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In  microdose  clinical  trials  a  maximum  of  100  �g of  drug  substance  is administered  to participants,  in
order  to  determine  the  pharmacokinetic  properties  of the  agents.  Measuring  low  plasma  concentrations
after  administration  of  a  microdose  is  challenging  and  requires  the  use  of ulta-sensitive  equipment.
Novel  liquid  chromatography-mass  spectrometry  (LC–MS/MS)  platforms  can  be  used  for  quantification
of  low  drug  plasma  levels.  Here  we  describe  the development  and validation  of  an  LC–MS/MS  method  for
quantification  of  gemcitabine  and  its  metabolite  2′,2′-difluorodeoxyuridine  (dFdU)  in  the  low  picogram
per  milliliter  range  to support  a microdose  trial.  The  validated  assay  ranges  from  2.5–500  pg/mL  for

2

emcitabine
FdU
icrodose

harmacokinetics
alidation
C–MS/MS

gemcitabine  and  250–50,000  pg/mL  for dFdU  were  linear,  with  a  correlation  coefficient  (r ) of 0.996  or
better.  Sample  preparation  with  solid  phase  extraction  provided  a good  and  reproducible  recovery.  All
results  were  within  the  acceptance  criteria  of  the  latest  US  FDA  guidance  and  EMA  guidelines.  In addition,
the  method  was  successfully  applied  to measure  plasma  concentrations  of  gemcitabine  in  a  patient  after
administration  of  a microdose  of  gemcitabine.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Microdose studies are exploratory investigational new drug
eIND) trials that can be conducted in a phase 0 context. The aim
f such trials is to accelerate drug development by early selection
f promising candidates. A microdose is defined as 1/100th of the
herapeutic dose or the dose calculated to yield a pharmacological
ffect, with a maximum dose of 100 �g [1,2]. As no clinical effect is
xpected after administration of such a low dose, microdoses are

onsidered harmless.

After administration of a microdose, pharmacokinetic data of
he investigated drug are acquired and evaluated. Early establish-

∗ Corresponding author at: Department of Pharmacy & Pharmacology, Antoni
an  Leeuwenhoek, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX
msterdam, the Netherlands.

E-mail address: m.v.nuland@nki.nl (M.  van Nuland).

ttps://doi.org/10.1016/j.jpba.2017.12.048
731-7085/© 2017 Elsevier B.V. All rights reserved.
ment of such parameters might shorten the overall development
time and increase success rates of drug approval.

Administration of a microdose results in low systemic plasma
concentrations. Determining such low concentrations requires the
use of sensitive analytical techniques. Commonly used analyti-
cal tools in these cases are accelerator mass spectrometry (AMS)
and liquid chromatography-mass spectrometry (LC–MS/MS) [3].
Although AMS  is known for its high sensitivity and specificity, the
low availability and the use of radiolabeled drugs makes this tech-
nique expensive. Therefore, the new generation of ultra-sensitive
LC–MS/MS provides a good alternative with measurements that
have reached the picogram per milliliter level without using
radioactive labeled drugs.

An LC–MS/MS method was  developed and validated for simul-

taneous quantification of gemcitabine (dFdC) and its metabolite

2′,2′-difluorodeoxyuridine (dFdU) to support a microdose trial.
Gemcitabine is a nucleoside analog that can be prescribed for treat-
ment of several cancer types. The main antitumor effect is caused by

https://doi.org/10.1016/j.jpba.2017.12.048
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2017.12.048&domain=pdf
mailto:m.v.nuland@nki.nl
https://doi.org/10.1016/j.jpba.2017.12.048
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ts triphosphate metabolite dFdCTP, inhibiting DNA synthesis after
eing incorporated into the DNA [4]. Previously published methods
or the quantification of gemcitabine and dFdU have insufficient
ensitivity to be applied in a microdose trial. The lower limit of
uantification (LLOQ) in these assays ranges from 0.25–125 ng/mL
nd 1–1250 ng/mL for gemcitabine and dFdU, respectively [5–11].
e developed a method with 100-fold increased sensitivity to

nable analysis of patient samples with low picogram per milliliter
oncentrations. The focus of this paper is on the development and
alidation of such a highly sensitive LC–MS/MS method by preserv-
ng accurate and precise measurements.

. Materials and methods

.1. Chemicals

Gemcitabine hydrochloride (dFdC HCl), 2′,2′-
ifluorodeoxyuridine, 13C,15N2-gemcitabine hydrochloride
nd 13C,15N2-2′,2′-difluorodeoxyuridine were purchased from
lsachim (Illkirch Graffenstaden, France). Acetonitrile, methanol
nd water (all Supra-Gradient grade) were from Biosolve Ltd
Valkenswaard, The Netherlands). Ammonium acetate (98%) and
etrahydrouridine were supplied from Merck (Amsterdam, the
etherlands). Water (distilled) used for sample preparation came

rom B. Braun Medical (Melsungen, Germany). Blank human
ipotassium ethylenediaminetetraacetic acid (K2EDTA) plasma
as obtained from the department of clinical chemistry (MC

lotervaart, the Netherlands).

.2. THU stabilized plasma

In human plasma, gemcitabine is deaminated by cytidine deam-
nase leading to the formation of dFdU. Tetrahydrouridine (THU) is a
otent inhibitor of cytidine deaminase and can be added to plasma
o prevent deamination. THU was dissolved in water to obtain a
0 mg/mL  solution. Consequently, control human K2EDTA plasma
as spiked with this solution at a final concentration of 0.1 mg/mL.

his THU stabilized control human K2EDTA plasma was  used for
aking working solutions, calibration standards and quality con-

rol (QC) samples.

.3. Stock solutions and working solutions

Separate stock solutions of 1 mg/mL  for calibration standards
nd QC samples were prepared in water for each analyte (cor-
ected for potency). The stock solutions were further diluted with
HU stabilized control K2EDTA plasma to obtain separate work-
ng solutions. Stock solutions of the internal standards (IS) were
lso prepared at 1 mg/mL  in water. A mixture of internal standard
tock solutions was prepared and diluted with water to obtain a
orking solution IS (WIS) that was used for sample pretreatment.

his WIS  contained 10 ng/mL 13C,15N2-gemcitabine and 100 ng/mL
3C,15N2-2′,2′-dFdU. Stock solutions and working solutions were
tored at −20 ◦C.

.4. Calibration standards, quality control samples

Calibration samples were prepared freshly prior to each val-
dation run, by spiking 25 �L working solution to 475 �L THU
tabilized control K2EDTA plasma. QC samples were prepared in
atches and stored at −20 ◦C. Eight calibration standards were used

n this assay and a limit of detection (LOD) was added to deter-

ine the lowest analyte concentration to be reliably distinguished

rom the noise. Concentrations of the calibration standards were 5,
0, 25, 50, 100, 250, 400 and 500 pg/mL with an LOD of 2.5 pg/mL
or gemcitabine and 500, 1000, 2500, 5000, 10,000, 25,000, 40,000,
nd Biomedical Analysis 151 (2018) 25–31

50,000 pg/mL with an LOD of 250 pg/mL for dFdU. Quality control
samples were prepared at concentrations 5, 15, 50 and 375 for
gemcitabine and 500, 1500, 5000, 37,500 for dFdU.

2.5. Sample preparation

Samples were thawed prior to processing and 200 �L was
aliquoted in 1.5 mL  containers. Each sample was  spiked with 20 �L
WIS, except for double blank calibration samples. Samples were
prepared with solid phase extraction (SPE) using Oasis HLB 1cc
vac cartridges (Waters, Milford, MA,  USA). The cartridges were first
equilibrated with 0.5 mL  methanol and 0.5 mL  water, respectively.
After equilibration, plasma samples were transferred to the car-
tridges and washed with 0.5 mL  water. The cartridges were dried
under a maximal vacuum for 10 min  and samples were eluted
with 0.4 mL methanol. Afterwards, the samples were dried under
a gentle stream of nitrogen at 40 ◦C and the dried extract was
subsequently reconstituted with 80 �L of reconstitution solvent
(10 mM ammonium acetate in water-acetonitrile (93:7, v/v)) by
vortex mixing and shaking (10 min  at 1250 rpm). The final extracts
were transferred to autosampler vials with insert.

2.6. LC equipment and conditions

Gemcitabine and dFdU were chromatographically separated
using a Shimadzu LC system with a binary pump, a degasser, an
autosampler and a valco valve (Nexera 2 series, Shimadzu corpo-
ration, Kyoto, Japan). The autosampler temperature was  kept at
4 ◦C and the column oven at 30 ◦C. Mobile phase A consisted of
10 mM ammonium acetate in water-acetonitrile (93:7, v/v) and
mobile phase B of 100% acetonitrile. Gradient elution was applied
at a flow rate of 0.2 mL/min through a Acquity UPLC HSS T3 col-
umn  (100 Å, 2.1 × 150 mm,  1.8 �m)  with an additional Acquity
UPLC HSS T3 Vanguard pre-column (100 Å, 2.1 × 5.0 mm,  1.8 �m)
(Waters, Milford, MA,  USA). The following gradient was applied:
0% B (0.0–7.0 min), 0–80% B (7.0–7.5 min), 80% B (7.5–10 min), 0%
B (10–13 min). The divert valve directed the flow to the mass spec-
trometer between 2.0 and 7.0 min  and the remainder to the waste
container.

2.7. MS  equipment and conditions

A triple quadropole mass spectrometer 6500 (Sciex, Framing-
ham, MA,  USA) with a turbo ion spray (TIS) interface operating in
the positive mode was  used as a detector. For quantification, multi-
ple reaction monitoring (MRM)  chromatograms were acquired and
processed using Analyst

®
1.6.2 software (AB Sciex). General and

analyte specific mass spectrometric parameters are listed in Table 1
and the structures and the proposed fragmentation patterns of the
analytes are depicted in Fig. 1.

2.8. Validation procedures

A full validation of the assay was  performed based on the
United States Food and Drug Administration (FDA) and European
Medicines Agency (EMA) guidelines for bioanalytical method val-
idation [12,13]. The following aspects were established during
the validation: calibration model, accuracy, precision, carry-over,
selectivity (endogenous and cross analyte/IS interferences), matrix
effect, recovery, dilution integrity and stability.

2.8.1. Calibration model

Eight non-zero calibration standards were prepared freshly in

duplicate for each run and were analyzed in three separate runs.
Calibration linearity was determined by plotting the peak area
ratio of the analyte/IS against the corresponding concentration (x)
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Table  1
Above: General mass spectrometric parameters. Below: Analyte specific mass spectrometric parameters for gemcitabine, 2′ ,2′-difluorodeoxyuridine (dFdU) and the internal
standards. Abbreviations: min  = min, V = voltage, au = arbitrary units, ms  = milliseconds, m/z = mass-to-charge ratio.

General settings

Run duration 13 min
Ionspray voltage 3000 V
Nebulizer gas 40 au
Turbo gas/heater gas 70 au
Curtain gas 35 au
Collision gas 10 au
Temperature 450 ◦C
Dwell time 150 ms

Gemcitabine Gemcitabine IS dFdU dFdU IS

Parent mass 264 m/z 267 m/z 265 m/z 268 m/z
Product  mass 112 m/z 115 m/z 113 m/z 116 m/z
Collision  energy 21 21 21 21
Collision  exit potential 14 14 14 14
Declustering potential 51 51 71 71
Retention time 3.42 3.42 5.35 5.35
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ig. 1. Chemical structures of gemcitabine and dFdU, including the proposed m/z f
13C).

f the calibration standard. For all analytes, the reciprocal of the
quared concentrations (1/x2) was used as a weighting factor. Devi-
tions from the mean calculated concentrations should be within
5–115% of the nominal concentrations in at least 75% of non-zero
alibration standards. At the LLOQ, a deviation of 20% was permit-
ed.

.8.2. Limit of detection
A limit of detection was included to determine the lowest ana-

yte concentration to be reliably distinguished from the noise. The
ignal-to-noise ratio of the LOD should be ≥3

.8.3. Accuracy and precision
Intra- and inter-assay accuracies and precisions of the method

ere determined by analyzing five replicate QC samples in three
onsecutive runs at LLOQ, low, mid  and high concentration levels.
ccuracy was expressed as the bias and precision was calculated as

he coefficient of variance (CV) according to the following equations
14]:

ntra − assay bias (%) = 100% · (mean measured conc.per run − nomi

nter − assay bias (%) = 100% · (overall mean measured conc. − nom

ntra − assay CV (%) = 100% (SD of the measured conc.per run) / (mea

√( ( (

nter − assay CV(%) =

s2
overall

/ (n1+...+na−1)− (n1−1)s2
1
+...+((na−1)s2

a)
a−1 (

n
a

)

nts. The stable isotopes in the internal standards are indicated with a (15N) and b

nc.) / (nomimal conc.)

conc.) / (nominal conc.)

asured conc.per run)

The acceptance criteria for both parameters were ±15% for QC
low, QC mid  and QC high and ±20% for QC LLOQ.

2.8.4. Carry-over
Carry-over was investigated by injecting two double blank sam-

ples after a calibration standard with the highest concentration
(upper limit of quantification, ULOQ). The peak areas in the blank
processed samples were expected to be <20% of the peak area in
the LLOQ sample.

2.8.5. Selectivity
Six individual batches of THU stabilized control K2EDTA plasma

were used to assess the specificity and selectivity of the method.
A double blank sample and a sample spiked at the LLOQ were pro-
cessed of each batch. The areas of co-eluting peaks in the double
blank samples should be <20% of the peak area in LLOQ samples in
each batch. Furthermore, the areas of peaks in the double blanks
co-eluting with internal standards were expected to be <5% of the
−
(

(n1−1)+...+(na−1)s2
a

n1+...+na−a

)
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eak area of the mean internal standard response. For LLOQ sam-
les, sample inaccuracies were expected to be within 80–120% of
he nominal concentration in at least 5 out of 6 samples. Cross-
nalyte and IS interference was determined with single samples
hat were separately spiked with one analyte or IS at ULOQ con-
entration or nominal concentration, respectively. To ensure that
ompounds did not interfere with the quantification of other ana-
ytes, the cross-analyte/IS interference should be ≤20% of the peak
rea in LLOQ samples and ≤5% for the IS.

.8.6. Matrix effect and recovery
The matrix effect was determined in six different batches of THU

tabilized control human plasma at low and high concentration lev-
ls in singular. The following samples were prepared: QC samples
n the presence of matrix (each lot of blank sample processed to
ried extract, spiked with an academic solution at low and high
oncentrations) and QC samples in the absence of matrix (a pure
olution of the analyte at low and high concentrations). The matrix
actor was calculated for each batch by calculating the ratio of the
eak area in the presence of matrix to the peak area in absence
f matrix. Additionally, the IS-normalised matrix factor was  cal-
ulated by dividing the matrix factor of the analyte by the matrix
actor of the IS.

The recovery was investigated at low and high concentration
evels (n = 3) in one batch of THU stabilized control human plasma.
he recovery was determined by calculating the ratio of the peak
rea of processed QC samples to the peak area in presence of matrix
blank sample processed to dried extract, spiked with an academic
olution at low and high concentrations). The coefficient of variance
CV) for the matrix factor and the recovery should be <15%. [12]

.8.7. Dilution integrity
Dilution integrity was investigated with five replicate plasma

amples with a concentration above the ULOQ. These samples were
iluted 10-fold by adding 30 �L sample to 270 �L THU stabilized
ontrol human plasma. An accuracy of within −15% and +15% of
he nominal concentration was acceptable.

.8.8. Stability
Short-term stability experiments were performed in plasma

fter storage at room temperature (20–25 ◦C) and at −20 ◦C. Further
tability assessments were done in dried extracts and final extracts
t 4 ◦C. The effect of 3 freeze (–20 ◦C)/thaw cycles on the stability
f each compound was investigated after thawing samples to room
emperature with a minimum interval of 12 h on 3 separate occa-
ions and comparison with freshly prepared calibration samples.
hort-term stability in plasma was determined after 1 month and
ong-term stability will be investigated after 3 months, 6 months
nd 1 year of storage at −70 ◦C. Above described stability experi-
ents were performed in triplicate at low and high concentration

evels. Analytes were considered stable under specific conditions
hen 85–115% of the initial concentration were recovered. Short-

erm stock stability of one month was previously established [5].
he results of 26-month stock stability at −20 ◦C are described in
his manuscript. Analytes are considered stable in the stock solution
hen 95%–105% of the original concentration is recovered.

.9. Clinical application

This analytical assay was used for sample analysis in a microdose
rial with gemcitabine. The study was conducted in accordance
ith the International Conference on Harmonisation guidelines
or Good Clinical Practice and the Declaration of Helsinki. The
rotocol was approved by the Independent Ethics Committee of
he Netherlands Cancer Institute. Patients with advanced can-
er received 100 �g of gemcitabine via a 30-min infusion. Blood
nd Biomedical Analysis 151 (2018) 25–31

was drawn at the following time points: t = 0 (predose), t = 15 min
(1/2th of infusion), t = 30 min  (end of infusion), t = 45 min, t = 60 min,
t = 75 min, t = 90 min, t = 105 min, t = 2 h, t = 4 h and t = 8 h. Blood was
collected in 4 mL  tubes pre-spiked with 40 �L THU to obtain a final
concentration of 0.1 mg/mL. Whole venous blood was centrifuged
for 10 min  at 2000 g at 4 ◦C and the plasma was transferred to 2.0 mL
containers. Samples were stored at −70 ◦C directly after processing.
Afterwards, the patients went off study and were treated in their
best interest with standard of care gemcitabine.

3. Results and discussion

3.1. Development

3.1.1. Sample preparation
Several conventional sample preparation methods were con-

sidered during method development, such as protein precipitation
and solid phase extraction (SPE). Protein precipitation showed a
low recovery and high background noise, while SPE efficiently
removed interferences and thereby produced well purified final
extracts. To meet sensitivity requirements, SPE was chosen as the
method for sample preparation. Oasis

®
MCX, MAX and HLB SPE car-

tridge sorbents were evaluated during method development. Since
gemcitabine and dFdU are polar compounds, SPE with Oasis

®
HLB

cartridges gave the highest recovery compared to other cartridges.
During the development of this assay, K2EDTA plasma from

Bioreclamations LLC (Hicksville, NY, USA) was used for the prepara-
tion of calibration standards and QC samples. Double blank samples
of this batch showed an interference at the retention time of gemc-
itabine, which interfered with low calibration standards. To further
develop this method, a new batch of plasma was  collected at the
department of clinical chemistry (MC  Slotervaart, the Netherlands)
that did not contain this interference. This batch was  used for devel-
opment and validation of the assay. During the microdose trial,
pre-dose samples were collected. These samples did not contain
the described interference.

3.1.2. Mass spectrometry and chromatography
Previously published methods for the quantification of gemc-

itabine and dFdU required improvements regarding sensitivity to
measure low plasma concentrations. Use of an ultra-sensitive MS
system (i.e. QTRAP6500) already improved selectivity, but opti-
mization of the assay was necessary to reach a sufficient LLOQ.
Therefore, we  used an UPLC column to improve separation of the
compounds and to improve peak shape. Since using a UPLC col-
umn  clearly increased resolution and the shape of eluting peaks, a
nano-LC system with similar column material was tested to further
enhance peak separation and signal to noise ratio. Implementation
of this nano-LC system, however, did not further improve the sen-
sitivity of the assay. Thus, an UPLC system was  used to develop and
to validate this method. Representative chromatograms of a blank
sample, QC LLOQ and a patient sample at t = 8 h are presented in
Fig. 2 for both analytes. Gemcitabine and dFdU were baseline sepa-
rated. The first peak in the gemcitabine chromatogram corresponds
to THU at the transition of gemcitabine (m/z 164 → 111.9), as non
THU stabilized control plasma does not show this peak.

3.2. Validation procedures

3.2.1. Calibration model
All the calibration curves were constructed using a weighting
factor of 1/x2 and were fitted linearly with a minimum correla-
tion coefficient (r2) of 0.9964 for gemcitabine and 0.9962 for dFdU.
The assay was linear for the validated concentration ranges of
5–500 pg/mL for gemcitabine and 500–50,000 pg/mL for dFdU.
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ig 2. Representative LC–MS/MS chromatograms of a blank sample (1A and 2A), ge
tandard (2C), gemcitabine and dFdU in a patient sample at t = 8 h (1D and 2D). The 

n  2C at 4.27 min is an unknown endogenous interference.

.2.2. Limit of detection

All LOD samples had a single-to-noise ratio of at least 3. To

etermine plasma concentrations between the LOD and the LLOQ,
he LOD could be included in the calibration range. The calibra-
ion model (linear fit with a weighting factor of 1/x2) remained the
bine LLOQ (1B), dFdU LLOQ (2B), gemcitabine internal standard (1C), dFdU internal
d peak in 1C at 5.35 min belongs to the isotopically labeled dFdU, and the first peak

same and all calibration samples and QC samples remained within

the acceptance criteria. In the application phase of the method it
is feasible to include the LOD in the calibration model to quantify
plasma concentrations between the LLOQ and the LOD  as long as
the signal-to-noise ratio is at least 3. In pharmacokinetic analysis,
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Table  2
Assay performance data for gemcitabine and its metabolite 2′ ,2′-
difluorodeoxyuridine (dFdU).

Intra-assay Inter-assay
(n = 15) (n = 15)

Analyte Nominal conc. Bias (%) C.V. (%) Bias (%) C.V. (%)
(pg/mL)

Gemcitabine 5 6.4–11.5 2.8–6.2 8.9 1.3
15 −2.5–4.7 4.8–7.2 1.0 2.3
50 2.9–5.5 3.8–6.0 4.5 *
375 2.5–10.6 2.2–13.2 7.4 2.2

dFdU 500 2.1–11.6 5.3–8.0 8.0 3.7
1500 2.3–3.7 4.1–8.5 3.2 *
5000 −0.6–4.7 2.6–6.2 2.4 1.8
37500 6.7–11.9 1.2–3.3 9.9 2.4

* The inter-assay precision could not be calculated because there is no significant
a
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gemcitabine dose of 1000–1250 mg/m2. All measurements were

T
S

A

dditional variation due to the performance of the assay in different batches. Abbre-
iations: conc. = concentration, C.V. = coefficient of variation.

ncorporation of the concentrations between the LLOQ and LOD
how superior pharmacokinetic models in terms of bias and pre-
ision compared to models that exclude these concentration data
15].Accuracy and precision

Assay performance data of gemcitabine and dFdU are presented
n Table 2. Inter-assay accuracy, intra-assay accuracy and the preci-
ion were ≤15% for low, mid  and high concentrations and ≤20% for
he LLOQ concentrations. Therefore, accuracy and precision were
ithin the acceptance criteria.

.2.3. Specificity and selectivity
MRM  chromatograms of six batches of control human plasma

ontained no co-eluting peaks larger than 20% of the area at the
LOQ level of the analytes and no co-eluting peaks larger than 5%
f the area of both internal standards. The influence of different
atches control human plasma on the accuracy and precision at
LOQ level was investigated. The accuracies at LLOQ level were in
ll six batches of control human plasma within 20% of the nominal
oncentration. Cross-interference of co-eluting peaks in separately

piked samples were <20% of the QC LLOQ samples and thus within
he required limits. For the internal standards, the interference was
ess than 5% and thus also within the acceptance criteria.

able 3
tability parameters for gemcitabine and 2′ ,2′-difluorodeoxyuridine (dFdU).

Analyte Conditions Matrix Nominal concentration (p

Gemcitabine –20 ◦C, 26 m Water (stock) 1.05 ng/mL 

3  F/T (20 ◦C/RT) Plasma 15 

375  

RT,  3 d Plasma 15 

375  

–70 ◦C, 1 m Plasma 15 

375  

2–8 ◦C, 4 d Dried extract 15 

375  

2–8 ◦C, 7 d Final extract 15 

375  

dFdU  –20 ◦C, 26 m Water (stock) 1.03 ng/mL 

3  F/T (20 ◦C/RT) Plasma 1500 

37500 

RT,  3 d Plasma 1500 

37500 

–70 ◦C, 1 m Plasma 1500 

37500 

2–8 ◦C, 4 d Dried extract 1500 

37500 

2–8 ◦C, 7 d Final extract 1500 

37500 

bbreviations: C.V. = coefficient of variation, m = months, d = days, RT = room temperature
nd Biomedical Analysis 151 (2018) 25–31

3.2.4. Dilution integrity
The concentrations of 10-fold diluted samples were within

85–115% of the nominal concentration in five replicates. Intra-assay
bias and intra-assay variability were 2.2% and 5.5% for gemcitabine
and 3.6% and 2.9% for dFdU, respectively. These results show that
samples with concentrations >ULOQ can be diluted up to 10-fold.

3.2.5. Carry-over
There were no peaks observed in the first blank processed sam-

ple, which means that there was no carry-over for gemcitabine,
dFdU or the internal standards.

3.2.6. Matrix factor and recovery
The CV for the IS-normalised matrix factor was below 15% at

the tested concentrations for each compound. The total recov-
ery was determined at two concentration levels and was  >64.8%
for gemcitabine, >64.5% for dFdU, >70.7% for 13C,15N2-gemcitabine
and >82.6% for 13C,15N2-dFdU. Although the recovery of the ana-
lytes was below 65%, the method was sufficient to reach an LOD of
2.5 pg/mL and 250 pg/mL for gemcitabine and dFdU, respectively.
The coefficient of variance did not exceed 15%.

3.2.7. Stability
The results of the investigated stability are presented in Table 3.

Gemcitabine and dFdU are stable in stock solution for 26 months. All
other experiments demonstrate adequate stability of both analytes
in biomatrix, dried extract and final extract. Long-term stability
assessment in THU stabilized control human plasma was  measured
up to 1 month and is still ongoing.

4. Clinical application

The validated gemcitabine assay is used to support a clinical
microdose trial. A plasma concentration-time profile of gemc-
itabine after administration of a microdose is depicted in Fig. 3. The
patient received a single 100 �g dose of gemcitabine via a 30-min
infusion. This dose is at least 10,000-fold lower than a therapeutic
within the validated range after 4-fold dilution of plasma samples
at 1/2th (t = 15 min) of infusion and end of infusion (t = 30 min).
The LLOQ was sufficiently low to measure gemcitabine and dFdU

g/mL) Measured concentration (pg/mL) Bias (%) C.V. (%) n

1.01 ng/mL −0.44 0.63 3
16.2 8.9 1.9 3
391 3.2 6.0
13.9 −6.9 1.8 3
416 10 1.8
16.2 8.0 5.7 3
360 −5.0 3.0
15.4 2.9 3.7 3
415 10 2.5
14.5 −2.0 3.1 3
409 8.0 3.2

1.03 ng/mL 0.06 3.2 3
1443 −2.4 6.3 3
39900 6.4 3.8
1437 −2.7 0.7 3
42233 11 2.4
1600 6.7 2.3 3
39033 4.1 1.5
1613 7.6 0.9 3
41967 12 1.7
1640 11 2.6 3
41733 10 1.0

, F/T = freeze/thaw.
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[15] R.J. Keizer, R.S. Jansen, H. Rosing, B. Thijssen, J.H. Beijnen, J.H.M. Schellens,

A.D.R. Huitema, Incorporation of concentration data below the limit of
ig. 3. Plasma concentration-time profile of gemcitabine (dFdC) and 2′ ,2′-
ifluorodeoxyuridine (dFdU) following an intravenous dose of 100 �g gemcitabine

n  a patient with non-small cell lung cancer via a 30-min infusion.

p to eight hours after start of the infusion with a plasma con-
entration of a 3 pg/mL at the final time point. From this plasma
oncentration-time profile, we can deduce pharmacokinetic data.
hese results demonstrate the applicability of this method for clin-
cal gemcitabine microdose studies.

. Conclusion

A ultra-sensitive LC–MS/MS method was developed and vali-
ated for the quantification of gemcitabine and its metabolite dFdU.
he validated range is from 2.5–500 pg/mL and 250–50,000 pg/mL
or gemcitabine and dFdU, respectively. The assay shows great
mprovement regarding sensitivity compared to previously pub-
ished methods, while preserving the accuracy and precision. The

ethod has been successfully implemented to support a microdose
rial with gemcitabine.
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