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bstract

A sensitive HPLC method has been developed for the assay of aciclovir and ganciclovir in human plasma, by HPLC coupled with spectrofluori-
etric detection. Plasma (1000 �l), with 9-ethyl-guanine added as internal standard, is submitted to protein precipitation with trichloroacetic acid

olution 20%. The supernatant, evaporated to dryness at 37 ◦C, is reconstituted in 100 �l of a solution of sodium heptanosulfonate 0.4% adjusted
ith acetic acid to pH 2.60 and a 30 �l volume is then injected onto a Nucleosil 100–5 �m C18 column. Aciclovir and ganciclovir are analysed
y spectrofluorimetric detection set at 260 nm (excitation) and 380 nm (emission) using a gradient elution program with solvents constituted of
cetonitrile and a solution of sodium heptanosulfonate 0.4% adjusted to pH 2.60. The calibration curves are linear between 0.1 and 10 �g/ml. The
ean absolute recovery of aciclovir and ganciclovir are 99.2 ± 2.5 and 100.3 ± 2.5%, respectively. The method is precise (with mean inter-day C.V.s
ithin 1.0–1.6% for aciclovir and 1.2–3.5% for ganciclovir), and accurate (range of inter-day deviations −1.6 to +1.6% for aciclovir and −0.4 to
1.4% for ganciclovir). The method has been applied in stability studies of ganciclovir in patients’ blood samples, demonstrating its good stability

n plasma at −20 ◦C and at room temperature. The distribution of ganciclovir and aciclovir in plasma and red blood cells was also investigated in

itro in spiking experiments with whole blood, which showed an initial drop of ganciclovir and aciclovir levels in plasma (about −25%) due to the
ellular uptake of aciclovir and ganciclovir by red blood cells. The method has been validated and is currently applied in a clinical study assessing
he ganciclovir plasma concentration variability after administration of valganciclovir in a population of solid organ transplant patients.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cytomegalovirus (CMV) is the most important pathogen
ffecting transplant recipients [1]. CMV is known to cause
oth direct and indirect effects, including acute and chronic

llograft rejection [2]. To prevent the burden of this infec-
ion in solid organ transplant (SOT) patients, antiviral drugs
re commonly used for both CMV prophylaxis and treatment.

∗ Corresponding author at: Division de Pharmacologie Clinique, Laboratoire
H 18-218, Département de Médecine, Centre Hospitalier Universitaire Vau-
ois, 1011 Lausanne CHUV, Switzerland. Tel.: +41 21 314 42 72;
ax: +41 21 314 42 88.

E-mail address: LaurentArthur.Decosterd@chuv.ch (L.A. Decosterd).
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ntravenous administration of ganciclovir (Fig. 1), an acyclic
uanosine analogue, has been the gold standard for the treat-
ent of established infection, while valaciclovir (a pro-drug
f aciclovir, Fig. 1) and oral ganciclovir were administered for
MV prophylaxis. Valganciclovir, the valyl ester of ganciclovir,
as been recently developed and is characterised by a near ten-
old higher bioavailability than ganciclovir. Valganciclovir thus
ffers the perspective of replacing suboptimal oral prophylac-
ic (valaciclovir or oral ganciclovir) and intravenous therapeutic
egimens.
Valganciclovir is hydrolysed in the intestinal wall and liver
o l-valine and ganciclovir. Ganciclovir, after activation via
riphosphorylation by virus and host cell enzymes, inhibits
iral DNA polymerase and blocks viral DNA synthesis. The
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Fig. 1. Aciclovir (1), ganciclovir (2), 9-carboxymethoxymethylg

fficacy of valganciclovir has been formally validated by ran-
omised controlled studies in the treatment of CMV retinitis in
IV patients and in the prophylaxis of CMV infection among
igh-risk (donor CMV seropositive/recipient CMV seronega-
ive, D+/R−) kidney, liver and heart transplant recipients [3,4].

A number of pharmacokinetic studies of the parent drug gan-
iclovir are already available and suggest, according to Scott
t al. [5], that the routine therapeutic drug monitoring of gan-
iclovir in SOT patients is of limited clinical usefulness. By
ontrast, little is known about the pharmacokinetics of ganci-
lovir after administration of its pro-drug valganciclovir in SOT
atients. Pescovitz et al. have studied the pharmacokinetics over
4 h of a single dose of oral valganciclovir in comparison to
ral and intravenous ganciclovir in 28 liver transplant recip-
ents [6]. Wiltshire et al. have analysed the pharmacokinetic
rofile of ganciclovir after administration of valganciclovir in
igh-risk (D+/R−) kidney, liver and heart transplant recipients
uring prophylaxis regimens [7]. Yet, the usefulness of routine
linical monitoring of ganciclovir plasma levels in SOT patients
nder prophylaxis or treatment with valganciclovir has never
een evaluated. For example, ganciclovir is extensively elimi-
ated by the kidney and patients with renal failure require dose
djustment. Ganciclovir is a substrate of renal tubular organic
nion transporters, an active clearance system which is increas-
ngly recognised as an important target in renal drug interactions
8]. In addition, there are no data on valganciclovir pharmacoki-
etics in transplant patients with cystic fibrosis, who are known
o have gastrointestinal absorption problems and enhanced renal
learance, leading possibly to reduced systemic exposure to
anciclovir.

Nevertheless, a number of analytical methods have been pro-
osed for the measurement of ganciclovir in biological fluids
y high performance liquid chromatography (HPLC), but only
few enable the measurement of aciclovir and/or ganciclovir
ith the same assay, and none have considered the influence
f the metabolite of aciclovir, 9-carboxymethoxymethylguanine
CMMG) [9–11] that can potentially interfere with ganciclovir.
n fact, CMMG, which has been already analysed together with
ciclovir by Svensson et al. [12], is at risk of co-eluting with

anciclovir when the latter is used as internal standard, or when
reviously or subsequently used in the same patient.

In addition, there remained some uncertainties on the stability
f ganciclovir in blood samples. While most stability studies of

(
o
b
u

e (CMMG) (3) and 9-ethyl-guanine (I.S.) (4) chemical structure.

anciclovir have been performed in plasma – where it was gener-
lly found stable – one report raised the concern that ganciclovir
ay not be stable in whole blood left at room temperature [13],
hich resulted in stringent recommendations to store blood sam-
les on ice immediately after blood sample collection prior to
heir transportation and centrifugation at low temperature. As
anciclovir is known to be subjected to active intra-erythrocyte
ptake via transmembrane transport proteins [14], it was there-
ore necessary to ascertain whether those mechanisms would
ffect ganciclovir plasma levels during in vitro experiments, and
n vivo, in patients blood samples left at room temperature. We
escribe here, a sensitive method for the assay of ganciclovir
nd aciclovir in human plasma, by HPLC coupled with spec-
rofluorimetric detection. This assay reaches the required level
f sensitivity and reproductibility for routine clinical applica-
ion and has also been applied in in vitro studies focusing on
anciclovir stability in blood samples.

This assay is currently applied in a research protocol aimed at
ssessing the inter-individual and residual intra-individual vari-
bility of ganciclovir after administration of valganciclovir in
olid organ transplant patients.

. Materials and methods

.1. Chemicals

ZoviraxTM vials (sodium aciclovir, corresponding to aci-
lovir 250 mg) and CymeveneTM vials (sodium ganciclovir,
orresponding to ganciclovir 500 mg) were obtained from
laxoSmithKline AG (Münchenbuchsee, Switzerland) and

rom Roche Pharma (Reinach, Switzerland), respectively. Aci-
lovir and ganciclovir stock solution (1 mg/ml) in ultrapure
2O was prepared as follow: each extract was reconstituted
ith 10.0 ml H2O in the vial, yielding a solution of aciclovir
5 mg/ml and ganciclovir 50 mg/ml: an aliquot of 2.0 ml of
ciclovir 25 mg/ml and 1.0 ml of ganciclovir 50 mg/ml were sub-
equently diluted to 50.0 ml with ultrapure H2O. Stock solution
f 9-ethyl-guanine (Internal Standard, I.S.) at a concentration
f 100 �g/ml was obtained by dissolution of 9-ethyl-guanine

Sigma, Switzerland) (3 min sonication) in 89 ml purified H2O
nto which 1.0 ml of acetic acid and 10.0 ml of methanol have
een added. This solution was diluted down to 5 �g/ml before
se with ultrapure H2O. Acetonitrile (MeCN) for chromatog-
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aphy LiChrosolv®, 100% acetic acid (AcOH), trichloroacetic
cid solution (TCA) 20% and heptane-1-sulfonic acid sodium
alt LiChrosolv® (C7H15NaO3S) were from E. Merck (Darm-
tadt, Germany). All other chemicals were of analytical grade
nd used as received. Ultrapure water was obtained from a Milli-
® UF-Plus apparatus (Millipore).

.2. Chromatographic system

The chromatographic system consisted of a Hewlett-Packard
eries 1050 (Agilent, formerly Hewlett-Packard, Germany)
ump equipped with an HP 1100 on line degasser, an HP 1050
utosampler and connected via an HP 35900 AC/DC inter-
ace to a spectrofluorimetric detector LC240 (Perkin-Elmer,
oston, USA) set at 260 nm (excitation) and 380 nm (emission).
he separation was performed at room temperature (RT) on
ChromCart® cartridge column (250 mm × 4 mm, i.d.) filled
ith Nucleosil 100–5 �m C18 (Macherey-Nagel, Düren, Ger-
any) and equipped with a guard column (8 mm × 4 mm i.d.)
lled with the same packing material. The injection volume was
0 �l.

The HP-ChemStation A.06.03 software was used to pilot
he HPLC instrument and to process the data (area integra-
ion, calculation and plotting of chromatograms) throughout
he method validation. Baselines were visually inspected and
ere manually adjusted (in general, base line to base line)
sing peak start and end features of the HP-ChemStation soft-
are.

.3. Mobile phase solutions

Solution A was prepared, prior to each series of analysis, by
issolution of 4.0 g sodium heptanosulfonate with ultrapure H2O
p to 1000.0 ml with pH carefully adjusted to 2.60 with 100%
cetic acid. Solvent B consisted of pure MeCN. The mobile
hase was delivered at 1 ml/min and the gradient elution program
as: solvent A, 100% at 0.00 min → 93% at 19.00 min → 86%

t 31.00 min → 0% at 31.01 min → 0% at 36.00 min → 100% at
6.01 min → 100% at 42.00 min.

.4. Stock solution, working solution, plasma calibration
nd control samples

Stock solution of aciclovir and ganciclovir at 1 mg/ml in H2O
as further diluted with H2O for the preparation of working

olutions at concentrations of 1–100 �g/ml. Plasma calibration
amples at 0.1, 0.25, 0.50, 1.0, 5.0 and 10.0 �g/ml, together with
lasma quality control samples at 0.75, 3.0 and 8.0 �g/ml, were
repared by 1:10 dilution of the respective working solution
ith blank plasma from outdated transfusion bags (total added
olume ≤10% of the biological sample volume), in accordance
ith the recommendations on bioanalytical method validation

15,16].

The calibration standards and control samples were prepared

n batches at the same occasion and were stored at −20 ◦C
s 1.2 ml aliquots in 5 ml-polypropylene Eppendorf tubes, and
hawed on the day of analysis.

p
d
o

r. B 852 (2007) 420–429

.5. Samples collection

According to a study protocol previously approved by the
thics Committee of University Hospital, blood samples were

aken from solid organ transplant patients under prophylaxis or
reatment with valganciclovir during their hospital stay and for
heir subsequent routine follow-up at their scheduled medical
isits. Blood samples (5.5 ml) were collected in Monovettes®

Sarstedt, Nümbrecht, Germany), with K-EDTA as anticoagu-
ant. Samples were sent without delay to the laboratory and were
entrifuged at 1850 × g (3000 rpm) for 10 min at 4 ◦C (Beck-
ann Centrifuge, Model J6B) and the plasma was separated

nd transferred into 5 ml-polypropylene test tubes before being
tored at −20 ◦C up to the time of analysis.

.6. Sample preparation

On the day of analysis, calibration, quality control and
atient samples were thawed, allowed to equilibrate at RT and
ortex-mixed. Aliquots (1000 �l) of plasma samples (calibra-
ion, control, patients) with 250 �l of I.S. solution (5 �g/ml)
as vortexed in an Eppendorf vial before protein precipitation
ith 250 �l of TCA 20%. After being vortex-mixed the suspen-

ions were centrifuged for 10.0 min on a benchtop centrifuge at
0,000 × g (14,000 rpm) at 4 ◦C (Hettich® Benchtop Universal
6R centrifuge, Bäch, Switzerland). The supernatants were col-
ected and evaporated to dryness under a nitrogen steam at 37 ◦C
or approximately 2.5 h. The residues were then reconstituted in
00 �l of mobile phase solution A. The resulting solutions were
arefully vortexed twice, transferred to Eppendorf microvials
nd then centrifuged at 20,000 × g for 10 min at 4 ◦C. The super-
atents were introduced into 0.5 ml HPLC autosampler vials
Laubscher Labs, Switzerland) and a volume of 30 �l was used
or HPLC analysis.

.7. Calibration curves

Quantitative analysis of aciclovir and ganciclovir was per-
ormed using the Internal Standard (9-ethyl-guanine) method.

The calibration curves were fitted by least-squares linear
egression using 1/concentration (1/x) as weighting factor of
he peak-area ratio of aciclovir and ganciclovir to I.S. versus the
atio of the injected amount of the respective aciclovir and gan-
iclovir to I.S., in each standard samples. The calibration was
stablished over the clinically relevant range 0.1–10.0 �g/ml for
ciclovir and ganciclovir.

The 9-ethyl-guanine was chosen as internal standard, because
his synthetic guanine derivative is a structural analogue of aci-
lovir and ganciclovir, and is unlikely to be present in patient
amples.

.8. Analytical method validation
The validation of the method was based on the guidelines
ublished on-line by the FDA [17] as well as on the recommen-
ations of the Conference Report of the Washington Conference
n “Analytical methods validation: Bioavailability, Bioequiva-
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ence and Pharmacokinetic studies” [15] and of the Arlington
orkshop “Bioanalytical Methods Validation—A revisit with a
ecade of Progress” [16].
Each level of the calibration curve was established after two

njections of each calibration samples: one at the beginning and
he second at the end of the run. Throughout patient sample
nalysis, control samples at three concentrations levels (low,
edium and high, i.e. 0.75, 3.0 and 8.0 �g/ml) were assayed at

east every five samples.
Replicate analysis (n = 6) of quality control samples were

sed for the determination of the precision and accuracy of the
ssay, the three concentrations were chosen to encompass the
ange of the calibration curve corresponding to aciclovir and
anciclovir levels expected to occur in patient samples. Precision
eing calculated as the coefficient of variation (C.V. %) within
single run (intra-assay) and between different assays (inter-

ssay), and the accuracy as the percentage of deviation between
ominal and measured concentration.

Both experimental lower limit of quantification (LLOQ) and
imit of detection (LOD) were determined by diluting the cal-
bration samples. The LLOQ for aciclovir and ganciclovir in
lasma was experimentally chosen as the minimal concentra-
ion in plasma samples which could be confidently determined
n accordance with the conference report on analytical method
alidation [15,16] and the FDA [17] recommending that the devi-
tion between measured and nominal concentration at LLOQ
hould not deviate more than ±20%. The limit of detection
as considered as the concentration of aciclovir and ganciclovir

hat provides a signal corresponding to three times the HPLC
ackground signal.

.9. Recovery

The efficiency of the sample preparation by protein precip-
tation with TCA 20% was determined with quality control
amples at three levels (0.75, 3.0 and 8.0 �g/ml of aciclovir
nd ganciclovir, n = 3 for each level). The absolute recovery
f aciclovir and ganciclovir from plasma was obtained as the
eak-area response of the processed sample, expressed as a per-
entage of the response of the same amount of aciclovir and
anciclovir, calculated to be contained into the 30 �l-injection
olume reconstituted in solution A, which corresponds to the
00% recovery.

.10. Stability of aciclovir and ganciclovir

tability studies of aciclovir and ganciclovir included:

. Long-term stability of plasma samples kept frozen at −20 ◦C:
six series of calibration and quality control plasma samples
spiked with aciclovir and ganciclovir were prepared. Three
series were either immediately analysed (i.e. without being

frozen) while the three remaining series were stored during
4 months at −20 ◦C. The slopes of the calibrations curves
were compared (Student’s t-test).

. Samples stability at 4 ◦C and at room temperature
r. B 852 (2007) 420–429 423

(a) Stability of aciclovir and ganciclovir in plasma samples
at 4 ◦C and at room temperature: six series of calibration
and quality control plasma samples spiked with aciclovir
and ganciclovir were prepared. Two series were imme-
diately frozen at −20 ◦C. Two series were kept at RT
for 24 h before being frozen at −20 ◦C. Two series were
stored for 24 h at 4 ◦C and then frozen at −20 ◦C. The
slopes of aciclovir and ganciclovir calibration curves in
both groups were compared (Student’s t-test).

(b) Stability of aciclovir and ganciclovir in blood samples at
4 ◦C and at room temperature: six series of calibration
and quality control citrated blood samples spiked with
aciclovir and ganciclovir in 0.9% NaCl were prepared.
Two series were immediately centrifuged at 1850 × g
(3000 rpm) for 10 min at +4 ◦C. The plasma was col-
lected and frozen at −20 ◦C. Two other series of blood
samples were kept at RT for 48 h, then centrifuged and
frozen at −20 ◦C. Two series of blood were stored for
48 h at 4 ◦C before being centrifuged and frozen at
−20 ◦C. The slopes of aciclovir and ganciclovir cali-
bration curves in both groups were compared (Student’s
t-test).

(c) Kinetics (concentration versus time profile) of the dis-
tribution of aciclovir and ganciclovir in plasma and red
blood cells from blood samples left at room tempera-
ture were also assessed: a 100 ml citrated blood sample
spiked with aciclovir and ganciclovir at 7000 ng/ml
in 0.9% NaCl were prepared. At 0, 1, 2, 3, 4, 6, 8,
24, 30 and 48 h, two samples (3 ml) were centrifuged
at 1850 × g (3000 rpm) for 10 min at +4 ◦C. Plasma
and remaining cellular components were separated and
frozen at −20 ◦C prior to analysis. For the determination
of aciclovir and ganciclovir in red blood cells (RBC),
haemolysed cellular samples were analysed using cal-
ibration and quality control prepared with haemolysed
RBC pellets samples instead of plasma.

(d) Stability of ganciclovir in patients’ blood samples: six
blood samples collected from patients at the occasion of
their medical visits were divided in two aliquots. One
blood aliquot was immediately centrifuged at 1850 × g
(3000 rpm) for 10 min at 4 ◦C and the plasma was col-
lected and frozen at −20 ◦C. The other blood aliquot
was kept at RT for 24 h (in three patients) or 48 h (in
three other patients) prior to centrifugation and plasma
storage at −20 ◦C. The variations of ganciclovir plasma
concentrations over time were expressed as a percent-
age of the levels determined in samples immediately
centrifuged.

. Stability of plasma samples after multiple freeze-thaw cycles:
aliquots of plasma spiked with aciclovir and ganciclovir at
0.75, 3.0 and 8.0 �g/ml, underwent three freeze-thaw cycles:
frozen samples were allowed to thaw at ambient tempera-
ture for 2 h and were subsequently refrozen. Aciclovir and

ganciclovir levels were measured in aliquots from the three
consecutive freeze-thaw cycles and were analysed in the
same series, to eliminate the inter-assay variability. The
variations of aciclovir and ganciclovir concentrations were
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expressed in percentage of the levels of samples not subjected
to the freeze-thaw cycles.

. Stability of plasma extracts into HPLC vials at room tempera-
ture: processed calibration and quality control samples spiked
with aciclovir and ganciclovir (i.e. reconstituted in solution
A) were analysed in duplicate either immediately after prepa-
ration, or after being left 24 and 48 h at room temperature in
the auto-sampler rack. The variation of aciclovir and ganci-
clovir concentrations were expressed in mean percentage of
change of the initial concentration.

. In case some samples would require HIV viro-inactivation,
the stability of aciclovir and ganciclovir in plasma under
the recommended thermisation process (60 ◦C for 60 min)
[18–21] was assessed as follows: four series of calibration
samples at the six concentrations reported above (0.1 up to
10.0 �g/ml) were analysed in parallel. Two were heated at
60 ◦C for 60 min, while the thermisation procedure was omit-
ted for the two other series. The slope was compared between
the resulting calibration curves (Student’s t-test).

.11. Selectivity

The selectivity of our analytical method was determined
y injecting onto the HPLC column blank plasma from 25
ifferent subjects and the following drugs: acenocoumarol,
cetaminophen, acetylcysteine, acetylsalicylic acid, allopuri-
ol, amlodipin, amoxicillin, amprenavir, atazanavir, atenolol,
torvastatin, azathioprin, azithromycin, bromazepam, cafein,
andesartan, ciclosporin, cefepim, ceftazidim, chlortalidone,
ilastatin, ciprofloxacin, cisaprid, clavulanic acid, codein,
iazepam, diclofenac, efavirenz, enalapril, fludrocortisone,
uconazol, folic acid, furosemide, guaifenesin, ibuprofen,

mipenem, indinavir, lamivudin, levofloxacin, loperamid,
opinavir, lorazepam, mefenamic acid, meropenem, metami-
ol, metoprolol, mycophenolate mofetyl, nelfinavir, nevirapine,
meprazol, oxazepam, phytomenadion, piperacillin, predni-
on, risedronat, spironolactone, sulfamethoxazol, rifampicine,
itonavir, saquinavir, sulfasalazine, tacrolimus, tazobactam,
ipranavir, torasemid, tramadol, trimethoprim, uric acid, van-
omycin and zidovudin.
.12. Applications of the HPLC method

This method is currently applied in a research protocol,
pproved by the local Ethics Committee, aimed at assessing

C
b
s
d

Fig. 2. Chromatographic pro
r. B 852 (2007) 420–429

he inter-individual and residual intra-individual variability of
anciclovir after administration of valganciclovir in solid organ
ransplant patients who require prophylaxis or treatment of
ytomegalovirus infection, using a population pharmacokinetic
pproach, and at determining the relation between ganciclovir
lasma concentration and the virological (viremic charge) and
linical (CMV disease) outcomes.

. Results and discussion

.1. Chromatograms

The proposed HPLC method enables the measurement of aci-
lovir and ganciclovir in plasma with fluorimetric detection at
60 nm (emission) and 380 nm (detection). With the gradient
rogram used, the retention times for ganciclovir, aciclovir and
-ethyl-guanine are 13, 15 and 30 min, respectively. This gradi-
nt elution program yields sharp peaks without producing any
ignificant drift of the baseline. The entire HPLC run (including
he rinsing and re-equilibration step) lasts 42 min to achieve an
xcellent separation of aciclovir and ganciclovir from endoge-
ous plasma components with satisfactory selectivity towards
he aciclovir metabolite CMMG (see below).

The chromatograms of a blank plasma and of the quality
ontrol at 3.0 �g/ml of aciclovir and ganciclovir (onto which
he 9-ethyl-guanine has been added) are shown in Figs. 2 and 3,
espectively. The potential interference between ganciclovir and
he aciclovir metabolite CMMG (Fig. 1) has also been studied.
sing the elution conditions proposed with the solution A in the
obile phase adjusted to pH 2.60, the separation of CMMG and

anciclovir was not found optimal. However, a minor pH mod-
fication of solution A to pH 2.90 enabled, with a slight change
f their retention time, a satisfactory resolution of CMMG and
anciclovir (difference in retention time of ≈0.6 min). Fig. 4
hows the chromatogram of a plasma quality control sample
f aciclovir, ganciclovir (750 ng/ml) spiked with the aciclovir
etabolite CMMG at a concentration of 1500 ng/ml using the

roposed gradient elution program at pH 2.90. Thus, in the
are clinical instances where aciclovir and ganciclovir would
MMG and ganciclovir can be nevertheless efficiently separated
y a slight pH modification. More generally however, caution
hould be exercised if ganciclovir is considered as internal stan-
ard for aciclovir determination [10,22,23].

file of a blank plasma.
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Fig. 3. Chromatographic profile of a plasma sample of aciclov

.2. Mobile phase composition

For prolonged routine analyses, it is particularly important
o control the elution conditions, especially the pH of solution

(at 2.60) and gradient program, to ensure consistent peak
hape and retention time of aciclovir and ganciclovir and for
atisfactory separation from matrix peaks. Solvent was found
table at room temperature up to 48 h: the pH remained iden-
ical (pH ±0.04) during this period of time and there were no
igns of microbiological contamination.

.3. Calibration curves

The calibrations curves have been calculated and fitted
y least-squares linear regression either unweighted, or using
/concentration (1/x), and 1/concentration2 (1/x2) as weighting
actor. To establish the best weighting factor, back-calculated
oncentrations were determined. The model with the lowest
otal bias and the most constant bias across the concentration
ange was considered to be the best fit. Visual inspection of the
lot of residuals of the 1/x-weighted regression indicates that
here is no trend in variability throughout the delineated range of
oncentrations. Moreover, the homogeneity of variances of the

esiduals have been statistically verified according to Levene’s
est [24] yielding Pr values > F = 0.08 for aciclovir and >F = 0.4
or ganciclovir, verifying the hypothesis of homoscedasticity,
nd indicating that the chosen 1/x model was indeed adequate.

a

g

ig. 4. Chromatographic profile of a plasma quality control sample (20 �l) of aciclov
-ethyl-guanine (I.S.). (Gradient program at pH 2.90, see text 3.1.)
ganciclovir (3000 ng/ml) spiked with 9-ethyl-guanine (I.S.).

The slope of the calibration curves appeared stable, with val-
es averaging 0.89 (±4.6%) (n = 6) and 0.90 (±1.7%) (n = 6) for
anciclovir and aciclovir, respectively. Over the concentration
ange 0.1–10.0 �g/ml for aciclovir and ganciclovir, the regres-
ion coefficient r2 of the calibration curves remained excellent,
lways greater than 0.999.

The calibration samples are prepared with citrate plasma
hereas patients’ plasma samples are collected on EDTA
onovettes®. For the sake of validation, a cross-comparison has

een performed between three series of three levels of QC deter-
ined against calibration curves established on both matrices

citrate versus EDTA). The results of the head-to-head compar-
son reveal a small albeit significant difference between both
nticoagulants (p < 0.05, two-way ANOVA), with mean relative
ifferences of 0.7 ± 3.2% and of 2.5 ± 3.4%, for ganciclovir
nd aciclovir, respectively, if EDTA samples are read against
itrate curve. Considering these values and the intra- and inter-
ssay accuracy (bias) (Table 1), no correction of the results
eserves to be applied when the analysis of EDTA samples
ather than citrate samples is performed against citrate calibra-
ors.

.4. Validation of the HPLC method: precision, accuracy

nd LLOQ/LOD

Precision and accuracy achieved with control samples are
iven in Table 1. The concentration levels of control samples

ir, ganciclovir (750 ng/ml) spiked with 10 �l of CMMG (1500 ng/ml) and with
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Table 1
Precision and accuracy of the assay for aciclovir and ganciclovir in plasma (750, 3000 and 8000 ng/ml)

Nominal concentration (ng/ml) Concentration found (ng/ml) S.D. (±) Precision C.V. (%) Accuracya bias (%)

Aciclovir
A. Intra-assay (n = 6)

750 747 1 0.2 −0.4
3000 3024 52 1.7 0.8
8000 7979 63 0.8 −0.3

B. Inter-assay (n = 6)
750 762 13 1.6 1.6

3000 2995 45 1.5 −0.2
8000 7869 80 1.0 −1.6

Ganciclovir
A. Intra-assay (n = 6)

750 747 4 0.6 −0.4
3000 3042 49 1.6 1.4
8000 7984 53 0.7 −0.2

B. Inter-assay (n = 6)
750 746 25 3.5 −0.4

3000 2957 48 1.6 −1.4
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a (Found − nominal)/nominal × 100.

f aciclovir and ganciclovir (750, 3000 and 8000 ng/ml) were
elected to encompass the clinically relevant range of concen-
rations expected in plasma samples.

Throughout these concentration ranges, the mean intra-assay
recision was similar, always lower than 2%. Overall, the
ean inter-day precision for aciclovir and ganciclovir was good
ith mean C.V.s within 1.0–1.6 and 1.2–3.5%, respectively.
he intra-assay deviation (bias) from the nominal concentra-

ions of aciclovir and of ganciclovir was comprised between
0.4 to +0.8 and −0.4 to +1.4%, respectively, and the range

f inter-day deviation was always <1.6 and <−1.4%, respec-
ively.

By analysing plasma from outdated transfusion bags spiked
ith decreasing concentrations of aciclovir and ganciclovir

50–12.5 ng/ml), the limit of detection was experimentally found
o be 25 ng/ml. The lower limit of quantification of aciclovir and
anciclovir, independently determined by back-calculation, is
00 ng/ml. The precision (C.V.) is 4.2 and 5.8%, respectively,
nd the accuracy (i.e. bias, calculated by back-calculation) at
his level is −1.6 and −2.1%, respectively. As both values are
hus comprised well within the ±20% limit recommended by
he Arlington Workshop [16], 100 ng/ml was therefore chosen
s the lower level of calibration.

.5. Recovery

The mean absolute recovery of aciclovir and ganciclovir
easured with the high, medium and low QC controls were

9.2 ± 2.5 and 100.3 ± 2.5%, respectively. The protein pre-
ipitation with TCA 20% was found to be a reliable way of

liminating plasma protein with a high absolute recovery and
ow recovery variability. The internal standard is fully recovered
t the concentration spiked (5000 ng/ml) with a low variability:
8.6 ± 0.1%.

p
4
f
a

91 1.2 −1.4

.6. Samples stability

.6.1. Stability of plasma samples at −20 ◦C
No evidence of aciclovir and ganciclovir decomposition was

ound during plasma samples storage in the freezer at −20 ◦C
or at least 4 months. In fact, for aciclovir and ganciclovir, the
ean slope of calibration curves (n = 3) established with sam-

les let 4 months at −20 ◦C (m = 0.81 and 0.85, respectively)
as not different than the slope of calibration curves calculated
ith samples analysed immediately (m = 0.80 and 0.85; n = 3),

p = 0.2 and 0.5, Student’s t-test) indicating good aciclovir and
anciclovir stability in plasma at −20 ◦C for at least 4 months.

.6.2. Stability at 4 ◦C and at room temperature
The stability of plasma samples left at 4 ◦C and at room tem-

erature was ascertained up to 24 h. For aciclovir, the mean slope
f calibration curves (n = 2) established with plasma samples
eft 24 h at 4 ◦C and at RT (m = 0.84 and 0.83, respectively) was
ot different than the slope of calibration curves calculated with
amples stored during the same time at −20 ◦C (m = 0.80; n = 2),
p = 0.1 and 0.3, at 4 ◦C and at RT, respectively; Student’s t-test),
ndicating good stability of aciclovir in plasma at RT. For gan-
iclovir, the mean slope of calibration curves (n = 2) established
ith samples left 24 h at 4 ◦C and at RT (m = 0.84 and 0.83,

espectively) did not differ from the slope of calibration curves
alculated with samples stored during the same time at −20 ◦C
m = 0.82; n = 2), (p = 0.2 and 0.3, at 4 ◦C and at RT, respectively;
tudent’s t-test), also indicating good stability of ganciclovir in
lasma at RT.

The stability of aciclovir and ganciclovir spiked to blood sam-

les left at room temperature and at 4 ◦C was also checked. After
8 h, there was a significant decrease in plasma levels collected
rom blood left both at RT and at 4 ◦C (−17 and −15%, −28
nd −24%, for aciclovir and ganciclovir, respectively, p < 0.05,
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Fig. 5. Aciclovir concentrations profile after the addition of aciclovir at
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Fig. 6. Ganciclovir concentrations profile after the addition of ganciclovir at
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000 ng/ml (in 0.9% NaCl) in whole anticoagulated blood. Concentration in
lasma (�) and in haemolysed erythrocyte (�). The equilibrium is reached
ccording to an exponential curve, fitted by least-square regression.

tudent’s t-test) in comparison to plasma collected immedi-
tely after the addition of aciclovir and ganciclovir to blood.

substantial decrease in aciclovir and ganciclovir plasma con-
entrations observed in vitro after the addition of aciclovir and
anciclovir into blood has been previously reported [13] and
s most probably due to the cellular uptake by erythrocytes
ia purine nucleobase carriers and nucleoside transporters, of
hich aciclovir and ganciclovir are known to be substrates [14].
he distribution of aciclovir and ganciclovir in plasma and in

ed blood cells in vitro after their addition into whole blood
eft at room temperature was therefore studied in more details.
igs. 5 and 6 show that there is a pronounced initial drop in aci-
lovir and ganciclovir concentration in plasma, −26 and −22%
fter 1 h, followed by a less marked decrease, −32 and −35%
fter 48 h, for aciclovir and ganciclovir, respectively. This is
ccompanied by a corresponding increase in aciclovir and ganci-
lovir levels in haemolysed erythrocytes, supporting the hypoth-
sis that the observed decrease in aciclovir and ganciclovir
oncentrations in plasma in vitro is indeed due to drug uptake
y erythrocytes until erythrocyte/plasma equilibrium is reached
in our case, the erythrocyte/plasma ratio was 1.11 ± 0.06). In
ivo however, this phenomenon is unlikely to affect the accu-
acy of drug measurements in blood from patients treated for
ew days with ganciclovir or valganciclovir, as the drug distri-

ution in cell and plasma has already reached an equilibrium in
irculating blood at the time of sampling. Indeed, the stability
f ganciclovir in plasma was assessed in three patients whose
nticoagulated blood samples were left at room temperature for

o
t
−
e

able 2
tability of aciclovir and ganciclovir plasma samples after one, two and three freez
000 ng/ml, respectively (concentration change expressed in % of the initial concentr

o. of thaw-freeze cycles Aciclovir

Nominal concentration (ng/ml)

750 3000 800

97.9 ± 1.3 96.3 ± 1.0 9
93.9 ± 2.5 97.6 ± 0.2 10
100.2 ± 0.2 102.6 ± 1.9 10
000 ng/ml (in 0.9% NaCl) in whole anticoagulated blood. Concentration in
lasma (�) and in haemolysed erythrocyte (�). The equilibrium is reached
ccording to an exponential curve, fitted by least-square regression.

4 or for 48 h, showing a bias of −1.5 and +3.5%, respectively,
emonstrating the good stability of ganciclovir in plasma from
lood samples left at least for 48 h at RT after collection from
atients. This is of particular interest for samples shipment in the
erspective of multicentric studies. Our observations contrast to
hose of Boulieu and Bleyzac [13] who have previously found a
imited stability of ganciclovir, necessitating, according to these
uthors, stringent conditions of samples collection.

.6.3. Stability of plasma samples after one, two and three
reeze-thaw cycles

The variations of aciclovir and ganciclovir concentrations
hen submitting control plasma to three successive freeze-thaw

ycles are reported in Table 2. This indicates that no significant
oss of aciclovir and ganciclovir is to be expected after up to
hree freeze-thaw cycles.

.6.4. Stability of extracts samples into HPLC vials (i.e.
eady for HPLC analysis) at room temperature

The stability of plasma extracts (i.e. reconstituted in solution
, in HPLC vials) submitted to HPLC analysis was checked at
T for 24 and 48 h and is reported in Table 3. The variations
f drug concentration, for aciclovir and ganciclovir, respec-
ively, over time in samples left at RT, expressed in percentage

f the starting levels (i.e. after immediate analysis), were less
han −8.1 ± 2.8 and −2.6 ± 1.6% after 24 h, and less than

11.4 ± 0.8 and −9.1 ± 2.2% after 48 h. This indicates that
ven though there is a slight decrease in aciclovir concentra-

e-thaw cycles for the QC samples at nominal concentration of 750, 3000 and
ation)

Ganciclovir

Nominal concentration (ng/ml)

0 750 3000 8000

9.0 ± 0.3 99.4 ± 0.8 100.3 ± 0.3 100.3 ± 0.4
5.6 ± 2.1 95.5 ± 2.2 97.4 ± 0.5 99.0 ± 1.0
5.7 ± 0.8 98.0 ± 0.9 97.8 ± 0.1 97.8 ± 0.4



428 N. Perrottet et al. / J. Chromatog

Table 3
Stability of aciclovir and ganciclovir in extract samples left at room temperature
(RT) for 24 and 48 h

Duration (h) Nominal concentration (ng/ml)

750 3000 8000

Aciclovira

24 −8.1 ± 2.8 −6.8 ± 0.3 −5.1 ± 0.4
48 −11.4 ± 0.8 −9.0 ± 0.4 −9.5 ± 0.1

Ganciclovira
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24 −2.6 ± 1.6 −1.4 ± 1.3 −1.1 ± 0.3
48 −9.1 ± 2.2 −8.9 ± 0.9 −8.6 ± 0.9

a Mean percent change of the initial concentration ± S.D.; n = 2.

ion in plasma extracts left after 24 h at room temperature this
ifference is comprised within 10%, which is still acceptable if
he HPLC run does not exceed one day. However, the extracted
lasma in HPLC vials should not be left more than 24 h at room
emperature because of the apparent reduced stability after 48 h
n this condition.

.6.5. Stability during thermisation (HIV inactivation)

The slope of the calibration curves of aciclovir and gan-

iclovir established in samples submitted to the thermisation
rocedure (60 ◦C for 60 min) was slightly lower (variation of
6.2 ± 0.2%) than that obtained with non-heated samples for

3

p

able 4
arameters of the calibration curves for aciclovir and ganciclovir before and after pla

ample treatment (n = 2) m

Aciclovir
1/Thermisation 60 min at 60 ◦C 0.8616
1/No thermisation 0.9200
2/Thermisation 60 min at 60 ◦C 0.7903
2/No thermisation 0.8409

Mean ± S.D.

Ganciclovir
1/Thermisation 60 min at 60 ◦C 0.8625
1/No thermisation 0.8704
2/Thermisation 60 min at 60 ◦C 0.8102
2/No thermisation 0.8114

Mean ± S.D.

, slope; r2, coefficient of determination; b, y-axis intercept.

Fig. 7. Chromatographic profile of a plasma from a solid organ trans
r. B 852 (2007) 420–429

ciclovir, and not different for ganciclovir (0.5 ± 0.5%), as
hown in Table 4. This difference was however not significant
or both compounds (p = 0.2 and 0.5, for aciclovir and gan-
iclovir, respectively, Student’s t-test), indicating that such a
rocedure does not affect to a significant extent aciclovir and
anciclovir concentrations, within the considered concentra-
ions range. Thus, thermisation can be considered in case HIV
nactivation of samples is required.

.7. Selectivity

Among the 25 different blank plasma tested, none showed
he presence of significant interfering endogenous peaks at the
etention time of aciclovir, ganciclovir and the internal standard.
he method selectivity was confirmed by analysing the various

mmunosuppressive treatment regimens and more than 40 dif-
erent other drugs possibly prescribed to transplant patients at
ur hospital, and 10 anti-HIV drugs. Few drugs were detected
y spectofluorimetry at 380 nm, and all were eluted at times not
erturbing aciclovir and ganciclovir analysis.
.8. Clinical applications

This HPLC assay is currently applied to the analysis of sam-
les collected as part of an ongoing clinical research study

sma thermisation at 60 ◦C for 60 min (n = 2)

r2 b Variation (%)

0.99984 1.073E−2
0.99980 1.087E−2 −6.4
0.99997 1.073E−2
0.99994 1.089E−2 −6.0

−6.2 ± 0.2

0.99997 0.588E−3
0.99999 1.508E−3 0.9
0.99960 1.546E−3
0.99992 1.714E−3 0.1

0.5 ± 0.5

plant patient receiving valganciclovir (explanation in the text).
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n the pharmacokinetics and pharmacodynamics of ganciclovir
fter administration of valganciclovir in solid organ transplant
atients. For example, Fig. 7 shows the chromatographic pro-
le of one plasma obtained from a SOT patient receiving
rednisone, tacrolimus, and a prophylactive regimen of valgan-
iclovir 450 mg once a day (OD). The plasma level of ganciclovir
easured 2 h 30 min after the Valcyte® intake is 3.1 �g/ml (IC

5% = 3.0–3.2 �g/ml).
Of note, ganciclovir and aciclovir drug levels measurements

ere in some instances asked for neonates and for pediatric
atients for whom the volume of blood collected must be lim-
ted. In these cases, aliquots as low as 100 �l of plasma have been
uccessfully analysed using the proposed method, using accord-
ngly corresponding volumes of calibration and QC samples,
ith satisfactory quantification limits.

. Conclusion

This HPLC method provides a simple and robust procedure
or determining aciclovir or ganciclovir in patients’ plasma. It
as been developed using instruments available in conventional
ospital laboratories, including a spectrofluorimetric detector.
his procedure, through relatively time consuming, represents
practicable, cheap and robust method providing the required

evel of sensitivity for measuring clinically relevant ranges of
oncentrations of aciclovir and ganciclovir.

During this study, we have pointed out the potential inter-
erence of the metabolite of aciclovir, 9-carboxymethoxy-
ethylguanine with ganciclovir, a problem that has been up to

ow only limitedly addressed. This interference potential does
ot represent a strong limitation of our analytical method since it
an be easily circumvented by a slight pH change of the aqueous
obile phase to pH in the exceptional cases (i.e. during treat-
ent switch) where ganciclovir and aciclovir would be present

imultaneously in a same patient.
In addition, we have demonstrated the good stability of

anciclovir in patients’ blood samples at room temperature
p to 48 h. Thus, according to our observations, patients’
amples do not require the stringent sample collection con-
itions recommended by Boulieu and Bleyzac [13]. Finally,
ince plasma extract samples are stable at room temperature
n the autosampler rack over 24 h, the duration of one ana-
ytical run does not represent a limitation of our method.

sing a devoted HPLC apparatus, it is possible to analyze 20
atients’ samples per analytical series. The method is currently
pplied for the monitoring of ganciclovir and aciclovir in SOT
atients.
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