scan time 0.1 s, collision energy 10 V, quadrup
esolution was Q1:0.3 FWHM, Q3: 0.7 FWHM(H-SRM
M + H] parent/product 268/127m/z (ZDV) and 271/130m/z
ZDV-IS). ZDV and its isotopic IS approximate retent
ime was 7.03 min. The assay was linear in the rang
0–6400 fmol ZDV/sample with a minimum quantifiable lim
f 50.0 fmol/sample (equivalent to 5.0 fmol per million ce
hen 10 million cells were extracted).

.5. Validation of hPBMC sample analysis

Validation samples at five different ZDV-TP concentrati
ere produced in 70% methanol:30% water blank hPB

ysate (10× 106 cells/250�L of lysate), aliquoted, and stored
80◦C for a full validation of this assay. The lower limit of qua

itation (LLOQ) validation sample concentration was 50 fm
he Low-1 validation sample concentration was 100 fmol,
ow-2 validation sample concentration was 300 fmol,
edium validation sample concentration was 1000 fmol,

he high validation sample concentration was 3000 fmol.
ssay was validated for inter- and intra-day accuracy and p
ion (n = five validation samples on 5 different days), conditio
tability, recovery, and matrix and interference effects.

.5.1. Inter-day average back calculated calibration
tandards

Each validation run contained singlet calibration stand
ith theoretical concentrations of 6400, 3200, 1600, 800,
00, 100, and 50 fmol/sample. All eight standard concentra
ere run in singlet on 5 separate days.
f

i-

,
s

ested also. The same sets of Low-2 and high validation sa
ubjected to three freeze/thaw cycles and 4 h at room tem
ure were allowed to remain in the autosampler (4◦C) for 5 days
hese samples were compared with a freshly extracted c
et of high and Low-2 validation samples.

.5.4. Recovery
Recovery for this procedure was comprised of both the

nd anion exchange on the QMA and also the desaltation
sing the Oasis HLB cartridge. Therefore, both isolation o
DV-TP and recovery of ZDV were assessed.

.5.4.1. QMA recovery determination. QMA recovery was pe
ormed utilizing an ion pairing UV methodology to characte
he parent, MP, DP and TP elution in the washes. The co
sed was a Keystone BetaBasic-18, 250× 3, 5�m (Keystone
cientific, Inc., Bellefonte, PA) and the mobile phase was
00 mM phosphate, 4 mM tetrabutylammoniumbromide,
.0:15% acetonitrile at a flow rate of 0.5 mL/min. Detection
t 260 nm. In order to determine the correct number of wash
ccurately remove ZDV, ZDV-MP, and ZDV-DP and retain
aximum amount of ZDV-TP on the QMA SPE cartridge,

ollowing experiment was performed: known amounts of Z
P, ZDV-DP, ZDV-MP, and ZDV were loaded onto a prepa
MA SPE cartridge. Each 74.5 mM KCl (2 mL) wash was elu
nd saved for analysis on the LC system. The amount of
hosphate moiety in each elution was recorded and com

o 100% signal in the wash medium.

.5.4.2. Desaltation/concentration recovery determination.
DV recovery was compared between two different type
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SPE cartridges available in the laboratory: Oasis HLB 3cc and
Oasis MAX 3cc. This recovery experiment was performed
using 1000 and 10,000 fmol/sample of ZDV. Area response was
measured in triplicate for unextracted/spiked sample, extracted
first methanol elution (0.5 mL), and extracted second methanol
elution (0.5 mL).

2.5.5. Enzyme incubation time determination
In order to determine the minimum amount of incubation

time necessary to produce the maximum amount of ZDV from
ZDV-TP using acid phosphatase enzyme, the following exper-
iment was performed. A solution of 24�M ZDV-TP (100�L),
400 mM KCL (375�L), and a diluted enzyme solution (25�L)
was incubated at 37◦C. At time points 0, 15, 30, 45, 60, and
90 min, an aliquot (50�L) of the solution was removed and
20�L was injected onto an LC system specifically established
for ZDV detection.

2.5.6. Comparison to previous ELISA methodology
The laboratory previously validated an indirect detection

method for the determination of ZDV-TP concentrations in
hPBMCs using the QMA isolation, dephosphorylation, and
desalting technique as described above and applied an ELISA
detection method. Thirty-five patient specimens that were pre-
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3. Results

3.1. Inter-day average back calculated calibration
standards

The ZDV to ZDV-IS ratio were plotted against concentration
for each calibration curve. The experimental standard concen-
trations were back calculated using 1/concentration weighted
linear regression curve. The resulting data are shown inTable 1.
Standard back calculated values outside 15% from the nominal
and 20% at the LLOQ were dropped and the standard curve was
recalculated.

The inter-assay experimental mean for each calibration stan-
dard was compared against the theoretical concentration and
percent deviation was calculated. The average percent devi-
ation across all the concentrations was less than 6%. Preci-
sion statistics were represented by the standard deviation and
the coefficient of variance (CV) data. Overall, the %CV for
all concentrations was less than 6.1%. The slope,y-intercept,
and coefficient of determination (R2) values for each curve
are also displayed inTable 1. The %CV for the five slopes
was 0.0045 and allR2 values were≥0.9996. Overall, the stan-
dard curve responses for this assay were reproducible as well
as significantly close to the theoretical values. Therefore, it
was determined that the eight back-calculated concentrations
of the standard curve could be used to accurately and pre-
c this
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iously analyzed by the ELISA method were analyzed
he method presented herein and compared. These p
pecimens were stored in 70% methanol at−80◦C between
nalyses.

.5.7. Clinical application
hPBMC samples from HIV-infected patients who w

eceiving a dose of 300 mg twice daily of ZDV were a
yzed for ZDV-TP using the method described herein. The
lapsed from dosing time to blood draw varied from 0 to 8 h
ose.

able 1
nter-day average back calculated calibration standards

Slope (×103)

un ID
1 0.644
2 0.618
3 0.665
4 0.648
5 0.671

ZT-TP Cal 1-Std A Cal 2-Std B Cal 3-Std C

heoretical concentration
(fmol)

6400 3200 1600

ean 6424 3200 1574
.D. 74.9 45.7 31.5
CV 1.17 1.43 2.00
dev 0.37 0.00 −1.64

5 5 5
ntisely determine unknown sample concentrations used in
ssay.

.2. Accuracy and precision

Intra- and inter-assay accuracy and precision were t
or each ZDV-TP validation sample concentration (Table 2).
ccuracy was the measure of deviation of the calculated
entration from the theoretical and precision was measure
alculating the coefficient of variance. Accuracy and preci
cceptable limits were within±20% at the LLOQ and withi

Y-intercept R2

−0.0140 0.9996
−0.0153 0.9996
−0.0175 0.9996
−0.0055 0.9997
−0.0072 0.9996

Cal 4-Std D Cal 5-Std E Cal 6-Std F Cal 7-Std G Cal 8

800 400 200 100 50

815 393 191 99 53
16.8 15.2 8.9 6.0 2.1
2.06 3.88 4.66 6.09 4.01

1.87 −1.83 −4.43 −1.22 5.96
5 5 4 5 5
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Table 2
AZT-TP accuracy and precision

LLOQ Low VS-1 Low VS-2 Medium VS High VS

Intra-assay statistics
Run ID

1
Mean 49.8 104 302 1058 3016
S.D. 4.03 7.68 10.74 28.87 129.32
%CV 8.08 7.39 3.56 2.73 4.29
%dev −0.34 3.95 0.57 5.79 0.53
n 5 5 5 5 5

2
Mean 63.9 111 314 1055 3182
S.D. 3.06 4.88 16.94 35.56 60.24
%CV 4.79 4.39 5.40 3.37 1.89
%dev 27.78 11.12 4.56 5.53 6.08
n 5 5 5 5 5

3
Mean 55.0 97.4 302 1014 3071
S.D. 3.57 6.44 4.96 23.17 82.07
%CV 6.50 6.61 1.65 2.29 2.67
%dev 9.97 −2.58 0.51 1.37 2.36
n 5 5 5 5 5

4
Mean 43.7 85.9 308 1057 3051
S.D. 4.86 3.20 4.49 25.57 21.98
%CV 11.13 3.73 1.46 2.42 0.72
%dev −12.70 −14.14 2.81 5.74 1.70
n 5 5 5 5 5

5
Mean 61.7 104 294 961 2799
S.D. 10.28 4.95 16.01 15.91 93.33
%CV 16.64 4.75 5.44 1.66 3.33
%dev 23.48 4.12 −1.87 −3.90 −6.69
n 5 5 5 5 5

Inter-assay statistics
Theoretical conc. (fmol) 50 100 300 1000 3000
Mean 54.82 100 304 1029 3024
S.D. 9.29 10.09 12.74 45.70 149.66
%CV 16.94 10.04 4.19 4.44 4.95
%dev 9.64 0.49 1.32 2.91 0.80
n 25 25 25 25 25

±15% at all other levels tested. The greatest mean inter-assay
percent deviation for ZDV-TP was 9.64% for the LLOQ vali-
dation sample concentration. All non-LLOQ validation sample
mean inter-assay percent deviations were less than 3%. The
highest mean inter-assay %CV for ZDV-TP was 16.94% for
the LLOQ validation sample. All non-LLOQ validation sample
mean inter-assay %CVs were less than 10.1%. The greatest mean
intra-assay percent deviation was 27.78% for the LLOQ valida-
tion sample on Run 2. All non-LLOQ validation sample mean
intra-assay percent deviations were less than 14.2%. The highest
intra-assay %CV was 16.64% for the LLOQ validation sample
on Run 5. All non-LLOQ validation sample CV values were
less than 7.4%. As expected, it was observed that the 50 fmol
validation sample showed the highest % deviation and %CV
values compared with the other validation sample percentages.
The 50 fmol validation sample exceeded the 20% acceptance

criterion for accuracy on one of the five validation runs. Four
of the five validation runs were within the 20% criterion and
was thus defined as the LLOQ for the assay.Table 2demon-
strates that the assay was both accurate and precise between
runs and within individual runs. The LLOQ response for ZDV-
TP was at least five times greater than the blank response
for all validation runs. In addition, the isotopic ZDV internal
standard did not give a response in the ZDV detection win-
dow.

3.3. Conditional stability

Conditional stability results are presented inTable 3. Mean,
standard deviation, %CV, and % deviation were calculated for
each triplicate Low-2 and high validation sample. From the
mean values of these triplicates, a percent difference (treated
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Table 3
Conditional stability

Low VS High VS Low VS: %diff treated vs. control High VS: %diff treated vs. control

3 F/T cycles
Treated

Theoretical concentration 300 3000 2.5 3.2
Mean 316 3148
S.D. 13.1 84.3
%CV 4.2 2.7
%dev 5.4 4.9
n 3 3

Controls
Theoretical concentration 300 3000
Mean 308 3051
S.D. 4.5 22.0
%CV 1.5 0.7
%dev 2.8 1.7
n 5 5

4 h room temperature
Treated

Theoretical concentration 300 3000 1.1 1.0
Mean 312 3081
S.D. 4.5 40.2
%CV 1.4 1.3
%dev 3.9 2.7
n 3 3

Controls
Theoretical concentration 300 3000
Mean 308 3051
S.D. 4.5 22.0
%CV 1.5 0.7
%dev 2.8 1.7
n 5 5

5 day autosampler
Treated

Theoretical concentration 300 3000 2.2 6.3
Mean 301 2975
S.D. 9.6 41.0
%CV 3.2 1.4
%dev 0.3 −0.8
n 6 6

Controls
Theoretical concentration 300 3000
Mean 294 2799
S.D. 16.0 93.3
%CV 5.4 3.3
%dev −1.9 −6.7
n 5 5

versus control) was calculated for the Low-2 and high levels.
The greatest percent difference between the treated and control
samples was 6.3% for that of high validation sample treated
to 5 days in the autosampler. This experiment showed that
the Low-2 and high validation samples were stable under the
tested temperature and time conditions both prior to extraction
and post extraction. Stability was shown for three freeze/thaw
cycles, room temperature for 4 h, and extracted sample stabil-
ity for up to 5 days in the autosampler, which was maintained
at 4◦C.

3.4. Recovery

3.4.1. QMA recovery determination
It was necessary to wash the QMA cartridge with 18 mL

of 74.5 mM KCl solution. This was accomplished by perform-
ing nine (2 mL) washes with 74.5 mM KCl. SPE preparation,
washes, and elutions were performed in a Jouan centrifuge pro-
grammed at 100× g for 2 min at 21◦C. Using the centrifuge we
were able to process up to 72 samples at a time and subject each
SPE to the same relative force/flow rates during the extraction
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procedure. We determined after nine (2 mL) KCl washes 99.3%
triphosphate remained with only 0.6% diphosphate remaining
on the cartridge. After 10 (2 mL) KCl washes, 95% triphosphate
remained and 0.2% diphosphate remained. The assay was val-
idated with nine KCl washes instead of 10 so that the loss of
ZDV-TP would be minimized, with less than 1% ZDV-DP still
remaining on the QMA cartridge for elution.

3.4.2. Desaltation/concentration recovery determination
The means of the two methanol elution areas were added

together and compared with the mean of the unextracted/spiked
sample areas to show total percent recovery. The MAX 1000 and
10,000 fmol sample percent recovery equaled 74.5 and 79.6%,
respectively. The HLB 1000 and 10,000 fmol sample percent
recovery equaled 82.9 and 90.3%, respectively. The recovery
percent difference between the two cartridges was−10.19% for
the 1000 fmol sample and−11.86% for the 10,000 fmol sam-
ple. This experiment showed the HLB cartridge performed with
a higher overall recovery of ZDV than the MAX. Therefore, the
HLB cartridge was the cartridge used in the protocol. Recov-
eries between two (0.5 mL) methanol elutions and one (1 mL)

methanol elution were identical. For time saving purposes, a one
(1 mL) elution was used in validation.

3.5. Enzyme incubation time determination

The ZDV area and height responses were recorded versus
time and maximum ZDV production was determined to be after
the 30 min time point. The production of ZDV did not change
significantly from the 30 min time point through the 90 min
time point. Additionally, incubation was allowed to continue
overnight and the response was not different from the 30 min
time point. We also compared ZDV response for a 30 min incu-
bation between separate equimolar ZDV and ZDV-TP samples.
The results showed that ZDV-TP was completely converted to
ZDV in the 30 min incubation.

3.6. Comparison to previous ELISA methodology

We analyzed 35 samples with the current LC–MS–MS
methodology that had been previously analyzed with the ELISA
method. We found a good correlation between the two methods
Fig. 1. Comparison data of previous RIA
 method to current LC–MS–MS Method.
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Fig. 2. Typical patient chromatogram of ZDV-TP (76.7 fmol/million hPBMC).

(Fig. 1). Furthermore, the samples being analyzed were stored
at−80◦C in the 70:30 methanol:water lysate for over 5 years. In
addition to the good correlation, the data presented also provide
evidence of long-term stability of ZDV-TP in the lysate solution
used when stored at−80◦C.

3.7. Clinical application

The current methodology has been applied to real-time
patient specimens. A typical chromatograph can be seen in
Fig. 2. The samples were drawn in CPTs between 0 and
8 h post ZDV dose. A median ZDV-TP concentration of
22.5 fmol/million cells was determined among 55 patient sam-
ples analyzed.

4. Discussion

It was our intention to develop and validate a direct quan-
titation method for ZDV-TP from hPBMCs. Such a method
would be potentially faster and perhaps more precise with
the elimination of several steps used in the indirect detection
methodologies. However, developmental attempts for determin-
ing ZDV-TP concentrations directly from patient hPBMCs were
unsuccessful. We found that published direct methodologies

could not be replicated in our laboratory because of supply
and methodology issues. The supply obstacles included the
unavailability of a ZDV-TP specific SPE cartridge used by
Becher et al. and no access to MALDI instrumentation as used
by Van Kampen et al.[11].

There were also multiple methodological obstacles that lim-
ited our ability to replicate published methods. First, ATP levels
were very high in the hPBMC lysate. Volatile ion pairing agents
were able to separate ATP from ZDV-TP, but the large amount of
ATP on the column caused a continuous column bleed, indicative
of ATP column overloading, which interfered with detection of
ZDV-TP in the patient cellular extracts. Normally, this would not
be an issue for tandem mass spectrometry detection (notwith-
standing matrix effects), but in the case of ZDV-TP detection,
ATP and dGTP (endogenous nucleotides found in the hPBMC
lysate) have the same precursor ion (506m/z) and the same
resulting major product ion (159m/z) in the ESI negative ion
mode. Unique minor ZDV-TP precursors exist but the resulting
signals are too low for quantitation of ZDV-TP in the femto-
molar range. Attempts to eliminate or reduce the ATP content
with chemical treatment (periodate) were successful in that they
did eliminate much of, or all of the ATP while not affecting the
ZDV-TP, but sensitivity remained a factor probably because the
ion pairing content suppressed ZDV-TP signal.
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Generally, the use of volatile ion pairing agents was a method-
ological obstacle. The agents caused ion suppression in the
ESI source and they were nearly impossible to wash from the
system. We have seen a bleed of some of these ion pairing
agents well over 1 year after their use on the analytical sys-
tem. We believe this led to carryover issues of the TP analytes
seen over time. We suspect the ion pairing agents adhere to
the system and create binding sites for the TP analogues. This
caused carryover issues that hindered our development of this
methodology.

For these reasons we decided to turn our efforts to replacing
the ELISA detection method with LC–MS–MS detection and to
continue utilizing an indirect methodology previously validated
and used in our laboratory. This method, while more labor inten-
sive for sample preparation than the direct methodologies, allows
for the quantitation of ZDV-TP at the necessary concentrations
found in hPBMCs of patients. The method also allows for a built-
in quality assurance (QA) of the ZDV-TP stocks used and the
extraction process by using the parent ZDV as the standard and
the ZDV-TP as the QC. Importantly, we have found significant
deviations from the purity and potency reported on the certifi-
cate of analysis for these triphosphate stock solutions. Most of
these deficiencies will be detected with indirect assays, as this
methodology uses parent NRTI standards. A large error could
potentially go undetected in direct assays where the triphosphate
stock is used for standards and quality controls. We have found
t rent
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