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a b s t r a c t

A sensitive and specific method for the determination of cidofovir (CDV) in human plasma using high-
performance liquid chromatography with tandem mass spectrometry (LC–MS/MS) was developed and
validated. Plasma samples were processed by a solid phase extraction (SPE) procedure using Varian®

SAX extraction cartridges prior to chromatography. The internal standard was 13C5-Folic acid (13C5-FA).
Chromatography was performed using a Luna C8(2) analytical column, 5 �m, 150 mm × 3.0 mm, using an
isocratic elution with a mobile phase consisting of 43% methanol in water containing 12 mM ammonium
acetate, at a flow rate of 0.3 mL/min. The retention times of CDV and 13C5-FA were 2.1 min and 1.9 min,
respectively, with a total run time of 5 min. The analytes were detected by a Micromass Quattro Micro
iquid chromatography–mass spectrometry triple quadrupole mass spectrometer in positive electron spray ionization (ESI) mode using multiple reac-
tion monitoring (MRM). The extracted ions monitored following MRM transitions were m/z 280.0 → 262.1
for CDV and m/z 447.0 → 294.8 for 13C5-FA (IS). The assay was linear over the range 20–1000 ng/mL. Accu-
racy (101.6–105.7%), intra-assay precision (4.1–5.4%), and inter-assay precision (5.6–6.8%) were within
FDA limits. No significant variation in the concentration of CDV was observed with different sample stor-
age conditions. This method is simple, adaptable to routine application, and allows easy and accurate
measurement of CDV in human plasma.
. Introduction

Cidofovir (VISTIDE®, CDV) is a nucleotide analog of deoxycy-
idine monophosphate with in vitro and in vivo activity against
erpesviruses, adenoviruses, poxviruses, and polyomaviruses
1–4]. Intravenous CDV is approved by the US Food and Drug
dministration (FDA) for systemic treatment of cytomegalovirus
etinitis in patients with AIDS. In addition, a low dose CDV regimen

f 0.25–0.5 mg/kg weekly is empirically used at many institutions
or the treatment of BK polyomavirus nephropathy (BKVN) in kid-
ey transplant recipients [5–8]. Although the pharmacokinetics
f CDV have been described in patients with normal renal func-

Abbreviations: CDV, cidofovir; BKVN, BK polyomavirus nephropathy; 13C5-FA,
3C5-Folic acid.
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tion and renal insufficiency [9,10], no data is available regarding
the disposition of this drug in patients with a single transplanted
kidney. In order to elucidate the pharmacokinetics and pharma-
codynamics of CDV used for the treatment of BKVN in kidney
transplant recipients, it was necessary to develop a sensitive and
specific assay method for the determination of CDV in human
plasma. To date, four HPLC methods and one LC–MS/MS method
have been described in the literature [11–15]. The HPLC methods
require a large blood volume making intensive sampling diffi-
cult, or involve a laborious pre-column fluorescence derivatization
process. Further, due to the low dose of CDV used in the renal
transplant population, the published LC–MS/MS method, with a
selective detection in the range of 78.125–10,000 ng/mL requiring
300 �L serum, cannot be used. [15]. This method is also difficult
to reproduce as it employs an internal standard that is not com-

mercially available. Therefore, the objective of this study was to
develop a sensitive, specific and reproducible LC–MS/MS analytical
method to estimate CDV concentrations in human plasma fol-
lowing low dose intravenous administration to kidney transplant
patients.

dx.doi.org/10.1016/j.jpba.2010.06.034
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:rv@pitt.edu
dx.doi.org/10.1016/j.jpba.2010.06.034
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Fig. 1. Chemical structures of CDV (top, molecular weight: 279.1

. Materials and methods

.1. Chemicals and materials

The chemical structures of CDV and the internal standard,
3C5-Folic acid (13C5-FA), are represented in Fig. 1. CDV reference
tandard was graciously supplied by Gilead Sciences, Inc. (Fos-
er City, CA, USA). 13C5-FA was purchased from Merck Aprova AG
Schaffhausen, Switzerland). Varian® Bond Elut SAX 1 mL (100 mg)
xtraction cartridges were purchased from Varian, Inc. (Lake For-
st, CA, USA). Luna C8(2) column (150 mm × 3.0 mm, 5 �m, 100 Å)
nd C8 SecurityGuard cartridge (4.0 mm × 2.0 mm) were pur-
hased from Phenomenex (Torrance, CA, USA). Optima HPLC grade
ethanol and HPLC grade water were obtained from Fisher Sci-

ntific (Fair Lawn, NJ, USA). Aliquots of blank human plasma used
or preparation of spiked standards were obtained from the central
lood bank (Pittsburgh, PA, USA).

.2. Preparation of standards and quality control samples

Stock solutions of CDV were prepared at 1 mg/mL in water and
sed for a maximum of 6 months, while being stored at 4 ◦C in the
ark. On assay days, the working solution was diluted in human
lasma to produce the following CDV concentrations: 20, 50, 100,
00, 350, 700, and 1000 ng/mL. The stock internal standard solution
50 �g/mL) was prepared in 20 mmol/L phosphate buffer (pH 7.2)

nd diluted to the working standard solution (1 �g/mL) in mobile
hase.

Quality control (QC) stock solution was prepared independently
rom a separate weighing of CDV and stored at 4 ◦C in the dark.
his solution was diluted in control human plasma to produce
d 13C5-FA (internal standard, bottom, molecular weight: 446.4).

the following QC samples: QC low (QCL) 60 ng/mL; QC mid (QCM)
400 ng/mL; and QC high (QCH) 800 ng/mL. Additionally, plasma
samples were prepared from the QC stock solution at 20 ng/mL,
which was the lower limit of quantitation (LLOQ).

2.3. Sample preparation

Routine daily calibration curves, controls, and clinical samples
were thawed at room temperature. Exactly 400 �L of plasma was
diluted with 500 �L of water and passed through Varian® SAX
1 mL (100 mg) extraction cartridges, previously conditioned with
methanol and water. After washing with 2 mL of water, CDV was
eluted with 2 mL of 5% acetic acid in methanol and the eluent was
evaporated to dryness under air at 38 ◦C. The residue was reconsti-
tuted in 50 �L of 10% ammonium hydroxide in 65% methanol and
50 �L of internal standard (1 �g/mL). Following 5 min of centrifu-
gation at 10,000 rpm at ambient temperature, 10 �L of the solution
was injected into the LC–MS/MS system.

2.4. Chromatographic and mass spectrometer conditions

The HPLC system was a Waters 2759 model (Waters Corpo-
ration, MA, USA). Separation was performed with a Luna C8(2)
column (150 mm × 3.0 mm, 5 �m, 100 Å) with a C8 SecurityGuard
cartridge (4.0 mm × 2.0 mm). An isocratic mobile phase was used
consisting of 43% methanol in water containing 12 mM ammo-

nium acetate. The total run time was 5 min at a flow rate of
0.3 mL/min.Analysis was performed on a Micromass Quattro Micro
triple quadrupole mass spectrometer (Waters Corporation, MA,
USA) with positive electrospray ionization mode using multiple
reaction monitoring (MRM). For the analyte and internal standard,
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Table 1
The cone and collision energy set in LC–MS for CDV and 13C5-FA (IS).
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Parent m/z Daughter m/z

CDV 280.0 262.1
13C5-FA 447.0 294.8

RM settings used were as follows: capillary voltage 3.2 kV; source
emperature 100 ◦C; desolvation temperature 500 ◦C; cone gas flow
0 L/h; desolvation gas flow 550 L/h; argon pressure 20 ± 10 psig;
itrogen pressure 100 ± 20 psig. Cone and collision energy are
resented in Table 1. The extracted ions following MRM tran-
itions were monitored at m/z 280.0 → 262.1 for CDV and m/z
47.0 → 294.8 for 13C5-FA (IS). The LC–MS system was controlled
y the Masslynx® software version 4.1, and data were collected
ith the same software.

.5. Validation procedures

.5.1. Calibration curve and lower limit of quantitation (LLOQ)
Decreasing concentrations of CDV in human plasma, prepared

s previously described, were injected into the analytical system to
chieve a signal-to-noise ratio of at least 5:1. Calibration standards,
lank, and zero samples were analyzed in triplicate to establish
he calibration range with acceptable accuracy and precision. The
esponse for each sample was calculated by dividing the area of
he CDV peak by the area of the internal standard peak. Standard
urves of CDV were constructed by plotting the analyte-to-internal
tandard ratio versus the nominal concentration of CDV in each
ample. Standard curves were fit by linear regression with weight-
ng by 1/y2, without forcing the line through the origin, followed
y the back calculation of concentrations. The deviations of these
ack-calculated concentrations from the nominal concentrations,
xpressed as percentage of the nominal concentration, reflected
he assay performance over the concentration range.

.5.2. Accuracy and precision
The accuracy and precision of the developed method were deter-

ined by analyzing plasma samples with CDV at the LLOQ, QCL,
CM, and QCH concentrations in a minimum of five replicates in 3
nalytical runs together with an independently prepared, triplicate
alibration curve. Accuracy was calculated at each test concentra-
ion as:

Mean measured concentration
Nominal concentration

× 100%

he precision of the assay was expressed using % coefficient of vari-
tion (CV). Intra-assay and inter-assay precision were assessed by
eplicate analysis of specimen aliquots on a single day or successive
ays, respectively.

.5.3. Selectivity and specificity
To investigate whether endogenous matrix constituents inter-

ered with the assay, six individual batches of control, drug-free
uman plasma were processed and analyzed according to the
escribed procedures. Responses of CDV at the LLOQ concentration
ere compared with the response in the blank samples.

.5.4. Extraction recovery and matrix effect
The extraction recovery of CDV from human plasma was deter-

ined by comparing the absolute response of an extract of control

lasma to which CDV had been added after extraction with the
bsolute response of an extract of plasma to which the same
mount of CDV had been added before extraction. The matrix effect
f plasma on CDV was defined as the effect on the signal when
omparing the absolute response of an extract of control plasma
well (s) Cone energy (V) Collision energy (V)

.1 28 14

.1 22 11

to which CDV had been added after the extraction with the abso-
lute response of reconstitution solvent to which the same amount
of CDV had been added. Experiments were performed at the QCL,
QCM, and QCH concentrations in triplicate.

2.5.5. Stability
The stability of CDV in plasma was evaluated at the QCL, QCM,

and QCH concentrations in triplicate under different conditions.
The control plasma samples were stored for either 24 h at room
temperature, 7 days at 4 ◦C, 1 month at −20 ◦C, or 3 months at
−80 ◦C. Additionally, three freeze–thaw cycles of plasma samples
prior to extraction were assessed. The reference concentration
was calculated from freshly spiked plasma injected immediately
post-extraction. Stability was expressed in terms of percentage
of nominal concentration. The acceptance criterion for % relative
recovery was set at 100 ± 10%.

2.6. Application to clinical sample analysis

To demonstrate the applicability of the method, we quantitated
concentrations of CDV in the plasma of a renal transplant recip-
ient treated intravenously with 0.3 mg/kg CDV for BKVN without
concomitant probenecid. Prior to participating in the study, the
subject gave written, informed consent as approved by the Univer-
sity of Pittsburgh Institutional Review Board. Blood samples were
collected into EDTA tubes before CDV dosing and at 0.5, 1, 1.5, 2,
4, 6, 8, and 12 h after administration. Each sample was centrifuged
at approximately 3000 rpm for 10 min and the resulting plasma
was stored at −80 ◦C until analyzed using the procedure described
above.

3. Results

3.1. Mass spectrometry and chromatography

When CDV and 13C5-FA were injected directly into the mass
spectrometer with a positive ion ESI interface, the protonated
molecules (MH)+ were seen in abundance. The mass to charge
transition from parent ions to product ions was observed to have
m/z 280.0 → 262.1 for CDV and m/z 447.0 → 294.8 for 13C5-FA. The
instrument parameters were selected to optimize specificity and
selectivity of both parents and product ions and included capillary
voltage of 3.2 kV, source temperature of 100 ◦C, desolvation tem-
perature of 500 ◦C, cone gas flow of 50 L/h, desolvation gas flow
of 550 L/h, argon pressure of 20 ± 10 psig, and nitrogen pressure of
100 ± 20 psig. The daughter scan mass spectra (m/z) for CDV and
13C5-FA are displayed in Fig. 2.

The retention times for CDV and 13C5-FA were 2.1 min and
1.9 min, respectively, with a total run time of 5 min. Typical chro-
matograms of human blank plasma, plasma spiked with 20 ng/mL
CDV, and a clinical sample collected 30 min after initiation of
0.3 mg/kg intravenous CDV infusion are shown in Fig. 3.

3.2. Calibration curve and lower limit of quantitation (LLOQ)
Triplicate standard curves were performed in plasma on five
sequential days. The ratio of peak area of CDV to 13C5-FA was
linearly related to the concentration of CDV in the concentra-
tion range of 20–1000 ng/mL in plasma. A regression coefficient
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Fig. 2. Representative positive ion electrospray ionization MS/M

f >0.99 was obtained in all analytical runs, with an equation of
= 0.0016x + 0.0002, where x = CDV concentration in ng/mL and

= CDV area/IS area. The LLOQ was 20 ng/mL using a plasma volume
f 400 �L, at a signal-to-noise ratio of >10. The individual values for
he mean of the back-calculated values at each nominal concentra-
ion used in the standard curve and the accuracies calculated from
hose values are displayed in Table 2.

ig. 3. Representative MRM chromatograms of CDV and 13C5-FA in human plasma. (A)
linical plasma sample 30 min after initiation of 0.3 mg/kg intravenous CDV infusion. (D)
ctrums for CDV (top) and 13C5-FA (internal standard, bottom).

3.3. Accuracy and precision
The accuracies for all tested concentrations should be within
±15%, except for the LLOQ, in which case these parameters should
not exceed 20%. The accuracies and intra- and inter-assay preci-
sions for the tested concentrations (LLOQ, QCL, QCM, QCH) were all
within these pre-defined acceptance criteria (Table 3).

Blank human plasma without CDV. (B) CDV spiked 20 ng/mL in blank plasma. (C)
Internal standard spiked blank plasma sample.
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Table 2
Assay performance data of the calibration samples for CDV in human plasma.

Nominal concentration (ng/mL) Mean measured concentration (ng/mL) Accuracy (%) Intra-assay precision (%) Inter-assay precision (%)

20 21.5 107.5 3.7 7.3
50 50.8 101.6 4.8 5.8

100 105.7 105.7 2.8 4.1
200 194.2 97.1 4.5 5.3
350 352.1 100.6 3.3 4.5
700 702.8 100.4 5.5 6.1

1000 992.1 99.2 3.6 4.1

Table 3
Assay performance data for the quantitation of LLOQ, QCL, QCM and QCH CDV concentrations in human plasma.

Plasma concentration (ng/mL) Mean measured concentration (ng/mL) Accuracy (%) Intra-assay precision (%) Inter-assay precision (%)

97.9 2.7 3.8
103.3 5.4 6.2
105.7 4.9 6.8
101.6 4.1 5.6
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20 (LLOQ) 19.6
60 (QCL) 61.9

400 (QCM) 422.8
800 (QCH) 812.8

.4. Selectivity and specificity

To test for interference, six different sources of plasma were
nalyzed as blanks and after addition of CDV at the LLOQ (20 ng/mL).
he responses in blank plasma were always less than 5% of the
ignal at the LLOQ.

.5. Recovery and ion suppression

The extraction recovery of CDV was determined by comparing
he absolute response of an extract of control plasma to which
DV had been added after extraction with the absolute response
f an extract of plasma to which the same nominal concentration
f CDV had been added before extraction [16,17]. Recovery data
nd relative response when tested for matrix effects are displayed
n Table 4.

.6. Storage stability data

There was not a significant difference in the estimated concen-
rations of CDV in plasma samples maintained and analyzed under
ifferent stability conditions as compared to freshly spiked plasma
amples (Table 5).

.7. Application to clinical sample analysis

The developed method was applied to a set of plasma samples
ollected in a clinical study evaluating CDV for the treatment of
KVN in renal transplant recipients. The assay was capable of quan-

itating CDV concentrations in all post-treatment samples with all
C samples within 15% of their respective nominal value in the
nalytical run. A representative plasma concentration versus time
rofile is displayed in Fig. 4 and pharmacokinetic parameters are
resented in Table 6.

able 4
otal and ion suppression recovery of CDV in human plasma.

Concentration (ng/mL) (n = 4) Total recovery

Mean ± S.D. (%)

60 (QCL) 53.7 ± 2.7
400 (QCM) 54.9 ± 2.6
800 (QCH) 51.5 ± 2.4
Fig. 4. A representative plasma concentration versus time profile of a renal trans-
plant recipient treated with 0.3 mg/kg CDV intravenously with a 1 h infusion.

4. Discussion

Cidofovir has shown promise in the management of BK virus
nephropathy in renal transplant recipients [5–8]. Low doses of CDV
(representing 5–10% of the FDA approved dose for CMV retinitis)
are typically used in this population due to the drug’s nephrotoxic-
ity. Although an LC–MS/MS assay has been published previously, its
suitability for clinical pharmacokinetic studies of low dose CDV is
decreased by the lack of a commercially available internal standard
and insufficient sensitivity [15]. The method described in the cur-
rent manuscript is adequately sensitive to characterize systemic
drug exposure following low dose CDV administration and capa-
ble of being implemented in laboratories with standard LC–MS
instrumentation. Additionally, the reported assay has been vali-
dated according to the most recent FDA guidelines [16].

Preliminary analysis of CDV was performed using both posi-
tive and negative ion modes. Enhanced sensitivity was observed

with positive ionization and consequently selected for the assay.
We next established a lack of endogenous interference in blank
human plasma using HPLC and MS techniques. Additionally,
because transplant patients take a regimen of immunosuppressants

Ion suppression relative recovery

CV (%) Mean ± S.D. (%) CV (%)

4.9 107.7 ± 4.2 3.8
4.7 110.1 ± 9.5 8.4
5.6 94.4 ± 4.6 4.9
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Table 5
Stability of CDV under varying conditions.

Storage condition Concentration (ng/mL) Stability (%) CV (%) Replicates

Stock solution 6 months, 4 ◦C 1,000,000 97.4 4.1 3

Plasma 24 h, ambient
temp.

QCL 60 105.5 2.3 3
QCM 400 96.4 3.3 3
QCH 800 101.8 5.5 3

Plasma three freeze–thaw
cycles, −80 ◦C

QCL 60 93.2 6.2 3
QCM 400 92.2 5.8 3
QCH 800 93.5 6.7 3

Plasma 1 month, 20 ◦C
QCL 60 104.7 3.7 3
QCM 400 101.9 9.6 3
QCH 800 101.1 3.6 3

Plasma 7 days, 4 ◦C
QCL 60 105.7 3.3 3
QCM 400 108.1 1.2 3
QCH 800 103 0.9 3
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Plasma 3 months,
−80 ◦C

QCL 60
QCM 400
QCH 800

nd anti-infectives, plasma from kidney transplant recipients not
dministered CDV was tested and no interference was observed.

An anion exchange solid phase extraction procedure was used
o process plasma samples. Hydrophilic molecules such as CDV
ypically have low extraction recoveries from biological matrices.
ccordingly, total recovery from the plasma extraction procedure
veraged 53%. However, the extraction method was consistent and
llowed for minimal ion suppression. Extraction recovery of all
ested internal standard candidates was inconsistent and there-
ore the IS was added before injection to adjust for variation of
C–MS/MS analysis.

Separation of CDV from other components in plasma was per-
ormed using an analytical column with an isocratic profile. The
elected column and mobile phase provided the most well sepa-
ated and sharp peaks. Numerous compounds were evaluated as
otential internal standards, including other nucleotide analogs
nd lipid ester analogs of CDV. However, 13C5-FA provided the most
onsistent response under the conditions utilized in this method.
t also eluted close to the analyte of interest and facilitated a short
un time.

In pharmacokinetic studies plasma samples are stored at −20 or
80 ◦C until analysis and exposed to various temperatures during
ssay procedures. As a result, it was necessary to understand the
tability of CDV at the conditions that samples would be subjected
o prior to analysis. Stability was determined by the comparison
f estimated concentrations of fresh samples to samples kept for
4 h at room temperature, 7 days at 4 ◦C, 1 month at −20 ◦C, and 3
onths at −80 ◦C. Different sample processing conditions did not

ffect estimated CDV concentrations indicating stability under the
onditions evaluated.
The majority of an intravenous dose of CDV is excreted
nchanged in the urine. Therefore, in some instances it may be nec-
ssary to determine concentrations in urine samples. We applied
he present method to both spiked blank urine and clinical samples

Table 6
Pharmacokinetic parameters of CDV in a renal transplant recip-
ient following a 0.3 mg/kg i.v. dose.

Parameter

Cmax (ng/mL) 509
t1/2 (h) 2.39
AUC0–∞ (mg h/L) 1.75
MRT (h) 4.0
CL (mL/h/kg) 174
Varea (L/kg) 0.61
93.8 3.4 3
94.3 5.5 3
95.2 3.8 3

collected in a pharmacokinetic study. In all cases, large variability
(>25%) was observed in the matrix effect in urine from different
subjects. Given that CDV concentrations in urine are generally sub-
stantially higher than in plasma, previously published HPLC–UV
methods can be used to readily quantitate CDV in urine [11–14].

In summary, we have developed and validated a sensitive
LC–MS/MS method for quantitative assessment of CDV in human
plasma that is useful in clinical pharmacokinetic studies in renal
transplant recipients treated with low dose CDV.
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